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A B S T R A C T

This thesis deals with the influence of the trailing edge serrations on the aerody-
namic performance of the wind turbines in which these extensions are installed.
First, a theoretical study using Computational Fluid Dynamics (CFD) of the
influence of these extensions on a typical wind energy airfoil, the NACA 643418,
is presented. 2D and 3D Reynolds-Averaged Navier-Stokes (RANS) simulations
of the flow around the airfoil, the airfoil with a split plate and the airfoil with
trailing edge serrations are performed. A complete comparison between these
three different geometries have been performed including aerodynamic coef-
ficients, velocity profiles, turbulence parameters, etc. An additional study of
the sensitivity of the results with respect to the turbulence modeling is carried
out by using three different RANS models: Spalart-Allmaras, k-omega Shear
Stress Transport (SST) and Transition SST. The influence of the flap angle and
the extension thickness on the aerodynamic coefficients of the airfoil are also
analyzed in this work.

From the theoretical study an empirical law that predicts the lift coefficient
of the airfoil with trailing edge extensions from the data of the original airfoil
is derived and it can be extended to typical cambered airfoil for wind turbine
applications. For validating this prediction law a complete experimental study
focusing on the change of the aerodynamic performance of a wind turbine with
the employment of trailing edge serrations is performed. This experimental
campaign has been performed in the Low Speed Low Turbulence (LTT) wind
tunnel of TU-Delft. Two different airfoils have been tested, a Nordex ADO30

airfoil with a relative thickness of 30% and the NACA643418 airfoil with 18%
thickness. While the first has been designed for relatively high Cl/Cd perfor-
mance versus structural integrity (i.e. relatively high thickness), the second one
is a typical reference airfoil used in wind turbines for its interesting Cl/Cd
performance in both laminar and rough conditions. The aerodynamic coeffi-
cients of these two airfoils with and without trailing edge serrations mounted
at different flap angles in clean and tripped conditions have been obtained from
the tests and a complete validation of the prediction law has been performed.

Once the prediction law has been validated it has been used for extending
the trailing edge serrations effect on the blades of a wind turbine. With this
information a theoretical and experimental analysis of the loads and power
production of a wind turbine with serrations have been performed. A significant
increment in power production has been obtained in the experimental campaign
of the wind turbine with trailing edge serrations. For finishing the work, a
complete investigation of the noise impact of the trailing edge serrations on a
real wind turbine has been performed and its efficacy on the reduction of the
wind turbine noise has been confirmed.

v



R E S U M E N

En esta tesis se analiza el impacto que tienen los dientes serrados, colocados
en el borde de salida de las palas, en el comportamiento aerodinámico del
aerogenerador en el que están instalados. Inicialmente se ha realizado un aná-
lisis teórico mediante CFD de un perfil típico de palas de aerogenerador, el
NACA 643418. Se han realizado simulaciones RANS, 2D y 3D del flujo alrededor
del perfil, del perfil con una placa plana y del perfil con dientes serrados. Se ha
comparado el comportamiento aerodinámico de las tres geometrías, analizando
coeficientes aerodinámicos, perfiles de velocidad, turbulencia, etc.. Dentro del
análisis teórico también se ha realizado un estudio de sensibilidad de diferentes
modelos de turbulencia. Se han analizado tres modelos RANS de turbulencia,
Spalart-Allmaras, k-omega SST y Transition SST. En este estudio también se in-
vestiga el impacto del ángulo de montaje de los dientes serrados en la pala y la
influencia del espesor de estos dispositivos en el comportamiento aerodinámico
del perfil.

De los resultados teóricos se ha derivado una ley empírica que predice el
coeficiente de sustentación del perfil con dientes serrados a partir de los datos
del perfil original y que se puede extender a otros perfiles aerodinámicos. Para
validar esta ley de predicción se ha realizado una campaña experimental en
el túnel de viento LTT de TU-Delft. Se han ensayado dos perfiles diferentes,
el Nordex ADO30, perfil con un espesor relativo del 30 % y el NACA643418,
perfil con el 18 % de espesor relativo. El primer perfil se ha elegido por su carac-
terísticas estructurales y el segundo por ser un perfil ampliamente estudiado
en el sector eólico y tener una buena relación entre la eficiencia aerodinámica
en condiciones laminares y turbulentas. En estos ensayos se han medido los
coeficientes aerodinámicos de ambos perfiles y de los perfiles con dientes serra-
dos instalados con diferentes ángulos de montaje. Con estos resultados se ha
podido validar completamente la ley de predicción derivada del estudio teórico.

Una vez validada la ecuación propuesta, se ha utilizado para calcular los
coeficientes aerodinámicos de otros perfiles que forman las palas de los ae-
rogeneradores. Con esta información se ha realizado un estudio teórico de
cargas y producción de un aerogenerador con dientes serrados instalados en
sus palas. La producción eléctrica calculada se ha comparado con los datos
experimentales derivados del análisis de curva de potencia en un aerogenerador
real antes y después de instalarle dientes serrados. Finalmente se ha realizado
un estudio experimental del impacto acústico de estos dispositivos en el ruido
emitido por el aerogenerador, probando su efectividad en este campo.
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1
I N T R O D U C T I O N

Wind turbine technology is facing a dramatic shift with a constant increase
of turbine capacity and new design concepts to maximize energy yields [18].
Most of the wind turbines manufacturers are increasing the rotor size faster
than the size of the generator (featuring longer blades in order to increase the
swept area). This enables the wind turbines to capture energy in areas with
lower wind speeds and in consequence to obtain more energy. In Figure 1.1 the
evolution of the wind turbine size from the eighties to 2010 is displayed and
the significant increase of the rotor diameter is shown.

Figure 1.1: Growth of the wind turbine size [31]

In 2018, 4 MW onshore platforms have appeared in all the largest wind
turbine manufacturers’ catalogues. The product diversity will allow operations
from all wind sites between high winds (IEC I) to light winds (IEC III). Within
these platforms, there is a very wide range of rotor diameters from 117 m for
high winds (V117-4.0/4.2) up to 158 m for light winds (GE 4.8-158), focusing
on maximizing the wind resource at lower wind speeds [18]. In Figure 1.2 the
actual onshore wind turbines available in Europe are displayed and a significant
increase of rotor diameter is shown.

1



2 introduction

Figure 1.2: 4 MW and above onshore turbines currently available in Europe (size of the
bubble represents the rotor diameter)

Regarding the new wind power installations in the EU a steady increase have
been achieved over the past 12 years going from 6.6 GW in 2005 to 15.6 GW
in 2017, increasing all the estimations. In Figure 1.3 this evolution is displayed
[17].

Figure 1.3: Annual onshore and offshore wind installations in the EU

Taking this significant wind capacity growth into account it is obvious to
think that the isolated sites with high wind have been reduced and the new
wind farms are moving near densely populated areas.

These two factors, the increase of the wind turbine rotor diameter and the
reduction of isolated sites for wind farms, position the wind turbine noise as
one of the major reason of annoyance for users of wind energy [9, 11]. Residents
living in the vicinity of wind turbines or wind farms claim that wind turbine
noise is annoying and hard to get used to. Noise of wind turbines is being
described with terms “swishing”, “thumping” and “low-frequency noise”. It is
also described as “airplane that never leaves” or “train that never ends” [53].
There are various noise limits concerning wind turbine noise in the regulations
of the different countries throughout the world. To clarify which is the noise
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level of a wind turbine a comparison of its noise and the similarities to the
noise emitted from well known machines is displayed in Figure 1.4. With this
easy picture, everyone can get an idea of how noisy a wind turbine could be [37].

Figure 1.4: Wind turbine noise emission

Analyzing the noise emitted by a wind turbine, it can be distinguished to
different noise sources [57]:

• Mechanical noise

• Aerodynamic noise

The mechanical noise is originated by the different machinery of the wind
turbine as gearbox, generator, fans, etc..[4] The noise is transmitted along the
structure of the turbine and radiated from surfaces as tower, nacelle and rotor
blades. The mechanical noise can be reduced efficiently by well-known engi-
neering methods, like installing insulating materials.

The aerodynamic noise is radiated from the blades and it is the dominating
noise mechanism of a wind turbine, it is caused by two main sources [57],
the inflow turbulence noise, which is the interaction of the blades with the
atmospheric turbulence of the incoming wind and the airfoil self noise which
is caused by the interaction between an airfoil and a smooth undisturbed flow,
this interaction produces turbulence in the airfoil boundary layer and near
wake [22].

In Figure 1.5 a scheme of some parts of the wind turbine are plotted, for
most modern turbines the blades rotate in clockwise direction.
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Classification: Internal Purpose

Leading edge

Trailing edge

Blade

tip

Hub

Tower

Figure 1.5: Scheme of different parts of a wind turbine

When the rotor is moving the air flows from the leading edge to the trailing
edge. In Figure 1.6 a cross section of the blade (the airfoil) including forces
and angles is plotted. The effective flow speed, U, perceived by the blade is
composed of the wind speed, Uw, and the rotational flow speed, Ur. The lower
surface of the airfoil (i.e. the upwind side), where the relatively low flow speed
results in a high pressure, is called the pressure side. The upper surface, with a
high flow speed and low pressure, is called the suction side. The angle between
the effective flow speed and the chord of the airfoil (is the straight line joining
the leading and the trailing edge of an airfoil) is the angle of attack, α. The
angle between the rotor plane and the direction of the effective flow speed, φ, is
the sum of the angle of attack and the local blade twist, β. The angle of attack
can be increased by reducing the pitch angle. Similarly, a higher wind speed
results in an increase in angle of attack [47].
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CHORD LINE
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Lower surface
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Figure 1.6: Scheme of forces and angles on a blade airfoil

When the flow passes the blade there is a natural division of the flow into
two unequally large regions. A vast region of the flow field away from the body
where the velocity gradients are relatively small and friction plays virtually
no role, called inviscid outer flow. And the thin region of the flow adjacent to
the surface, where the velocity gradients are large and friction plays a defining
role. This second region is the boundary layer where the viscosity must be
taken into account [52]. This layer is usually less than a few centimetres (or
even millimetres) thick. The structure of the boundary layer depends on the
Reynolds number, Rec = U·c

ν , with c, the blade chord and ν, the kinematic
viscosity (about 1.5 · 10−5 m2/s in air).

For the outer part of a large wind turbine blade (where practically all the
noise is produced), Re is typically a few millions or more. For these Reynolds
numbers, the boundary layer, which is initially laminar, will generally become
turbulent somewhere along the chord. Whereas the laminar boundary layer
is organized in layers, the turbulent boundary layer is more chaotic and con-
tains turbulent eddies (vortices). The thickness of the boundary layer can be
characterized using δ0.99, the normal distance from the surface where the mean
velocity equals 99% of the undisturbed flow speed. However, this distance
is rather ill-defined due to the asymptotic behaviour of the velocity profile
at the edge of the boundary layer. Therefore, the thickness of the boundary
layer is often characterized using the displacement thickness, δ∗. This is the
distance by which the surface would have to be moved in a hypothetical non-
viscous (uniform) flow to maintain the same volumetric flow as in the case
with boundary layer. The displacement thickness is typically 1/8 to 1/5 of δ0.99,



6 introduction

depending on the shape of the velocity profile. For an airfoil, an increase in
angle of attack typically results in a thicker boundary layer on the suction side,
while the pressure side boundary layer becomes thinner [47]. When the angle
of attack is highly increased the boundary layer travels far enough against an
adverse pressure gradient that the speed of the boundary layer relative to the
object falls almost to zero. The fluid flow becomes detached from the surface of
the object. At a certain point (separation point) the flow separates and starts
flowing towards the leading edge, at this point the shear stress on the surface
is zero. In Figure 1.7 a scheme of the flow over an airfoil and the different parts
of the boundary layer is displayed.

(a) Boundary layer of an airfoil (b) Different parts of the flow over an airfoil

Figure 1.7: Scheme of the flow passing the airfoil

The aerodynamic noise radiated from the blades is the most important
noise mechanism in a wind turbine. The different aerodynamic noise sources
are illustrated in Figure 1.8. This noise can be caused by two different noise
mechanisms.

• Inflow Turbulence Noise

• Airfoil Self Noise

Figure 1.8: Scheme of the flow around the outer part of the rotor blade

Turbulence may be present in the oncoming flow, generated by the atmo-
spheric boundary layer or by the wake from upwind turbines in a wind farm.
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The interaction between the incident eddies and the blade surface may cause
inflow turbulence noise. This noise source strongly depends on site-specific and
time-dependent atmospheric conditions, and it is an open issue to what extent
inflow turbulence noise contributes to the overall sound level of a wind turbine.

Airfoil self-noise is caused by the interaction between an airfoil blade and
the turbulence produced in its own boundary layer and near wake. It is the
total noise produced when an airfoil encounters smooth non turbulent inflow.
This noise source is mainly broadband. The airfoil self noise can be divided
into different noise sources [57]:

• Trailing edge noise : this noise is caused by the interaction of the turbu-
lence in the boundary layer flow on both sides of the airfoil (pressure
and suction) with the trailing edge when the blade attached turbulent
boundary layer convects into the wake. This is a broadband noise and
it is perceived as a swishing sound. The frequency peak is typically in
the order of 500-1500 Hz. The important factors which influence this
noise are the eddy convection speed and the structure of the boundary
layer turbulence close to the trailing edge, i.e. mainly the distribution of
turbulent kinetic energy normal to the surface [57].

Figure 1.9: Trailing edge noise mechanism

• Separation noise : as the angle of attack increases stall conditions occur
at a certain point causing a substantial level of unsteady flow around
the airfoil. Noise from this separation zone is due to the shedding of
vortices from the airfoil trailing edge into the wake. The radiated noise
is broadband and only significant at high angles of attack, the frequency
peak is typically intermediate to low [57].
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Figure 1.10: Separation noise mechanism

• Laminar boundary layer vortex shedding noise : in the case of a lami-
nar boundary layer along the major part of the chord, boundary layer
instabilities are likely to occur. These instabilities can lead to separation,
a separation bubble and (Tollmien-Schlichting) waves which propagate
along the chord. High levels of noise may occur in case the development of
instabilities is reinforced by the acoustic field and vice versa. The resulting
noise spectrum is composed of quasi-tones related to the shedding rated
at the trailing edge. These tones are often of high frequencies, typically
between 1000 - 5000 Hz [57].

Figure 1.11: Laminar boundary layer vortex shedding noise mechanism

• Tip noise : at the tip of the blade the pressure differences between suction
and pressure side result in a cross flow over the side edge of the tip which
is responsible for the formation of a tip vortex. The interaction between
the tip vortex and the trailing edge causes the tip noise. This source is
identified with the turbulence in the local separated flow associated with
the strength of the tip vortex at the trailing edge. This is a broadband
noise dominated by higher frequencies, typically around 4000 Hz [57].
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Figure 1.12: Tip noise mechanism

• Blunt trailing edge noise : vortices are shed from a blunt trailing edge.
This produces noise as the coherent vortex shedding causes a fluctuating
surface pressure differential across the trailing edge. This can cause tonal
radiation of discrete frequencies at the trailing edge. The noise spectrum
is a combination of a broadband area and a peak frequency corresponding
to a tone [57].

Figure 1.13: Blunt trailing edge noise mechanism

In wind turbines it has been extensively demonstrated that the contribution
resulting from the passage of a boundary layer over the trailing edge is the
dominant source (trailing edge noise) [26, 54]. A considerable amount of re-
search has been dedicated to the reduction of this noise source using passive
mitigation devices such as serrated trailing edges [7, 24, 45, 48], porous sur-
faces [33, 56] and brushes [25]. These devices reduce the emitted trailing edge
noise by reducing the radiation efficiency changing the sweep angle at which
turbulence passes through the trailing edge.

Serrated trailing edges have become recently very popular in industrial ap-
plications, because of their simple manufacturing, installation and maintenance.
These three factors give a clear advantage to serrations with respect to other
solutions, either too complex or requiring additional mechanical actuation. The
trailing edge serrations have been widely adopted mainly because of the possi-
bility of retrofitting machines that are already operational with ’ad hoc’ tuning
of the operational regimes for noise regulations limits. 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 proved
in many studies, theoretically [26, 27], numerically [36] and experimentally [24,
45, 48]. While the physical principle behind the noise reduction was already elu-
cidated by Howe’s work [27], predicting the magnitude of the noise reduction
and its frequency range is not an easy task. The main effect of the serrated edge
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(a) Trailing edge serrations (b) Porous materials

(c) Trailing edge brushes

Figure 1.14

is to effectively reduce the spanwise length of the trailing edge that contributes
to noise generation [27]. Since the 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. [36],
performed Direct Numerical Simulation (DNS) simulations over the NACA 0012

airfoil with a flat-plate trailing edge with and without serrations to investigate
this extensions upon airfoil trailing edge noise. Gruber [23] in his experimental
work presented noise reductions up to 7 dB on a NACA 65(12)-10 airfoils at
Reynolds number between 2 and 8.3 · 105 at low frequencies and an increase
in noise level at high frequencies. Oerlemans et al. [48] 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 by the use of these
devices. However, only recently it has been demonstrated that the practical
realization of the serrations design alters the flow streamlines at the roots of the
teeth with severe repercussions on the aeroacoustic and aerodynamic perfor-
mance of the device. When comparing the availability of information about the
effectiveness of these devices with the needs to actually predict their impact on
the blade performance, few works are targeting the design of serrations, which
on the other side often show neutral or even positive effects on the total turbine
load. One of the main reasons for this imbalance lays in the large variety of
profiles used by industrial manufacturers, which makes the scaling with respect
to the blade shape extremely challenging. One of the most interesting works
concerning the aerodynamic impact of serrations is presented by Liu et al. [39],
who performed experimental tests on symmetric and asymmetric airfoils with
different serrated trailing-edges. In their work, the authors showed that the
installation of trailing edge-serrations can significantly change the aerodynamic
performance of the airfoil. A second reason which might justify the relatively
low abundance of studies upon the aerodynamic aspects of serrations can be
attributed to the substantial complexity of their flow. Recent experimental and
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computational investigations in fact, (e.g. [5, 6, 10, 35]) have shown that the flow
over the serrated trailing-edge is rather complex. Computational studies carried
out by Jones et al. [6, 35] from DNS on a symmetric airfoil (NACA0012) with
add-ons have been highlighting the positive effects that serrations have shown
in breaking-up the turbulent structures convecting into the wake, especially
through the development of extra horseshoe vortices originating at the serration
location. This has motivated a detailed analytic and experimental study of the
aerodynamic performance change of airfoils with trailing-edge serrations and
its impact on a real wind turbine.

In this thesis a complete analysis of the trailing edge serrations impact on
the performance of a wind turbine is described. In Chapter 2 a theoretical
analysis of the impact of these devices on the aerodynamic performance of
a typical wind turbine airfoil is performed. 2D and 3D Reynolds-Averaged
Navier-Stokes (RANS) simulations of the flow over the NACA 643418 airfoil
with and without trailing edge serrations have been performed. The influence
of the extension thickness and the mounting flap angle has been also analyzed.
A sensitivity study of the results with respect to the turbulence modeling is
carried out by using three different RANS models: Spalart-Allmaras, k-omega
Shear Stress Transport (SST) and Transition SST. The influence of the serrations
mounting angle and the serrations thickness on the aerodynamic performance
of the airfoil are also studied. Using these theoretical results a prediction law for
obtaining the lift coefficient of the airfoil with trailing edge serrations from the
data of the original airfoil is derived in Chapter 3. Wind-tunnel experiments for
the validation of the prediction law have been carried out on a Nordex ADO30

airfoil and on a NACA 643418 airfoil. Clean and rough conditions have been
tested and the aerodynamic forces with and without the serrated trailing edge
extensions have been measured for different angles of attack and mounting
angles (flap angles). All these results are displayed and analyzed in Chapter 4.
With these data the prediction law for estimating the lift coefficient of a serrated
airfoil from the information of the original profile derived in Chapter 2 has
been validated in Chapter 5. Once the aerodynamic impact of the trailing edge
serrations on an airfoil is theoretical and experimentally analyzed a complete
study of the influence of these extensions on the loads and production of a wind
turbine can be examined. Theoretical loads and power production simulations
have been performed in Chapter 6 and the effect of the trailing edge serrations
on the complete wind turbine has been investigated. A comparison of the
theoretical power curve and the production of a real wind turbine with and
without extensions is displayed. After analyzing the aerodynamic influence
of the trailing edge serrations on a real wind turbine the noise influence of
these devices has been studied. Results of an experimental campaign measuring
noise emitted by a wind turbine with and without trailing edge serrations are
displayed in the last part of Chapter 7, including a complete analysis of the
noise tonality. In the last chapter, Chapter 8, the main conclusions of this thesis
are summarized.





2
T H E O R E T I C A L A N A LY S I S

In this chapter a detailed numerical study of the aerodynamic performance
of trailing edge serrations together with their installation effects is performed
for a NACA 643418 airfoil at high Reynolds number (Rec = 3 · 106) using RANS

simulations. Three different turbulence models for these RANS cases have been
used and its differences analyzed, the Spalart Allmaras, k-omega SST and the
Transition SST models. Two and three dimensional simulations are carried out
with the intent of quantifying the change of aerodynamic performance due to
serrations. A comparison between the 2D simulations of the airfoil (with and
without trailing edge extensions) and the 3D ones is accomplished to derive an
approximation of the aerodynamic characteristics based on a simplified model.
Manufacturing effects by simulating two different plate thicknesses have been
performed comparing 2D simulations for the three cited turbulence models.
The analysis is then extended to installation effects analyzing the influence of
the flap angle (angle between the chord of the airfoil and the installed add-ons).
Three different flap angles between 0

◦ and 10
◦ have been simulated with the

aforementioned turbulence models. After that, a complete analysis of the flow
statistics around the trailing edge extensions has been performed together
with a comparison between the aerodynamic coefficients for the three different
turbulence models. 3D simulations of the clean airfoil with a straight edge,
the airfoil with a split plate and the airfoil with a serrated trailing edge have
been carried out. For these geometries aerodynamic coefficients have been
studied and an analysis of the wake development and turbulence level has been
included.

2.1 computational test case

In this section 2D and 3D RANS simulations have been performed using the
ANSYS FLUENT R©software. Although DNS, simulation method in which the
Navier–Stokes equations are numerically solved without any turbulence model,
provide detailed flow information over the trailing edge serrations [36], this
method is still prohibitively expensive for practical Reynolds number, in par-
ticular in normal regimes for actual wind turbines (Re > 106), as a general
guideline, DNS is considered to require O (Re3) mesh points for proper res-
olution [38]. To overcome the problem of excessive computational cost RANS

methods have been selected. These RANS equations are time-averaged equations
of motion for fluid flow. They are derived from the full Navier-Stokes equations
by conducting Reynolds decomposition of the velocity field, u(x, t), into a
fluctuating component, u′(x, t), and a mean value that does not carry a time
dependence, u(x), as shown:

u(x, t) = u(x) + u′(x, t) (2.1)

13
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In Equation 2.1 the mean flow is defined as ū = 1
T

∫ T
0 u(t)dt. The momentum

equation can be written as:

∇ · u2 +∇ · u′2 = ν∆u−∇p (2.2)

The quantity u′iu
′
j is the unknown Reynolds stress tensor component and

the challenge is to model it. The primary approximation used in the process
of modeling the Reynolds stresses was originally proposed by Boussinesq in
1877. He supposed the turbulent shearing is related to the mean rate of shear
of turbulent and eddy viscosity. The approximation is frequently referred to as
the Boussinesq hypothesis [38]. Closure methods that depend on it are titled
eddy-viscosity models, due to the inclusion of the additional term, υt. It relates
the Reynolds stress term to the mean rates of shear and is given by:

− u′iu
′
j = νt

(
∂ui

∂xj
+

∂uj

∂xi

)
− 2

3
δij

(
νt

∂uk

∂xk
+ k
)

(2.3)

Where δij is the Kronecker delta function, k is the turbulent kinetic energy
given by k = 1

2 (u
′2
i ) and υt is the turbulent eddy viscosity, which is an addi-

tional quantity that need modeling for proper RANS closure [38]. The Boussinesq
hypothesis has been shown to be a reasonable approximation for many two
dimensional mean flows. However, for the current case of trailing edge serra-
tions the eddy viscosity approximation may be inadequate because we expect
genuine three-dimensional mean flow and it fails to predict turbulence induced
secondary flows. Fernandes et al. [20] demonstrate in their work the appli-
cability of RANS turbulence models for computations flow over airfoils with
serrated trailing edges. Their results indicate that the RANS closures are able
to predict strong variations in the mean flow and statistical quantities due to
the presence of trailing edge serrations. Nevertheless the predicted values are
strongly dependent on which turbulence model is employed.

Once the applicability of the RANS models for simulating the trailing edge
serrations have been explained the computational test-case should be described.
The simulated profile is the NACA 643418, it is typically used in wind turbine
blades at Rec > 1 · 106 [1]. The trailing edge of the original airfoil profile has
been modified from sharp to blunt with a thickness of 0.2% of the chord,
which corresponds to a conventional measure for airfoils of about 1.5 m chord
found at a radius of about 75% of the blade length in 3 MW machines. The
airfoil has been first simulated in a 2D configuration with a chord (c) of 1 m
and subsequently extruded into a 3D wing. Serrated trailing edges have been
modeled by periodic inserts of length of 2h = 0.187 c and amplitude of λ = 0.140

c as shown in Figure 2.1. The values correspond to the ones found in literature
in the work of Gruber et al. [24] providing with about 5 dB of noise reduction
(at a Reynolds number of 413,000).
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Figure 2.1: Serrations extensions with length of 2h and amplitude of λ.

In the 2D simulations, the effect of the serrated trailing edge has been mod-
eled by a split plate. In the original configuration the simulations have been
carried out with a split plate having the same length and flap angle of the serra-
tion geometry. The noise reduction has been found increasing as λ is reduced.
A relation between serration length and amplitude of λ

2h = 0.75 is reported
suitable to obtain a good noise reduction in the mid-frequency range with small
noise penalties in the high one according to Gruber et al. research [24]. In this
work it is probed that the sawtooth serrations are inefficient at reducing noise
radiation when the root to tip distance is less than half the boundary layer
thickness. A critical value of 2h

δ ∼ 0.5 or 2h
λ ∼ 1 above which significant noise

reductions occur and below which the eddies are too large to be influenced
by the amplitude, λ, of the serrations, is revealed. In Gruber’s report it is also
demonstrated that noise reductions only occur in the low frequency range for a
Strouhal number based on the boundary layer thickness, Stδ, less than one (i.e.
f δ/U0 < 1) and noise increase occurs when f δ/U0 > 1.

A first study has been carried out with a flat-plate length equal to the
serration one (0.187 c) and a flap angle of 5

◦. An analysis of the flap angle has
also been performed. Three different flap angles have been calculated: 0

◦, 5
◦

and 10
◦. Figure 2.2 shows the different geometries simulated, with and without

trailing edge extensions.
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Figure 2.2: NACA 643418 original geometry and a detail of the trailing edge extensions.

In the present test-cases an inflow condition with low-turbulence has been
imposed in the far-field. The incoming flow conditions have been uniformly set
for all the models with equivalent parameters to obtain a turbulent intensity
of 0.1% of the free-stream and a turbulent viscosity ratio equal to 1. Boundary
layer transition has not been forced to a turbulent one, but rather left to the
effect of the airfoil curvature and pressure gradient. Reference values of ambient
pressure equal to a gauge pressure of 0 Pa, density of 1.225 kg/m3 and temper-
ature of 288.16 K have been prescribed. With an additional dynamic viscosity of
1.79 · 10−5 kg/m · s and a wind speed of 44 m/s, a Reynolds number of 3 · 106

has been obtained.

The sensitivity of 2D and 3D simulations to the modeling of turbulence has
been assessed by studying the changes of loading with respect to different
turbulence models. The chosen models for the present studies vary from the
most simple Spalart-Allmaras one, to the more complex k-omega SST and
Transition SST ones. A brief description of these three different turbulence
models follows.

• Spalart-Allmaras model

The one-equation Spalart-Allmaras model solves the modeled transport-
equation for the kinematic eddy turbulent-viscosity [51]. This embodies
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a class of one-equation models in which it is not necessary to calculate
a length scale related to the local shear layer thickness. This model was
originally designed for aerospace applications involving wall-bounded
flows and it showed good results for boundary layers subjected to adverse
pressure gradients. In its original form, the Spalart-Allmaras model is
effectively a low-Reynolds-number model, requiring the viscous-affected
region of the boundary layer to be properly resolved. The adopted model
has been implemented to use wall functions when the mesh resolution
is not sufficiently fine. This might make it the best choice for relatively
crude simulations on coarse meshes where accurate turbulent flow com-
putations are not critical. Furthermore, the near-wall gradients of the
transported variable in the model are much smaller than the gradients of
the transported variables in the k-ε or k-omega models. This might make
the model less sensitive to numerical error when non-layered meshes are
used near walls. The Spalart Allmaras model was developed for aerody-
namic flows and it suffers in the correct reproduction of free shear flows,
especially plane and round jet flows. In addition, it is relatively inaccurate
in the prediction of homogeneous, isotropic turbulence. Furthermore,
one-equation models are often criticized for their inability to rapidly
accommodate changes in length scale, such as might be necessary when
the flow changes abruptly from a wall-bounded to a free shear flow. The
main advantages are its robustness, fast convergence and computational
time [51].

In turbulence models that employ the Boussinesq approach, the central
issue is how the eddy viscosity is computed. The model proposed by
Spalart and Allmaras [51] solves a transport equation for a quantity that
is a modified form of the turbulent kinematic viscosity. The transported
variable in the Spalart-Allmaras model, ν̃, is identical to the turbulent
kinematic viscosity except in the near-wall (viscous-affected) region. The
transport equation for ν̃ is [19]:

∂

∂t
(ρν̃) +

∂

∂xj
(ρν̃Ui) = Gν +

1
σν̃

[
∂

∂xj

{
(µ + ρν̃)

∂ν̃

∂xj

}
+ Cb2ρ

(
∂ν̃

∂xj

)2
]

−Yν + Sν̃

(2.4)

where Gν is the production of turbulent viscosity and Yν is the destruction
of turbulent viscosity that occurs in the near-wall region due to wall
blocking and viscous damping. Cb2 and σν̃ are constants and ν is the
molecular kinematic viscosity. Sν̃ is a user-defined source term.

• k-omega Shear Stress Transport model

The k-omega SST model is a two-equation eddy-viscosity model with the
feature of being able to represent the k-ε characteristics in the free-stream,
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and thereby avoiding the reported k-omega sensitivity of the solution
to the inlet free-stream turbulence properties. One of the main reported
features of the k-omega formulation is the possibility to use it in the inner
parts of the boundary layer (absence of damping functions at the wall, due
to the turbulent cascade modeling via omega), features which makes the
model quite reliable in the prediction of developing boundary layers. The
k-omega SST model was developed by Menter [44] to effectively blend the
robust and accurate formulation of the k-omega model in the near-wall
region with the free-stream independence of the k-ε model in the far field.
To achieve this, the k-ε model is converted into a k-omega formulation.
The k-omega SST model is similar to the standard k-omega model, but
includes the following refinements [19]:

– The standard k-omega model and the transformed k-ε model are
both multiplied by a blending function and both models are added
together. The blending function is designed to be one in the near-wall
region, which activates the standard k-omega model, and zero away
from the surface, which activates the transformed k-ε model.

– The SST model incorporates a damped cross-diffusion derivative
term in the ω equation.

– The definition of the turbulent viscosity is modified to account for
the transport of the turbulent shear stress.

– The modeling constants are different.

These features make the k-omega SST model more accurate and reliable
for a wider class of flows (e.g., adverse pressure gradient flows, airfoils,
transonic shock waves) than the standard k-omega model. Other modifi-
cations include the addition of a cross-diffusion term in the ω equation
and a blending function to ensure that the model equations behave appro-
priately in both the near-wall and far-field zones. The transport equations
for the k-omega SST model are:

∂
∂t (ρk) + ∂

∂xi
(ρkui) =

∂
∂xj

(
Γk

∂k
∂xj

)
+ G̃k −Yk + Sk

∂
∂t (ρω) + ∂

∂xi
(ρωui) =

∂
∂xj

(
Γω

∂ω
∂xj

)
+ Gω −Yω + Dω + Sω

(2.5)

In these equations, G̃k represents the generation of turbulence kinetic
energy due to mean velocity gradients. Gω represents the generation of
ω. Γk and Γω represent the effective diffusivity of k and ω, respectively.
Yk and Yω represent the dissipation of k and ω due to turbulence. Dω

represents the cross-diffusion term. Sk and Sω are user-defined source
terms.

Menter [44] demonstrates that the SST model shows a better agreement
with experimental data for adverse pressure boundary layer flows than
the original k-omega model of Wilcox. The k-omega SST model modifies
the turbulent viscosity definition to account for the transport of the prin-
cipal turbulent shear-stress. This feature gives the k-omega SST model
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an advantage in terms of performance over both the standard k-omega
model and the standard k-ε model. Other modifications include the ad-
dition of a cross-diffusion term in the omega equation and a blending
function to ensure that the model equations behave appropriately in both
the near-wall and far-field zones.

• Transition SST model

The transition SST model is based on the coupling of the SST transport
equations with two other transport equations, one for the intermittency
and one for the transition onset criteria, in terms of momentum-thickness
Reynolds number. This model was developed by Langtry and Menter [43]
to improve how amongst many parameters, the free-stream turbulence,
pressure gradients and turbulent length scale affect the transition of the
boundary layer to turbulent flow. This model has the following limitations
[19]:

– The Transition SST model is only applicable to wall-bounded flows.
Like all other engineering transition models, the model is not appli-
cable to transition in free shear flows. The model will predict free
shear flows as fully turbulent.

– The Transition SST model is not Galilean invariant and should there-
fore not be applied to surfaces that move relative to the coordinate
system for which the velocity field is computed.

– The Transition SST model is designed for flows with a defined
nonzero freestream velocity (that is, the classical boundary layer
situation). It is not suitable for fully developed pipe / channel flows
where no freestream is present. For the same reason, it is also not
suitable for wall jet flows.

The transport equation for the intermittency, γ, is defined as [19]:

∂(ργ)
∂t +

∂(ρUjγ)
∂xj

= Pγ1 − Eγ1 + Pγ2 − Eγ2 +
∂

∂xj

[(
µ + µt

σγ

)
∂γ
∂xj

]
(2.6)

The transition sources are defined as follows:

Pγ1 = 2FlengthρS[γFonset]cγ3

Eγ1 = Pγ1γ
(2.7)

where S is the strain rate magnitude. Flength is an empirical correlation
that controls the length of the transition region. The destruction/relami-
narization sources are defined as follows [19]:

Pγ2 = (2cγ1)ρΩγFturb

Eγ2 = cγ2Pγ2γ
(2.8)
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where Ω is the vorticity magnitude. These terms ensure that the inter-
mittency remains zero in the laminar boundary layer and one in the
freestream. The transition onset is controlled by the following functions
[19]:

ReV = ρy2S
µ

RT = ρk
µω

Fonset1 = Rev
2.193Reθc

Fonset2 = min(max(Fonset1, F4
onset1), 2.0)

Fonset3 = max
(

1−
(

RT
2.5

)3
, 0
)

Fonset = max(Fonset2 − Fonset3, 0)

Fturb = e−
(

RT
4

)4

(2.9)

Reθc is the critical Reynolds number where the intermittency first starts
to increase in the boundary layer. This occurs upstream of the transition
Reynolds number Reθt. Reθc can be thought of as the location where
turbulence starts to grow while Reθt is the location where the velocity
profile first starts to deviate from the purely laminar profile. The difference
between the two must be obtained from an empirical correlation where:

Reθc = f (R̃eθt) (2.10)

and R̃eθt comes from the transport equation given by:

∂(ρR̃eθt)
∂t +

∂(ρUj R̃eθt)
∂xj

= Pθt +
∂

∂xj

[
σθt(µ + µt)

∂R̃eθt
∂xj

]
(2.11)

Both the Flength and Reθc correlations are functions of R̃eθt, it should be
noted that a significant amount of iteration are required in order to
obtain good agreement between both correlations. The constants for the
intermittency equation are:

cγ1 = 0.03

cγ2 = 50

cγ3 = 0.5

σγ = 1.0

(2.12)

2.2 airfoil mesh

The multi-block meshes are generated using the software ANSYS ICEM CFD R©.
The particular typology of the mesh allows changing the resolution within
the domain, as well as optimizing the number of elements needed for the
computation. C-type grids are used for the discretization of both 2D and 3D
domains. The domains extend for 10 c upstream and 20 c downstream the
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airfoil. The quality of the meshes is evaluated with a dedicated ICEM algorithm.
The parameter used for the evaluation of the mesh quality is based upon the
determinant of the Jacobian matrix of the mesh elements in the domain. In
particular the ratio between the smallest and the largest determinants gives an
estimation of the amount of degenerated elements. The presence of degener-
ated or inverted elements will determine a ratio of 0 or negative, whereas a
regular distribution of similar elements will drive the ratio to 1. In all tested
configurations the ratio is kept between 0.7 and 1. As additional verification
parameters, the skewness of the mesh elements (following Eriksson model [19])
is monitored and kept within the range 0.7-1.

Modeling of the boundary layer is assessed by estimating the non dimensional
wall distance of y+ with respect to the airfoil flow at the tested Reynolds number.
This parameter is defined as:

y+ = Uτ ·y
ν

(2.13)

where the Uτ is the wall friction velocity, y is the distance to the nearest wall
and ν is the kinematic viscosity. This parameter determine the proper size of
the cells near domain walls and it is important in turbulence modeling. For
these simulations a y+ with a maximum value of 1 is desirable [43]. Taking into
account the incoming flow conditions, for obtaining this value the first element
of the boundary layer must be located at y/c = 8.6 · 10−6 from the wall. A cell
clustering near the wall with a growing ratio of 1.2 is applied to increase the
spatial resolution from the inner boundary layer size to the one in the outer
region. Details of the mesh are presented in Figure 2.3.
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Figure 2.3: Topology of the airfoil mesh and details of the airfoil, the plate end and the
airfoil leading edge, first element sited at y/c = 8.6 ·10−6.

In order to obtain accurate results limiting the number of computations
needed for the study, an analysis of the sensitivity of the mesh to the number
of cells has been carried out. The flow around the clean airfoil configuration
has been evaluated by using the one-equation Spalart-Allmaras model, while
the k-omega SST formulation has been used for the more complex geometry of
the airfoil with trailing edge extensions. The drag coefficient has been chosen
as one of the most relevant parameter for monitoring of the convergence of the
results, due to its sensitivity to separation and to the fluctuations in the viscous
regions of the flow.

Figure 2.4 shows the results from the sensitivity analysis of the mesh. For the
Spalart-Allmaras simulations the convergence of the solution is monotonically
reached with 1 · 105 elements, while for the k-omega SST model, corresponding
to the NACA 643418 with trailing edge extension, the converged solution has
been reached with 1.4 · 105. Richardson extrapolation method [32, 50] has been
used for the analysis of the convergence results.
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vertical line and the red points show the selected grids.

With this methodology the numerical solution for a given grid, Φi, can be
calculated as a function of the exact solution, Φ0, a constant, α, and the observed
order of accuracy of the numerical method, p, using the following equation:

Φi = Φ0 + α · hp
i

(2.14)

Eca et al. [15] observed that more than a grid triplet is necessary for carry-
ing out this estimation. In this study more than four meshes are used for the
sensitivity analysis. Comparing the converged drag coefficient obtained with
Richardson methodology and the actual mesh values, differences of about 1%
were calculated for that specific number of cells, N. Since the different meshes
have been obtained by reducing the size of the largest element in the far-field
and by increasing the number of cells around the airfoil contour and in the
boundary layer (keeping constant the y+ element), this entails that a maximum
resolution of 40 cells in the boundary layer and 620 in the airfoil contour are
sufficient for an accurate representation of the flow field.

All 3D meshes adopted in this study have been consequently obtained by
extrusion of the 2D meshes along the z axis. For the airfoil with the trailing
edge serrations a new 3D unstructured mesh has been prepared based on the
previous extrusion to adapt to the periodic triangular geometry. This mesh
ensures a good boundary layer characterization using a structured mesh near
the airfoil contour. In this part the first element size, the number of layers
and the growing ratio have been fixed. To ensure that the boundary layer is
well discretized the meshes have been obtained by considering a span-wise
minimum resolution of 8.6 · 10−6m corresponding to the flow structures of the
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size of y/λ = 0.4 as in the study of Arce et al [5].

2.3 boundary conditions and solver

Once the selected meshes for the different Computational Fluid Dynamics (CFD)
simulations have been described, the next step is to fixed the boundary condi-
tions and the solver that have to be used in the different RANS cases.

The boundary conditions are an essential component of a mathematical
model, they direct the motion of flow which leads to a unique solution. In
the different simulations the same boundary conditions have been used. In
Figure 2.3 the boundary conditions of the different parts of the mesh have been
plotted.

For the airfoil contour the wall boundary condition is selected. This condition
is used to bound fluid and solid regions.

Velocity inlet boundary condition is used to define the flow velocity, along
with all relevant scalar properties of the flow, at flow inlets (inlet and far field
boundaries in Figure 2.3). In this case, the magnitude and direction of the flow
is defined for each case changing the flow direction to take into account the
different angles of attack. The velocity magnitude has been calculated taking
into account the desired Reynolds number, in this case Rec = 3 · 106. For all
the simulated cases the turbulent intensity and the turbulent viscosity ratio
of the flow have been fixed for the inlet zone. The turbulence intensity, I, is
defined as the ratio of the root-mean-square of the velocity fluctuations, u′,
to the mean flow velocity, uavg. In this case a value of 0.1% have been fixed
corresponding to a low turbulence wind tunnel conditions [19]. The turbulent
viscosity ratio, µt/µ, at the free-stream boundaries of most external flows is
fairly small, following the ANSYS recommendations [19] for these simulations
this value has been set to µt/µ = 1.

Pressure outlet boundary condition is set at the outlet boundary. It requires
the specification of a static (gauge) pressure, this value is only used while the
flow is subsonic. In this boundary conditions the backflow turbulent intensity
and turbulent length scale are fixed. The turbulent length scale, `, is a physical
quantity related to the size of the large eddies that contain the energy in turbu-
lent flows, for the simulations this value is set to 2 m. The turbulent intensity
has been fixed to 0.2% in the outlet boundary layer condition [19].

After fixing the boundary conditions of the simulations the next step is select
the solver. Different solutions methods are available in ANSYS FLUENT R©. For
these simulations the selected solver was the Semi-Implicit Method for Pressure-
Linked Equations (SIMPLE) algorithm as it is recommended [19]. In the SIMPLE

algorithm velocity and pressure are treated in a segregated (sequential) manner.
It uses a relationship between velocity and pressure corrections to enforce mass
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conservation and to obtain the pressure field. Through an iterative method the
momentum equation is solved using the pressure field previously iterated. The
resulting velocity field is used to generate the pressure equation whose solution
is necessary for correcting the pressure and velocity fields ensuring a mass
conservation (continuity equation). This procedure is repeated until a velocity
an pressure fields are obtained which fulfill mass and momentum conservation.

2.4 results

The change of the aerodynamic performance due to the installation of the trail-
ing edge serrations is analyzed with respect to the NACA 643418 with a straight
trailing edge. The analysis of the performance features a first comparison of the
2D and 3D simulations. In this respect, the similarities of the serration geometry
to a 2D flap are investigated, with the aim of tackling the level of complexity
needed to accurately approximate the change in lift and drag of the repetitive
geometry.

2.4.1 Aerodynamic forces

In this section the aerodynamic coefficients for the original airfoil, the airfoil
with the split plate and the airfoil with serrated trailing edge extensions are pre-
sented. In Figure 2.5 lift and drag coefficients are shown for the three different
turbulence models. It must be noted that for all the simulated cases the aerody-
namic coefficients, lift and drag, are obtained using the chord of the original
airfoil without including the length of the plate or serrations. The simulated
results of the serrated trailing edge have shown that for all the studied angles of
attack the serrated extensions do not significantly change the lift coefficient of
the airfoil but they cause increased drag coefficient regardless of the turbulence
model analyzed. On the other side, the split plate originate a lift enlargement
caused by the increase in the effective area of the airfoil. The plate significantly
affects the lift coefficient over the positive angles of attack.

When comparing the polar curves plots in Figure 2.5, notable differences can
be found between the fully turbulent models (Spalart Allmaras and k-omega
SST) and the transitional model (Transition SST). The drag coefficient obtained
with the Transition SST model presents lower drag values due to the more real-
istic representation of the boundary layer of the airfoil, simulating the natural
transition from laminar to turbulent flow. These results are consistent with
Menter et al. [42]: in this work it was demonstrated with different experiments
that the Transition SST model shows a better agreement with real flows than the
fully turbulent models. Different geometries were tested and in all the studied
cases the drag coefficient shows lower values than the fully turbulent models
and a very good agreement with the experimental results.
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Figure 2.5: Aerodynamic coefficients for the original airfoil, with a split plate and with
a serrated trailing edge, for three different turbulence models.

2.4.2 Boundary layer

In this section a comparison of the boundary layer thickness (δ) between the
original geometry, the airfoil with a split plate and the airfoil with a serrated
trailing edge is presented. Results are shown for the Transition SST model, how-
ever all tested turbulence models present the same trends. Figure 2.6 compares
the boundary layer thickness of the airfoil, the airfoil with a split plate and the
airfoil with trailing edge serrations in two different positions, the trailing edge
suction and pressure side (location 1 of Figure 2.7). In this figure it is shown
that the boundary layer thickness at the airfoil trailing edge is modified by the
presence of serrations, i.e. for an angle of attack of 2

◦, δ/c on the suction side is
about 0.0185 on the airfoil, 0.0268 on the airfoil with a split plate and 0.0205 on
the serrated airfoil and on the pressure side is 0.0132 on the airfoil, 0.02214 on
the airfoil with a split plate and 0.013 on the serrated airfoil and for an angle
of attack of 6

◦, δ/c on the suction side is about 0.0272 on the airfoil, 0.0385

on the airfoil with a split plate and 0.038 on the serrated airfoil and on the
pressure side is 0.009 on the airfoil, 0.0174 on the airfoil with a split plate and
0.0128 on the serrated airfoil (all these data measured at the airfoil trailing edge).

Comparing the boundary layer thickness at different positions along the teeth
just in the suction side (see Figure 2.7 and Table 2.1) for an angle of attack of 2

◦
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it is shown that the boundary layer thickness changes slightly from the middle
of the teeth to the root in the spanwise direction. Analyzing the distribution of
the boundary layer thickness along the teeth length for this cambered airfoil,
it is found that on the suction side this value increases from root to tip. These
results show a good agreement with the experimental results carried out by
Gruber et al. [41]: in this work a comparison of the boundary layer profiles
between the unserrated baseline and the serrated edge has been displayed for
the NACA 65(12)-10 cambered airfoil.
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Figure 2.6: Comparison of the non dimensional boundary layer thickness at different
angles of attack for the airfoil with and without trailing edge extensions at
the airfoil trailing edge on the suction and pressure side for the Transition
SST model.

Figure 2.7: Tooth positions in which δs/c has
been obtained for α = 2

◦.

Point δs/c

1 0.0205

2 0.0203

3 0.0195

4 0.021

5 0.023

Table 2.1: Non dimensional bound-
ary layer thickness.
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2.4.3 Wake development

An analysis of the flow in the wake of the airfoil, the airfoil with the split plate
and with the trailing edge serrations is presented. As in the previous section
only results for the Transition SST model are displayed.

The wake velocity and Turbulent Kinetic Energy (TKE) profiles for the three
studied geometries at α = 6

◦ are shown in Figures 2.8 and 2.9. Four downstream
locations are analyzed, x = 1.3 c, 1.4 c, 2.2 c and 3.2 c. It can be observed that
the tooth tip and the end of the split plate are located at x = 1.187 c. For the
serrated case, two different positions are studied, the tooth tip and the tooth
root, for this case two flow profiles are displayed.

In Figure 2.8 it can be observed that the flow at the tip position of the ser-
rated geometry follows similar wake profile to that of the original geometry
but with a slightly lower velocity deficit. This means that the tip has a fuller
wake compare to the original airfoil. For the case of the split plate the profile
is also similar but with a higher velocity deficit. This higher velocity deficit of
the split plate is due to the larger effective chord length. The root flow shows a
different behavior from the tip flow, it has a smaller velocity deficit and the tip
location is moved upwards due the flow through the serrations valleys. These
differences between the tip and the root flow gradually disappear at far-wake
locations. The presence of serrations produces a minor deficit of velocity but an
enlargement of this deficit along the y-axis as it is shown in the work of Liu et
al. [39]

The wake profiles show different behavior for the case of the serrations and
for the case of the plate. These differences are mainly caused for the 3D motion
existing between the teeth of the serrations, in the case of the plate this motion
is practically two dimensional. The 3D effects of the flow passing through the
serrations and moving from the pressure to the suction side produce a wide
and short wake meanwhile the plate due to higher effective length origins a
narrow and long wake and its effect is still appearing in x = 3.2 c but for the
serrations case at this position the velocity deficit has almost disappeared.
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Figure 2.8: Non dimensional velocity magnitude in an X-Y plane for the different stud-
ied geometries, non dimensional values of velocity magnitude at different
stream-wise positions (x = 1.3 c, 1.4 c, 2.2 c and 3.2 c) have been included
for the Transition SST model.

The TKE profiles at different wake locations are displayed in Figure 2.9. The
wake profiles of the original airfoil show the two shear layers originating from
combination of the boundary layers on the pressure and suction sides of the
airfoil. The effect is more evident for the airfoil with the split plate due to the
increase in the effective chord of the airfoil. For the tip and root flow just a
single peak was obtained as the two boundary layer mix together. A significant
different turbulent kinetic energy profile appears for both positions compared
to the original airfoil. Lower values and high TKE dissipation are shown for
these locations as result of a three-dimensional near-wake flow. As in the previ-
ous case, the root flow shows an upward moved peak position caused by the
flow moving upwards from the serrations valleys. These results shows that the
use of serrations produces significant changes on the TKE of the flow, enlarging
the high TKE region along the y-axis and producing a less turbulent far-wake.
All these results show a good agreement with the measurements carried out by
Liu et al. [39] for the NACA 65(12)-10 airfoil.
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Figure 2.9: Non dimensional TKE in an X-Y plane for the different studied geometries,
non dimensional values of TKE at different stream-wise positions (x = 1.3 c,
1.4 c, 2.2 c and 3.2 c) have been included for the Transition SST model.

Results of several cross-flow planes at different locations, x = 1.005 c (root
tooth), x = 1.093 c (middle tooth), x = 1.187 c (tip tooth) are presented in
Figure 2.10, where the streamwise vorticity component, wx, for the serrated
geometry at an angle of attack of 6

◦ is displayed. As in the previous part, the
results represented correspond to the Transition SST model. The presence of
streamwise vortex pairs emanating from the serrations is evident from these
results. Strong variations between negative and positive streamwise vorticities
are shown between the teeth, resulting from the pressure differences between
the two sides of the serrations. These results coincide with the experimental
data from Arce et al. [5]: in this study vortex pairs generated between the
teeth that produce a vigorous motion are measured. Other studies like the one
of Jones et al. [35] have shown that in the presence of serrations the flow is
highly three-dimensional. They reported the formation of horseshoe vortices
in the space between serrations, exacerbated by the presence of a mean flow
motion through the serrations from the suction to the pressure side. These
three-dimensional structures are generated at the root of the teeth. At the mid-
dle of the teeth (x = 1.093 c) the structures are fully formed and they dissipate
in the wake.
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Figure 2.10: Streamwise vorticity component in a Y-Z plane at different locations for
the Transition SST model.

2.5 effect of the turbulence modeling in the serration flow

In the previous section a comparison of the 3D serrated airfoil and a 2D simpli-
fication was carried out. Although the performance results seem to be rather
similar with different turbulence models, previous studies have shown signifi-
cant variations when comparing different computational RANS-based methods
for airfoil flows [20]. In Figure 2.11 the polar data for the 3D serrated airfoil
and for the 2D simplification are shown for each turbulence model.
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Figure 2.11: Aerodynamic information of the 2D NACA 643418 with a split plate and
3D NACA 643418 with serrations for the three turbulence models.

The lift coefficient is almost the same for the three turbulence models, the
drag coefficient instead shows larger deviations especially when comparing the
Spalart-Allmaras and k-omega SST models (as in the previous sections, the lift
and drag coefficients have been obtained using the chord of the original airfoil
without including the length of the plate or the serrations) with the Transition
SST model. More representative of the actual flow behavior is the last one, due
to its intrinsic modeling of the laminar to turbulent transition of the boundary
layer. While indeed the first two models are modeling a fully turbulent flow at
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the current cell resolution, the last one simulates more accurately the boundary
layer characteristics of the airfoil in the linear angle of attack regime. It has to
be noted that the Spalart-Allmaras model shows rather larger differences in the
case of the airfoil with a split plate but these differences are smaller in the case
of the serrated airfoil, the reason of this variance is the lower accuracy in the
prediction of the boundary layer size.

2.6 influence of the flap angle

The effect of the mounting angle of the serration is here studied as a change of
the flap angle of the geometry, angle between the serration/split-plate geometry
and the chord of the airfoil (β). Three flap angles have been simulated for the
present test case, namely 0

◦, 5
◦ and 10

◦. An increase in the flap angle produces
an upward displacement of the lift curve maintaining the same Cl − α slope.

In Figure 2.12 the lift coefficient for the airfoil with a split plate mounted at
different flap angles obtained with the Transition SST turbulence model has been
displayed (the lift coefficient has been calculated using the chord of the original
airfoil without taking into account the length of the plate). It is important to
remark that the same tendency has been obtained for the rest of the turbulence
models (Spalart Allmaras and k-omega SST models). In this figure it is shown
that an increase in the flap angle produces an upward displacement of the lift
curve maintaining the same Cl − α slope.
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Figure 2.12: Lift coefficient of the NACA 643418 with a split plate mounted at different
flap angles obtained with the Transition SST turbulence model.

Regarding the drag coefficient as for the lift coefficient, the results are inde-
pendent of the turbulence model. Focus on the Transition SST model, which is
the most similar to reality, the drag coefficient curve for each flap angle has
the same shape but shifted along the angle of attack. In Figure 2.13 the drag
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coefficient for the different flap angles are displayed.
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Figure 2.13: Drag coefficient of the NACA 643418 with a split plate mounted at different
flap angles obtained from CFD simulations (Transition SST model).

With this information it is clear that there is a relation between the aero-
dynamic performance of the airfoil with serrations mounted at different flap
angles.

2.7 influence of the plate thickness

To manufacture the trailing edge serrations different materials and processes
can be used. Depending on the selected material and the manufacturing process
different plate thicknesses can be achieved. To analyze the influence of the plate
thickness on the aerodynamic performance of the airfoil, two different plate
thicknesses have been theoretically analyzed: 0.1% and 0.2% of the chord with
the same flap angle, 5

◦. In Figure 2.14 the two different plates are displayed.
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Figure 2.14: Trailing edge detail of the simulated airfoil with the two different split
plates and a flap angle of 5

◦.

For each plate three different turbulent models have been simulated, Spalart
Allmaras, k-omega SST and Transition SST. In Figure 2.15 the aerodynamic
coefficients of the airfoil with the plate of 0.1% c and 0.2% c thickness for the
three different turbulence models has been depicted. In this figure just slight
differences between both thickness are shown, the same tendency is observed
independently of the turbulence model. It must be noted that the same results
have been obtained for different flap angles (0◦ and 10

◦). Looking to these
results it can be conclude that the plate thickness has not a significant impact
on the aerodynamic behaviour of the airfoil in which they are mounted.
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L I F T P R E D I C T I O N M O D E L

In this chapter a prediction equation for obtaining the lift coefficient of the
airfoil with trailing edge serrations from the data of the original airfoil has been
derived using the Thin Airfoil Theory (TAT) and the CFD simulations presented
in Chapter 2. For consolidating the theoretical analysis, the CFD results have
been compared with the code XFOIL [14]. This code has been selected due to its
simplicity, rapidity and extensive use in the wind industry. It has been validated
with experimental data obtained from wind tunnel experiments carried out in
the Langley Low Turbulence Pressure Tunnel (LTPT) [1].

XFOIL [14] is an interactive program for the design and analysis of subsonic
isolated airfoils. The main goal was to combine the speed and accuracy of high-
order panel methods with the new fully-coupled viscous/inviscid interaction
method used in the ISES code developed by Drela and Giles [13]. Several inverse
modes and a geometry manipulator were also incorporated early in XFOIL’s
development, making it a fairly general airfoil development system. It consists
of a collection of menu-driven routines which perform various useful functions
such as:

• Viscous (or inviscid) analysis of an existing airfoil, allowing

– forced or free transition

– transitional separation bubble(s)

– limited trailing edge separation

– lift and drag predictions just beyond Clmax

– Karman-Tsien compressibility correction

• Airfoil design and redesign by interactive specification of a surface speed distri-
bution.

– Full-Inverse, based on a complex-mapping formulation

– Mixed-Inverse, an extension of XFOIL’s basic panel method Full-
inverse allows multi-point design, while Mixed-inverse allows rela-
tively strict geometry control over parts of the airfoil.

• Airfoil redesign by interactive specification of new geometric parameters such as

– new max thickness and/or camber

– new LE radius

– new TE thickness

– new camber line via geometry specification

– new camber line via loading change specification

– flap deflection

37
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– explicit contour geometry (via screen cursor)

• Blending of airfoils

• Drag polar calculation with fixed or varying Reynolds and/or Mach numbers.

• Plotting of geometry, pressure distributions, and polars

A first analysis of the lift and drag performance of the clean National Ad-
visory Committee for Aeronautics (NACA) airfoil is carried out in Figure 3.1,
where the experimental lift and drag coefficients obtained from [1] are directly
compared with the ones obtained from XFOIL. In this code for simulating
the free-transition the en method was used. This method apply the parameter
"Ncrit", which is the log of the amplification factor of the most-amplified fre-
quency which triggers transition. A suitable value of this parameter depends
on the ambient disturbance level in which the airfoil operates, and mimics
the effect of such disturbances on transition. Ncrit = 9 is defined as the value
that represents the average wind tunnel disturbances, while for example a
value between 4 and 8 are used to simulate a dirty wind tunnel and values
around 10 and 12 the clean wind tunnel conditions [14]. The best agreement
with the experimental results at the Rec = 3 · 106 is obtained by imposing a
free-transition model with a Ncrit = 9 in XFOIL.

Figure 3.1 shows a relatively good agreement between the experimental
and the numerical data for this particular airfoil, allowing using XFOIL for a
more extended comparison with different angles of attack and with serrations.
Due to the particular conformal transformation (method for designing airfoils
consisting in mapping a region of one plane on another plane in such a manner
that the detailed shape of infinitesimal elements of area is not changed) that
generates the NACA 6-series airfoil, typically about 50% of the entire airfoil is
covered with laminar flow at relatively high Reynolds. This allows the creation
of the low drag region that can be appreciated in Figure 3.1. Although retaining
optimal drag characteristics for a large range of angles of attack the transition
from laminar to turbulent flow is abrupt (at a Cl of about 1). This effect is
generally ascribed to the vicinity of the pressure minimum of the airfoil to the
transition point. The presence of a slight over-prediction of the maximum lift
coefficient as well as an under-prediction of the drag coefficient (for all angles
of attack) is a common disagreement derived from the non-exact boundary
layer representation between XFOIL and experimental results [16]. This last
underestimation of the drag coefficient in the pre-stall regime has been often
reported as a main mismatch of the skin-friction coefficient of the airfoil surface.
Nevertheless, the main features corresponding to the drag coefficient change
due to transition and separation, the linear region of the lift coefficient in pre-
stall conditions and the cambered asymmetry of the flow is well represented
by XFOIL in comparison to the experimental data available from literature,
allowing using the software for validating the CFD simulations in the remainder
section.
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Figure 3.1: Comparison between XFOIL and experimental results from Abbott and von
Doenhoff for the airfoil without any trailing edge extension at a Rec = 3 · 106

Once the code XFOIL has been validated with experimental data it can be
used to verify the CFD simulations. Figure 3.2 represents the computational
Cl-Cd and the lift coefficient versus angle of attack curves pertaining to the
turbulence model Transition SST. In the same graphs the results from the
NACA 643418 with a split plate and with the serrated geometry are com-
pared. It has to be noted that a 3D computation of the airfoil with a split
plate at the trailing edge has additionally been carried out. Since the results
have been found almost exactly the same as for its 2D counterpart (due to the
two-dimensionality of the flow), that simulation has not been included in the
document. In this figure results from XFOIL have been included for validating
the CFD case of the airfoil with a split plate. It is important to remark that for all
the simulated cases the lift and drag coefficients are calculated using the chord
of the original airfoil without including the length of the plate or serrations.
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Figure 3.2: Aerodynamic information of the 2D NACA 643418 with a split plate, 3D
NACA 643418 with serrations both for the Transition SST model and XFOIL
simulations for the NACA 643418 with a split plate.

From analysis of Figure 3.2 the main change of performance given by the
serrated configuration with respect to a split plate consist of a change of:

• slope of the lift coefficient

• drag profile location

From the results obtained it can be assumed that the serration behave as a
reduced flap of lower area. The change in slope of the lift coefficient is indeed
consistent with a finite extension of the airfoil camber (the line on a airfoil
which is equidistant from the upper and lower surfaces) proportional to the
length of the serration. Such extension can also represent the finite increase
in drag due to the larger airfoil sectional area (i.e. equivalent thickness per
unit chord) seen by the flow. The same differences between the 2D and 3D
simulations have been appreciated for all turbulence models.

Trying to obtain a simplified model for predicting the lift coefficient of a
cambered airfoil with trailing edge serrations the TAT has been adopted [3].
This theory is a generalization of the method for a symmetric airfoil. For this
theory the airfoil can be simulated by a vortex sheet placed along the camber
line as sketched in Figure 3.3. The purpose is to calculate the variation of
circulation, γ(s), such that the camber line becomes a streamline of the flow
and such that the Kutta condition is satisfied at the trailing edge (γ(c) = 0); that



lift prediction model 41

is, γ(s)(TE) = 0. Once we have found the particular γ(s) that satisfies these
conditions, then the total circulation Γ around the airfoil is found by integration
γ(s) from the leading edge to the trailing edge. Equation 3.1 represents the
fundamental equation of TAT and it is simply a statement that the camber line
is a streamline of the flow [3].

a
V∞

chord line

camber line

X

Z

Figure 3.3: Vortex sheet on the camber line

1
2π

∫ c

0

γ(ξ) dξ

x− ξ
= V∞

(
α− dz

dx

)
(3.1)

Using Equation 3.1 the circulation, Γ, can be obtained and the lift coefficient
can be calculated using the following formula:

Cl = 2π
[
α + 1

π

∫ π
0

dz
dx (cos θ0 − 1)dθ0

]
dCl
dα = 2π

(3.2)

Once adopting linear TAT for a cambered airfoil the relation between the
airfoil lift without add-ons (Cla) and the one with installation of the split-plate
(Clap) can be formalized by the following equations:

Cla = 2πα + Cl0 (3.3)

Clap = 2πα(1 + l/c) + 2πβl/c + Cl0 (3.4)

where the lift coefficient is obtained as a function of the angle of attack α, the
flap angle β, the chord of the airfoil, c and the plate length, l. For validating
this equation a comparison between experimental data obtained from Abbott
and von Doenhoff [1] and results obtained from the previous equation is
presented. In Figure 3.4 the lift coefficient of different NACA airfoils with a flap
length of 0.2 c and a flap angle of 60

◦ are compared. In these graphs a good
approximation of the lift coefficient for all the cases is presented.
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Figure 3.4: Lift coefficient comparison between predicted and experimental data for
different NACA 6-digit airfoils.

Once the validity of the Equation 3.4 is proved using experimental data, the
same methodology for obtaining the lift coefficient for the airfoil with serrations
Clas can be applied.

Clas = 2πα(1 + ls/c) + 2πβls/c + Cl0 (3.5)

With Equation 3.5 it is possible to obtain an accurate estimation of the lift
coefficient of an airfoil with serrations from the 2D results of the airfoil with a
split plate. For this purpose, a relation between the equivalent serration length
and the plate length must be obtained. In Figure 3.5 different lift coefficients
calculated using Equation 3.5 with different equivalent serrations lengths have
been compared to the CFD simulations. Focusing on the angles of attack ranging
from 0

◦ to 6
◦, in which the TAT is more precise, it is clear that a reduced serrated

length shows a better agreement than the equivalent serrated area (ls = 1/2 · l)
as it is shown in Figure 3.5.
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Figure 3.5: Lift coefficient for the NACA 643418 with serrations obtained from the TAT

with different serrations lengths and from 3D CFD simulations.

To analyze which is the most precise equivalent length of the serrated ex-
tensions, a comparison of the differences between the predicted with the TAT

and the simulated lift has been obtained. In Figure 3.6 the quadratic error at
different angles of attack for the different equivalent serrations lengths has
been plotted. In the left plot, the quadratic error has been plotted versus the
equivalent serrations lengths for different flap angles. In this figure it can be
observed that for all depicted angles of attack at ls = 1/8 · l the quadratic error
is negligible. In the right figure the quadratic error has been plotted versus the
angle of attack for different equivalent lengths, in this picture at ls = 1/8 · l the
quadratic error decreases dramatically for all the angles of attack changing the
tendency of other equivalent lengths like ls = 1/2 · l, ls = 1/4 · l or ls = 1/32 · l
which increases the quadratic error for bigger angles of attack. Taking into
account both figures it can be concluded that the most suitable approximation
for the serrations equivalent length is ls = 1/8 · l.
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E X P E R I M E N TA L A N A LY S I S

4.1 wind-tunnel facility

The Low Speed Low Turbulence (LTT) wind-tunnel of TU Delft was used to first
test the serrated edge designed for two wind turbine airfoils. The atmospheric
closed-loop wind-tunnel has a test section 1.80 m wide, 1.25 m high and 2.60 m
long. The 2.9 m 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 120 m/s. The free-stream turbulence level in the test section varies
from 0.02% at 25 m/s to 0.07% at 75 m/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-stream velocity is monitored by evaluation of the free-stream
dynamic pressure q0 through a calibration curve from the tunnel contraction
control pressure ∆pb, measured as the difference 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 pressure 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 drag of the airfoil
is instead obtained from integration of the measurements from a wake rake
of Pitot tubes installed at a distance 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. The layout of the LTT

wind tunnel is displayed in Figure 4.1.

4.2 experimental set-up

Two different airfoils have been tested in this part of the study. The first model
is a cambered Nordex ADO30 airfoil with 30% of relative thickness typically
used in wind turbine blades (the airfoil profile of the model is protected by
non-disclosure agreement). The profile has been manufactured into a straight
wing of 600 mm chord and 1225 mm span and installed in the LTT test-section.
The wing was manufactured in glass-fiber and resine and instrumented with
90 pressure ports, 45 on the suction side and 45 on the pressure side of the

45
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Figure 4.1: TU-Delft Low Speed Low Turbulence Wind Tunnel Layout

airfoil. The second tested model corresponds to a NACA 643418 airfoil, built
into an aluminum wing with 250 mm chord and a span of 1225 mm. 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. [24] there is a critical value
of 2h

δ ∼ 0.5 or 2h
λ ∼ 1 above which significant noise reductions 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 2h = 112 mm with λ

2h = 0.75. While for
the NACA 643418 model, the resulting trailing edge serrations geometry is 2h
= 75 mm with λ

2h = 0.75. Three different flap angles (β) are measured 0
◦, 5

◦

and 10
◦ for both models. The trailing edge serrations for the two airfoils have

been manufactured in aluminum and have been installed at the pressure side
of the models with a 50 mm plate ensuring a smooth transition between the
model and the attachment of the trailing edge extensions. In Figure 4.2 and
Figure 4.3 the reader can find a simple scheme of the serration geometry as
well as pictures of both tested models.
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Figure 4.2: Serrations extensions with length 2h and amplitude of λ

(a) Nordex ADO30 airfoil (b) NACA 643418 airfoil

Figure 4.3: Two different airfoil models tested with and without trailing edge serrations
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Boundary layer transition in turbulent conditions is forced by means of a zig-
zag tape of 0.4 mm height , and 6 mm width, placed at 10% of the chord in the
pressure side and at 5% of the chord in the suction side. In Figure 4.4 the used
zig-zag tape is shown. The effectiveness and uniformity of the boundary-layer
forcing device was verified by combined use of a remote stethoscope probe and
a thermal camera visualization along the wing span.

Figure 4.4: Zig-zag tape used for forcing the transition placed at 5% of the chord in the
suction side and at 10% of the chord in the pressure side.

4.3 wind tunnel results

For obtaining the aerodynamic information of the airfoils different procedures
have been used. The lift and pitching moment coefficients are calculated by
integration of the pressure distribution over the airfoils using the information
given by the pressure taps placed along the profile shape. The pressure distri-
butions were integrated to obtain normal and tangential force coefficients, Cn

and Ct, and moment coefficient, Cm around the quarter-chord point according
to the following equations:

Cn =
∫ 1

x/c=0(Cpl − Cpu)d x
c

Ct =
∫ y/c−max

y/c−min (Cpu)d
yu
c −

∫ y/c−max
y/c−min (Cpl)d

yl
c (4.1)

Cm =
∫ 1

x/c=0(Cpl − Cpu)(
x
c − 0.25)d x

c +
∫ y/c−max

y/c−min Cpu · yud yu
c −

∫ y/c−max
y/c−min Cpl · yld

yl
c

(4.2)
Where the subscripts u and l refer to upper and lower surface. The lift

coefficient for angles between the negative and positive maximum values were
obtained from the Equation 4.3
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Cl = Cn cos α− Cd tan α

Cd = Cn cos α + Ct cos α
(4.3)

and in the stall region the lift coefficient are calculated using Equation 4.4

Cl = Cn cos α− Ct sin α (4.4)

The drag coefficient is calculated from the flow loss of momentum by inte-
grating the total and static pressure distribution in the airfoil wake. This was
measured by a static and a total pressure wake rake, both 504 mm in width
and located 0.5 m downstream the model. The static wake rake consists of 16

static pressure probes. The total pressure wake rake had 67 pressure tubes with
varying spacing ranging from 3 mm over 96 mm in the rake centre to 6, 12 and
24 mm towards both ends of the rake. In Figure 4.5 the LTT wind tunnel wake
rake is shown.

Figure 4.5: LTT wind tunnel wake rake

This method is based on the loss of momentum that the flow suffers after
passing around the airfoil. Equation 4.5 expresses the drag of a body in terms
of the known freestream velocity u1 and the flow-field property u2, across a
vertical station downstream of the body. For incompressible flows ρ is constant
and known. The downstream velocity can be measured in a wind tunnel, and
the drag per unit span of the body, D, can be obtained by evaluating the integral
numerically, using the measured data for u2 as a function of y [3]. With the
drag force the non dimensional drag coefficient can be obtained.

D = ρ
∫ b

a u2(u1 − u2)dy

Cd = 2
∫ b

a

(
u2
u1
− u2

2
u2

1

)
dy
c

(4.5)

Equation 4.5 must be transformed into magnitudes that can be measured
in the wind tunnel. Barlow et al. [8] derived the formula employed for obtain-
ing the drag coefficient in the wind tunnel test section using the wake rake
information.
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Figure 4.6: Control volume for obtaining drag force on an airfoil

Cd = 2
∫ b

a

(√
q2
q1
− q2

q1

)
dy
c (4.6)

It is important to remark that to the measured data the standard wind tunnel
wall corrections for lift-interference and model solid and wake blockage as
given by Allen and Vincenti [2] were applied. The solid blockage corrections
are caused by the presence of the tunnel walls confining the flow around the
model in the test section and reducing the area through which the air must flow
as compared to free-air conditions and hence, by continuity and Bernouilli’s
equation, increases the velocity of the air as it flows in the vicinity of the model
[34]. The wake blockage corrections come from the law of continuity, the veloc-
ity outside the wake in a closed tunnel must be higher that the free stream in
order that a constant volume of fluid may pass through each cross sections. The
higher velocity in the main stream has lower pressure (by Bernouilli’s principle)
arising as the boundary layer grows on the model, puts the model in a pressure
gradient and results in a velocity increment at the model [34]. The streamline
curvature corrections are caused by the presence of the ceiling and floor of the
wind tunnel section that prevents the normal curvature for the free air that
occurs about any lifting body and the body appears to have more camber than
it actually has. Accordingly, the airfoil in a closed wind tunnel has more lift
and moment at a given angle of attack than it would have in free air and the
angle of attack is too large as well [34].

Once the measurement procedure and the wind tunnel corrections have been
explained the performed experiments are described. Aerodynamic forces have
been measured for both the NACA 643418 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 75 m/s, respectively corresponding to
a chord-based Reynolds number of Rec = 1 · 106 for the NACA 643418 and of
Rec = 3 · 106 for the ADO30. The designed serrations are tested in the range of
flap angles: β = 0◦, 5◦, 10◦. As already mentioned, measurements with free and
forced boundary-layer conditions have been conducted.
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4.3.1 Nordex ADO30 results

The aerodynamic coefficients for the clean configuration of the ADO30 airfoil
at Rec = 3 · 106 have been measured and presented in Figure 4.7 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 [40], 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 maximum Cl/Cd performance
increases instead. This is due to a beneficial camber increase with the flap
angle, which increases the maximum lift produced for the same stall angle
of attack. As can be seen in fact from Figure 4.7, the stall angle of the airfoil
is independent of the presence of the trailing edge extensions and of the flap
angle. This is due to the loading optimization with which the airfoil profile was
obtained.

-2.0

0.0

2.0

 0  0.05  0.1

C
l

Cd

Airfoil
Airfoil + serr β = 0°
Airfoil + serr β = 5°

Airfoil + serr β = 10°

-2.0

0.0

2.0

-20  0  20

C
l

angle of attack (°)

0.00

0.05

0.10

-20  0  20

C
d

angle of attack (°)

Figure 4.7: 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.

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
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conditions are reported in Figure 4.8. 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. 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.
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Figure 4.8: 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.

In Figures 4.9 and 4.10 the pressure coefficients (Cp) for the ADO30 airfoil
with and without trailing edge serrations installed at different flap angles for
two angles of attack, α = 6◦ and α = 14◦, are depicted. These angles of attack
have been selected because α = 6◦ is a typical value for normal operation of a
real wind turbine and α = 14◦ is an angle of attack of the stall region. The lift
coefficients are obtained from the integration of the pressure coefficients. It is
important to mention that the last pressure ports located at the trailing edge of
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the suction side are influenced by the aluminum tape used for the installation
of the trailing edge serrations so its measurements should take this influence
into account. For the angle of attack of 14◦ more than the 50% of the suction
side is in stall as is it shown in Figure 4.10, this causes the reduction of the
airfoil lift.

It is clear in the pictures that the lift coefficient of the airfoil without serrations
is lower than the cases with the trailing edge extensions in clean and rough
conditions. For the flap angle, the tendency coincides with the lift coefficients
results, the pressure coefficient increases with the flap angle. It is remarkable
that the change in Cp slope indicates the transition points on both sides (suction
and pressure). It is useful for obtaining where the flow changes from laminar
to turbulent in the clean case as in the rough case this point is fixed with the
zig-zag tape. At an angle of attack of 6◦, the transition occurs at x/c = 0.3 in the
suction side and at x/c = 0.45 in the pressure side as it can be seen in Figure 4.9.
It is significant to see that the trailing edge serrations or its flap angle are not
modifying the transition point of the airfoil.
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Figure 4.9: Measured Cp for the ADO30 airfoil at α = 6◦ under clean and rough
conditions with and without trailing edge serrations at different flap angles.
Flap convention: positive, pitching towards the pressure side.
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Figure 4.10: Measured Cp for the ADO30 airfoil at α = 14◦ under clean and rough
conditions with and without trailing edge serrations at different flap angles.
Flap convention: positive, pitching towards the pressure side.
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4.3.2 NACA 643418 airfoil

The aerodynamic coefficients for this model, measured without and with trail-
ing edge serrations at different flap angles are presented in Figure 4.11. 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 config-
urations are here as well observed. The most significant 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 NACA 643418 seems
to have a lower sensitivity to the flap angle change of the serration. Lift and
drag coefficients 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
much more pronounced for this airfoil than for the ADO30. The maximum
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), due to the sensitivity of the bubble to the peak pressure gradient
in proximity of the nose (cfr. Figure 4.11). Another peculiar characteristic of
this laminar airfoil is the dependence of the stall angle to the airfoil camber.
This is a peculiarity of the NACA 6-digit airfoils which are based on a particular
curvature line which is designed to maintain the flow laminar for most of the
airfoil surface [1]. 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 maximum lift performance.
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Figure 4.11: Aerodynamic coefficients measured for the NACA 643418 clean airfoil
with and without trailing edge serrations at different flap angles. Flap
convention: positive, pitching towards the pressure side.

In the following, the performances of the NACA 643418 have been evalu-
ated under forced boundary-layer conditions with the use of a zig-zag tape as
explained in the experimental-setup section. In Figure 4.12 the aerodynamic
coefficients are presented for the airfoil with and without trailing edge serra-
tions. Oppositely to the ADO30, the NACA 643418 is much less sensitive to the
boundary-layer transition location. The maximum differences in lift coefficient
for the baseline airfoil under free and forced boundary layer conditions are
within 15%.

Also the effect of the trailing edge serrations is, therefore, remarkably similar
to the clean case. A significant increase in lift coefficient is achieved for the
investigated flap angles, this time without 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
much more notable 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.
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Figure 4.12: Aerodynamic coefficients measured for the NACA 643418 under forced
boundary-layer transition conditions with and without trailing edge serra-
tions at different flap angles. Flap convention: positive, pitching towards
the pressure side.

As in the previous case, the pressure coefficient for the NACA 643418 with
and without trailing edge serrations at different flap angles for α = 6◦ and
α = 14◦ in clean and rough conditions are shown in Figures 4.13 and 4.14.
In this case, as the number of pressure ports is lower, the precision of the
pressure distribution decreases. In addition, at the trailing edge some pressure
ports have been blocked during the trailing edge installation causing loss of
information. For these reasons obtaining the transition point for this airfoil
using the pressure ports is more difficult than in the previous case. For this
airfoil at an angle of attack of 14◦ around the 50% of the suction side of the
airfoil is under stall conditions causing a reduction on the lift coefficient.
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Figure 4.13: Measured Cp for the NACA 643418 airfoil at α = 6◦ under clean and
rough conditions with and without trailing edge serrations at different
flap angles. Flap convention: positive, pitching towards the pressure side.
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Figure 4.14: Measured Cp for the NACA 643418 airfoil at α = 14◦ under clean and
rough conditions with and without trailing edge serrations at different
flap angles. Flap convention: positive, pitching towards the pressure side.
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VA L I D AT I O N

In this chapter the measurements performed in the LTT wind tunnel have been
used for validating the prediction-law proposed by the author [40]. The par-
ticular 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 5-6th power of the relative flow speed on the airfoil
section [48]; 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 is based on the thin airfoil theory as has
been explained in Chapter 3. Both equations for obtaining the lift coefficient of
the airfoil without extensions and the airfoil with trailing edge extensions are
validated.

Cla = 2πα + Cl0
Clas = 2πα(1 + ls/c) + 2πβls/c + Cl0

(5.1)

Starting with the ADO30 airfoil model, first the lift coefficient of the airfoil in
clean conditions is studied. Using the TAT equation for an airfoil without any
trailing edge extensions a comparison is plotted in Figure 5.1. In this picture an
ample agreement between the experimental measurements and the predicted
equation is shown for the lift curve of the original ADO30 airfoil.
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Figure 5.1: Comparison between the predicted and measured lift coefficient for the
ADO30 airfoil

To analyze the differences between the predicted and the measured lift co-
efficient some values have been included in Table 5.1. The displayed values
correspond to the angles of attack more probables during normal operation of
a wind turbine. In this table reduced differences between the predicted and the
measured lift coefficient are found.

α (deg) Cl Measured Cl Predicted Difference (%)

2.0 0.4741 0.4359 -8.76

4.1 0.7353 0.6619 -11.08

6.1 0.9811 0.8860 -10.74

8.2 1.2026 1.1126 -8.08

Table 5.1: Cl measured and predicted for different angles of attack for the ADO30

without trailing edge serrations

Once the lift coefficient of the original airfoil has been analyzed the next step
is validate the proposed equation for the airfoil with trailing edge serrations.
Using the ls and Cl0 information of this configuration in the previous prediction
law (Equation 5.1), the lift coefficient for the different tested flap angles can be
calculated and compared to the experimental results. In Figure 5.2 the predicted
and measured lift coefficient for this model with trailing edge serrations varying
its flap angle have been displayed. As in the previous case, a relatively good
agreement is found between the predicted and measured lift coefficient for this
configuration for the indicated flap angles till the stall region. The simple linear
model is not taking into account the flow separation region in fact.
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Figure 5.2: Comparison between the predicted and measured lift coefficient for the
ADO30 airfoil with serrations at varying flap angles

In Tables 5.2, 5.3 and 5.4 the measured and predicted (using Equation 5.1)
lift coefficient are shown for typical angles of attack of normal operation of a
wind turbine. The differences in percentages between these two results are also
included. The same tendency, in differences, is observed for all the clean cases,
with and without trailing edge serrations. As the angle of attack is increased
the agreement between the predicted and the measured lift is increased.

β = 0◦

α (deg) Cl Measured Cl Predicted Differences (%)

2.0 0.5464 0.4783 -12.46

4.1 0.8164 0.7452 -8.72

6.1 1.0865 1.0136 -6.71

8.2 1.3384 1.2822 -4.20

Table 5.2: Cl measured and predicted for different angles of attack for the ADO30 with
trailing edge serrations installed with a flap angle of 0◦
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β = 5◦

α (deg) Cl Measured Cl Predicted Differences (%)

2.0 0.6761 0.5808 -14.09

4.1 0.9530 0.8495 -10.86

6.1 1.2231 1.1165 -8.72

8.2 1.4781 1.3854 -6.27

Table 5.3: Cl measured and predicted for different angles of attack for the ADO30 with
trailing edge serrations installed with a flap angle of 5◦

β = 10◦

α (deg) Cl Measured Cl Predicted Differences (%)

2.0 0.7805 0.6844 -12.31

4.1 1.0544 0.9528 -9.64

6.1 1.3265 1.2201 -8.02

8.2 1.5783 1.4887 -5.67

Table 5.4: Cl measured and predicted for different angles of attack for the ADO30 with
trailing edge serrations installed with a flap angle of 10◦

After studying the ADO30 in clean conditions, the prediction formula is go-
ing to be validated under forced conditions using the measured data obtained
with a zig-zag tape installed in the ADO30 airfoil as it has been described
in Chapter 4. First, the measured and predicted lift coefficient of the airfoil
without any extension is plotted in the left picture of Figure 5.3. As it has been
explained in Chapter 4 the ADO30 has a significant sensitivity to roughness and
the airfoil is in stall for a large number of angles of attack (below α = 3◦) under
tripped conditions. From α ≈ 4◦ to α ≈ 9◦ the flow over the airfoil is attached
and in this region the TAT can be implemented. In this figure, it is probed
that the cl-slope is not well represented with the TAT theory. Under forced
boundary-layer conditions a flap angle correction should be included for thick
airfoils due to the camber change caused by the forced turbulent conditions.
In the right picture of Figure 5.3 the corrected data has been compared with
the experimental measurements. Looking at this figure it is clear that for the
tripped conditions the corrected law is representing faithfully the experimental
measurements. For both cases, with and without corrections, some lift values
for angles of attack in which the flow is attached have been displayed in Ta-
ble 5.5 and 5.6 to probe that a significant good agreement is obtained when the
correction to the formula has been applied.
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Figure 5.3: Comparison between the predicted and measured lift coefficient for the
ADO30 airfoil in rough conditions using the original predicted law and the
corrected

Original

α (deg) Cl Measured Cl Predicted Differences (%)

4.1 0.5587 0.7574 26.78

6.1 0.7684 0.9803 21.62

8.2 0.9629 1.2047 20.07

Table 5.5: Cl measured and predicted for different angles of attack for the ADO30

without trailing edge serrations in rough conditions

Corrected

α (deg) Cl Measured Cl Predicted Differences (%)

4.1 0.5587 0.5574 -0.23

6.1 0.7684 0.7803 1.53

8.2 0.9629 1.005 4.16

Table 5.6: Cl measured and predicted with a correction for different angles of attack
for the ADO30 without trailing edge serrations in rough conditions
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Using the same correction as in the previous case, the predicted lift coefficient
of the ADO30 airfoil with trailing edge serrations in rough conditions is now
calculated and compared with the experimental data for the airfoil with trailing
edge serrations installed with different flap angles. In Figure 5.4 this comparison
can be analyzed and in Tables 5.7, 5.8 and 5.9 some values of the angles of
attack, in which Equation 5.1 can be applied, have been displayed. It is clear
that after correcting the prediction law, the lift coefficient at the angles of attack
with attached flow is precisely represented.
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Figure 5.4: Comparison between the predicted and measured lift coefficient for the
ADO30 airfoil in rough conditions with serrations at varying flap angles

β = 0◦

α (deg) Cl Measured Cl Predicted Differences (%)

4.1 0.6930 0.6436 -7.68

6.2 0.9690 0.9087 -6.63

8.2 1.223 1.1755 -4.04

Table 5.7: Cl measured and predicted for different angles of attack for the ADO30 with
trailing edge serrations installed with a flap angle of 0◦ in rough conditions
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β = 5◦

α (deg) Cl Measured Cl Predicted Differences (%)

4.1 0.7925 0.7470 -6.09

6.2 1.0686 1.0108 -5.72

8.2 1.3394 1.2788 -4.74

Table 5.8: Cl measured and predicted for different angles of attack for the ADO30 with
trailing edge serrations installed with a flap angle of 5◦ in rough conditions

β = 10◦

α (deg) Cl Measured Cl Predicted Differences (%)

4.1 0.8576 0.8497 -0.92

6.2 1.1331 1.1147 -1.65

8.2 1.4013 1.3818 -1.41

Table 5.9: Cl measured and predicted for different angles of attack for the ADO30 with
trailing edge serrations installed with a flap angle of 10◦ in rough conditions

After validating the Equation 5.1 for the ADO30 airfoil the same methodology
is going to be used for the NACA 643418. First an analysis of the lift-slope
for the original airfoil in clean conditions without any extensions is plotted
in Figure 5.5. In this plot an accurate representation of the lift coefficient is
achieved with the predicted law compared to the experimental measurements.
To obtain a detailed information of these differences, some values have been
displayed in Table 5.10 with the lift coefficients at the most probables angles of
attack for normal operation. Looking at these values the differences are really
small and a significant good prediction is obtained with Equation 5.1.
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Figure 5.5: Comparison between the predicted and measured lift coefficient for the
NACA 643418 airfoil

α (deg) Cl Measured Cl Predicted Differences (%)

2.0 0.5415 0.5197 -4.19

4.0 0.7716 0.7404 -4.22

6.0 0.9973 0.9609 -3.79

8.0 1.1103 1.1815 6.03

Table 5.10: Cl measured and predicted for different angles of attack for the
NACA 643418 without trailing edge serrations

Extending the comparison to the NACA 643418 with trailing edge serrations
mounted at different flap angles the same correlation as for the original airfoil
is displayed. In Figure 5.6 the comparison between the lift coefficient obtained
with the predicted law and measured in the LTT wind tunnel is depicted. As
in the previous cases, in Tables 5.11, 5.12 and 5.13 lift coefficients for different
angles of attack have been displayed. As in the case of the original airfoil a
precise agreement between the predicted and the measured data have been
obtained.
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Figure 5.6: Comparison between the predicted and measured lift coefficient for the
NACA 643418 airfoil with trailing edge serrations varying the flap angle

β = 0◦

α (deg) Cl Measured Cl Predicted Differences (%)

2.0 0.6984 0.6431 -8.59

4.0 0.9510 0.9052 -5.06

6.0 1.1950 1.1669 -2.41

8.0 1.3646 1.4267 4.36

Table 5.11: Cl measured and predicted for different angles of attack for the
NACA 643418 with trailing edge serrations installed with a flap angle
of 0◦
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β = 5◦

α (deg) Cl Measured Cl Predicted Differences (%)

2.0 0.7952 0.7451 -6.72

4.0 1.0471 1.0069 -3.99

6.0 1.2890 1.2684 -1.63

8.0 1.4703 1.5291 3.85

Table 5.12: Cl measured and predicted for different angles of attack for the
NACA 643418 with trailing edge serrations installed with a flap angle
of 5◦

β = 10◦

α (deg) Cl Measured Cl Predicted Differences (%)

2.0 0.8847 0.8268 -7.00

4.0 1.1424 1.089 -4.86

6.0 1.3507 1.3509 0.01

8.0 1.5162 1.6110 5.88

Table 5.13: Cl measured and predicted for different angles of attack for the
NACA 643418 with trailing edge serrations installed with a flap angle
of 10◦

After analyzing the NACA 643418 under clean conditions the validation is
going to be extended to the tripped conditions. As in the previous case, first
an analysis of the original airfoil is done. The predicted lift coefficient of the
airfoil without any extensions is compared to the measured data and displayed
in Figure 5.7. In this case differences between clean and rough conditions are
not significant but the stall is advanced. The prediction law is obtaining a good
approximation for the lift coefficient in the pre-stall region. In Table 5.14 some
values of the lift coefficient in this zone are displayed and small differences are
observed for different angles of attack.
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Figure 5.7: Comparison between the predicted and measured lift coefficient for the
NACA 643418 airfoil in rough conditions

α (deg) Cl Measured Cl Predicted Differences (%)

2.0 0.4532 0.4596 1.39

4.0 0.6528 0.6800 4.00

6.0 0.8264 0.9010 8.27

Table 5.14: Cl measured and predicted for different angles of attack for the
NACA 643418 without trailing edge serrations in rough conditions

Extending the comparison to the NACA 643418 with trailing edge serrations
mounted at different flap angles under rough conditions the data are displayed
in Figure 5.8. In this case the lift coefficient obtained with the prediction law
is significantly close to the experimental measurements. Small differences are
observed for different angles of attack displayed in Tables 5.15, 5.16 and 5.17.
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Figure 5.8: Comparison between the predicted and measured lift coefficient for the
NACA 643418 airfoil in rough conditions with trailing edge serrations
varying the flap angle

β = 0◦

α (deg) Cl Measured Cl Predicted Differences (%)

2.0 0.6503 0.5824 -11.66

4.0 0.8946 0.8444 -5.94

6.0 1.1249 1.1064 -1.67

Table 5.15: Cl measured and predicted for different angles of attack for the
NACA 643418 with trailing edge serrations installed with a flap angle
of 0◦ in rough conditions

β = 5◦

α (deg) Cl Measured Cl Predicted Differences (%)

2.0 0.7565 0.6845 -10.52

4.0 1.0033 0.9466 -5.99

6.0 1.2343 1.2085 -2.13
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Table 5.16: Cl measured and predicted for different angles of attack for the
NACA 643418 with trailing edge serrations installed with a flap angle
of 5◦ in rough conditions

β = 10◦

α (deg) Cl Measured Cl Predicted Differences (%)

2.0 0.8230 0.7661 -7.43

4.0 1.0717 1.0285 -4.20

6.0 1.3020 1.2892 -0.99

Table 5.17: Cl measured and predicted for different angles of attack for the
NACA 643418 with trailing edge serrations installed with a flap angle
of 10◦ in rough conditions

With Equation 5.1 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 enables the evaluation of the impact of trailing edge
serrations on the performance of a wind turbine without the necessity of
experimental measurements or CFD simulations. This equation is also valid
for rough conditions although a flap angle correction should be included
for thick airfoils due to the camber change caused by the forced turbulent
conditions. Using this information in the following chapters a load and power
production calculations are performed to evaluate the effect of the serrations in
the aerodynamic efficiency of a wind turbine.





6
A E R O D Y N A M I C I M PA C T O F T R A I L I N G E D G E S E R R AT I O N S
O N A W I N D T U R B I N E

In this chapter a theoretical and experimental analysis of the aerodynamic
impact of the trailing edge serrations on a real wind turbine has been per-
formed. This analysis consists on an evaluation of power performance and
loads on a AW125/3000 IEC IIIb [46] wind turbine with and without trailing
edge serrations.

For the theoretical study the code Bladed [12] has been used. This particular
code in the last decades has been extensively used in many industrial standards,
since it is able to provide with an aero-elastic design tool, which still takes into
account the machine and its environment. In this code the blade is modeled
and its aerodynamic and geometrical characteristics must be defined. For this
study a real wind turbine from Nordex has been simulated. In particular, the
AW125/3000 IEC IIIb [46] is a 3 MW machine operating with blades of 61.2 m
length and a concrete tower of 120 m. The blades have been designed using
similar airfoils than the studied in this manuscript.

For evaluating the influence of the serrations, the blade information has been
modified. The trailing edge extensions will be installed in the last 40% of the
blade length in which the effective wind speed is higher and in consequence the
noise emission is more relevant than in the root part. The serrations have been
designed using the same methodology than in previous chapters and taking
into account that there is a critical value of 2h

δ ∼ 0.5 or 2h
λ ∼ 1 above which

significant noise reductions occur. Depending on the chord, the airfoil shape
and the operational conditions of each part of the blade, the boundary layer
distribution along the blade have been obtained and the length of the serrations
has been selected. In consequence using the ratio λ

2h = 0.75 the amplitude of the
devices has been derived. As these trailing edge serrations have to be installed
in a real wind turbine and due to manufacture limitations the flap angle of
the serrations has been fixed at 0

◦. The extensions have been produced in fiber
glass and epoxi resin with a precise manufacturing. In Figure 6.1 some of the
manufactured and installed serrations are shown.

75
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Figure 6.1: Different designs of trailing edge serrations

Once the geometric characteristics of the serrations and its position along the
blade are defined, the influence of the extensions on the airfoils in which they
are installed has to be included. The chord of the airfoils that formed the blade
has been increased and its polar data has been modified to take into account
the trailing edge serrations. For the polar modification the derived Equation 3.5
described in Chapter 3 has been used for predicting the new lift of the airfoils
with extensions. With the models of the wind turbine with and without trailing
edge serrations defined two analysis have been carried out in this chapter: 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.

6.1 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 61400-12 Ed. 1.0
guidelines [30] has been performed. For this calculation the ’method of bins’
has been used, several cases for each wind speed bin from 3.5 m/s to 25 m/s
each 0.5 m/s using different wind seeds (wind fields that share same mean
wind speed and turbulence intensity and fulfill the spectral characteristics of
the turbulence model) have been simulated in normal operation. For each wind
speed bin the mean value of the different results of electrical power obtained
with different wind seeds has been obtained for the case of the serrated and
non serrated blades. For both cases the same wind turbine control has been
used. In Figure 6.2 the differences between the electrical power of the original
and the serrated rotors for different wind speed are displayed.
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Figure 6.2: Difference in electrical power between the serrated and the original wind
turbine configuration

In this picture increments above 1.5% between serrated and non serrated
configurations are obtained. These differences correspond to the variable speed
area, in this zone the wind turbine is obtaining the maximum power production
with an optimum combination of pitch and rotor speed. At cut-in velocities
(around 3-5 m/s) a slight decrease in power production is obtained with trailing
edge serrations. At these wind speeds working at the optimum control point
is critical because the power is really low. For the serrated case, the control
has not been optimized, the same control as for the original configuration
has been used, and the serrations are working out of their design point (the
serrations were designed for operating at 6-8 m/s) due to these two factors
a reduced loss of electrical power is obtained. This loss of energy at low
wind speeds has a negligible impact in the power production of the wind
turbine. In the pitch regulated zone, when the maximum power is achieved,
the pitch angle is increased for decreasing the power to its rated value, in this
region, as it is expected, the differences go to zero because in both cases the
wind turbine is achieving the maximum power, 3 Mw. The power production
variations obtained in the variable speed area caused an increase in annual
energy production (AEP) around 1% for the serrated configuration.

6.2 wind turbine loads

To evaluate the influence of the serrations on the loads of the AW125/3000 IEC
IIIb wind turbine the IEC 61400-1 Ed. 2.0 guideline [28] has been used. This
guideline is the reference standard 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 design load cases used to determine the
structural integrity of a wind turbine may be calculated from the following
combinations [28]:
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• normal design situations and normal external conditions

• normal design situations and extreme external conditions

• fault design situations and appropriate external conditions

• transportation, installations and maintenance design situations and the
appropriate external conditions

The procedure for the load evaluation is differentiated between ultimate
(such as analysis of exceeding the maximum material strength, analysis of tip
deflection and stability analysis) and fatigue loading. The ultimate loads are
classified as normal (N), abnormal (A) or transport and erection (T). Normal
design situations are expected to occur frequently within the lifetime of a
turbine. The turbine is in a normal state or may have experienced minor faults
or abnormalities. Abnormal design situations are less likely to occur. They
usually correspond to design situations with more severe faults like protection
system faults. In Figure 6.3 the classification of the design loads cases are
shown.
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Figure 6.3: Classification of the IEC 61400-1 Ed. 2.0 design load cases.

For a better understanding of the differences between the ultimate and fatigue
loads a detailed information of each one is specified.

• 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 are taken into account. Additional sources as gusts
and extreme wind events can be added in conjunction with normal
control operations in those geographical locations where necessary. Extra
modules of the guidelines allow to treat additional specific control failures,
which typically are not intended to simultaneously occur. The complete
description of these cases that should be simulated for wind turbine
components structural verification are included in the IEC 61400-1 Ed. 2.0
guideline [28].



80 aerodynamic impact of trailing edge serrations on a wind turbine

• 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 asym-
metric inflow speed with respect to the rotor plane, that is source of a
cyclic loading on the blade, which cannot be corrected by yaw control.
Furthermore, extra components derived from the upstream effect of the
stagnation point on the tower are also considered in this particular cat-
egory. As for the previous group the IEC 61400-1 Ed. 2.0 guideline [28]
gives information on how to model each one of the discussed contribu-
tions.

The estimation of the impact of the serrations in the full loading of the wind
turbine is based on the application of the previous methodology (including
both ultimate and fatigue aspects) on the AW125/3000 IEC IIIb [46] machine.
These loads, once included the serrations components, could be iteratively used
for the optimization of the wind turbine design and for the analysis of the
single components such as wind turbine, gear-box, tower, blades, hub in the
desing phase.

6.2.1 Ultimate loads

As explained in the previous paragraph different combinations of wind condi-
tions and control modes specified in Figure 6.3 have been calculated. 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 a wind turbine location where the outputs (forces and moments) of the
simulations are obtained. These forces and moments are used for the structural
verification of components or for the design of a specific part of the wind
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 design).
Figure 6.4 shows the wind turbine axis for the different groups (blade root, hub
and tower).
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Figure 6.4: Wind turbine axis

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 turbine. In Table 6.1 a comparison between the maximum loads for
each group obtained with the serrated and the original configuration has been
presented.

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%

Table 6.1: Ultimate loading comparison: serrated vs. original configurations, positive
numbers pertain to an increase in loading with the serrated configuration

Analysis of the ultimate loading in Table 6.1 shows that the serrated devices
cause force variations of about 10-15%. The torsional moment (Mz) is the most
affected by the presence of the serrations. The case that caused this highest load
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is the DLC 2.2, a power production case with an occurrence of fault. In this
extreme case the generator speed has an error in its measurement and the wind
turbine increases the generator speed linearly, at certain value the protection
system detects the fault and generates an emergency stop of the wind turbine.
In Figure 6.5 the torsional moment at the blade root of the original and serrated
case is displayed. In this picture the serrated Mz shows higher values than the
original configuration when the fault occurs (at 130 s aprox.).
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Figure 6.5: Torsional moment (Mz) at the blade root caused by the DLC 2.2 load case.

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. The in-plane and out-of-plane moments at the
blade root are plotted in Figures 6.6 and 6.7, in these pictures it can be checked
that when the fault occurs the serrated case shows significant higher Mx and
My than the original case producing a deflection increase in the serrated blade
as it can be observed in Figure 6.8.
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Figure 6.6: In plane load (Mx) at the blade root caused by the DLC 2.2 load case.
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Figure 6.7: Out of plane load (My) at the blade root caused by the DLC 2.2 load case.
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Figure 6.8: Blade deflection caused by the DLC 2.2 load case.

Focusing on the tower, this effect has been caused by a power production
extreme load case, DLC 1.5. In this design situation, a wind turbine is running
and connected to the electric load but the impact of a gust in conjunction
with loss of electrical connection is simulated. The simulated wind gust is
represented in Figure 6.9.
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Figure 6.9: Simulated wind gust.

In this case, 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. The pitch strategy is displayed in Figure 6.10, both
cases, the serrated and the original configurations have the same control and
the pitch is operating in the same way. This extreme case causes a relatively
increase in the fore-aft component (My) at the tower base due to the presence
of the trailing edge serrations that amplify the effect of the gust as it can be
checked in Figure 6.11. This aspect is particularly important in the design phase
of the wind turbine.
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Figure 6.10: Pitch angle.
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Figure 6.11: Fore-aft moment (My) at the tower base caused by the DLC 1.5 load case.

6.2.2 Fatigue loads

The fatigue loading is assessed by simulating a ten-minutes operation. 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 methodologies to transform the loading spectrum into fatigue
cycles [49]. Besides, a damage equivalent load on the basis of the Palmgren-
Miner method [28] is adopted as the range of a sinusoidal load of constant
frequency which would produce the same fatigue damage as the original signal.
So the accumulated damage within the lifetime of a turbine shall be less than
or equal to 1:

Damage = ∑i
ni

N(γmγnγ f si)
≤ 1.0 (6.1)

where
ni is the counted number of fatigue cycles in bin i of the characteristic load
spectrum, including all relevant load cases.
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si is the stress (or strain) level associated with the counted cycles in bin i,
including the effects of both mean and cyclic range.
N(.) is the number of cycles to failure as a function of the stress (or strain)
indicated by the argument (i.e. the characteristic S-N curve).
γm, γn, γ f are the appropriate partial safety factors for materials, consequences
of failure and loads respectively.

In Table 6.2 a comparison between the serrated and the original wind turbine
fatigue loads is shown, as in the previous case, five different load groups have
been distinguished, blade root, hub fixed, hub rotating, tower base and tower
top.

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%

Table 6.2: Fatigue loads differences between the serrated and the original configurations

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.

6.3 in field measurements

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. In Fig 6.12 a detail of the trailing edge serrations installed
in the blades of one wind turbine is depicted:
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Figure 6.12: AW125/3000 blade with trailing edge serrations

Both wind turbines are sited in the same wind farm, in Figures 6.13 a photo
of the real wind turbines and a schematic 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 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 configura-
tion (control wind turbine) using for control purposes.

Both wind turbines have been studied for a period of one year. The VI-04

wind turbine has been operating for 6 months with the same configuration 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. It is important to remark
that for all the analysis the data have been filtered using the valid wind sector
(from 60

◦ to 110
◦).
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(a) Studied wind turbines

Serrated WT 

Control WT 

(b) Layout of the wind farm

Figure 6.13: Studied wind turbines and layout of the wind farm. The serrated and
control wind turbines are indicated in the map using red arrows.

In Figure 6.14 the relation between the pitch angle and the generator speed of
the studied wind turbines before and after installing the trailing edge serrations
is shown including its uncertainties (standard deviation) using horizontal and
vertical lines for generator speed and pitch uncertainties respectively. In this fig-
ure it is demonstrated that no changes in the control laws have been introduced.
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Figure 6.14: Control laws for the control and serrated wind turbines before and after
the serrations installation

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 installation (Timeline 2). For the calculation of the measured power
curve the ’method of bins’ has been applied [30] using 0.5m/s bins by calcula-
tion of the mean values of the wind speed and power data for each wind speed
bin according to the Equations 6.2:

Vi = 1/Ni∆ ∑Ni
j=1 Vn,i,j

Pi = 1/Ni∆ ∑Ni
j=1 Pn,i,j

(6.2)

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
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data set j in bin i and Ni is the number of 10 min data sets in bin i. In Figure 6.15

the power curves of the control and the serrated wind turbine distinguishing
the two different time-lines are depicted including its uncertainties (vertical
lines represent the standard deviation). It is important to remark that analyzing
the measurement uncertainties it can be obtained that the AEP uncertainties
derived from all the power measurements are around 6% for an annual average
wind speed around 7 m/s. This value agrees with a typical uncertainty for
these campaigns documented in different experimental studies [21, 55].
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Figure 6.15: Power curve and its uncertainties for the control and serrated wind tur-
bines before and after the serrations installation

The graph of the control wind turbine shows small 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 no changes in the wind turbine configuration have been
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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 a significant increment in the power curve. The
annual energy production (AEP) is estimated by applying the measured power
curve to different reference wind speed frequency distributions. A Rayleigh
distribution, which is identical to a Weibull distribution with a shape factor of 2,
has been used [30]. The AEP estimation have been made for a hub height annual
average wind speed of 7.6 m/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%.





7
N O I S E I M PA C T O F T R A I L I N G E D G E S E R R AT I O N S O N A
W I N D T U R B I N E

In previous chapters the aerodynamic behaviour of trailing edge serrations
and its impact on the aerodynamic performance of a wind turbine has been
deeply analyzed. In this chapter, an evaluation of the noise reduction due to
the presence of these mechanisms, an analysis of its frequency impact and a
study of the tones of the wind turbine have been included.

As it has been explained in the introduction, the trailing edge serrations
have been demonstrated to be an effective mechanism to reduce the principal
aerodynamic noise source in a wind turbine, the trailing edge noise [24, 41, 45,
48]. This noise depends on different variables as is described in Equation 7.1
[57].

Lp = 10 log10(
δ∗ M5 ∆s Dh

r2 ) + A( f , α, Ue, δ∗) (7.1)

where Lp is the sound pressure level caused by the trailing edge noise, δ∗ is
the boundary layer displacement thickness, M is the Mach number, ∆s is the
length of blade segment, r is the observer distance, Dh is the directivity, f is the
frequency and Ue is the effective velocity.

Looking into the previous equation the trailing edge noise can be reduced de-
creasing the flow speed by reducing the rotor speed or reducing the boundary
layer thickness by changing the pitch angle or changing the angle at which tur-
bulence passes through the trailing edge by introducing trailing edge serrations.
The first two methods for reducing this noise source (reducing the rotor speed
or changing the pitch angle) have a negative impact in wind turbine power
production and this is an undesirable consequence. Meanwhile, the installation
of trailing edge serrations has a positive impact in power production as it has
been depicted in Chapter 6.

Another important effect on the noise impact of the serrated trailing edges
is the flap angle influence. As it has been demonstrated by Arce et al. [5], this
angle have a significant repercussion in the noise reduction getting to the point
of increasing the noise emitted by a serrated blade compared to the original
one at some frequencies decreasing the noise benefits of these devices. As it
has been studied in Chapters 2 and 4 the flap angle also has an important
aerodynamic impact on the polar data of the original airfoil. Analyzing the
aerodynamic influence, it is observed that increase the flap angle has a positive
effect until a value above which the increase in drag is higher than the lift
increment and the resulting efficiency of the airfoil decreases.

95
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In this chapter noise effect of the flap angle has not been analyzed. The wind
turbine has been retrofitted with trailing edge serrations mounted at a fixed
flap angle equal to 0

◦ due to the difficulty of installing and removing these
devices in a real wind turbine blade to evaluate this effect. In the next sections
the impact of the trailing edge serrations on the total noise emitted by a wind
turbine is analyzed and a deep study in tonality is included.

7.1 apparent sound power levels

For analyzing the noise impact of the trailing edge serrations on the noise
emission of a wind turbine a noise campaign has been performed. Two wind
turbines have been analyzed, the same wind turbines studied in Chapter 6.
One of the wind turbine has been retrofitted installing trailing edge serrations
on its blades (Serrated WT) while the other wind turbine keeps the original
configuration (Control WT). Two different time lines have been analyzed before
(Timeline 1) and after (Timeline 2) installing the devices. For the noise measure-
ments, as for the power curve analysis, the wind speed data have been obtained
from the nacelle anemometer, no meteo mast has been installed for the noise
campaign. The sound pressure level have been measured using a microphone
installed following the IEC61400-11 Ed.3.0 guidelines [29]. In Figure 7.1 the
position of the microphone during the noise campaign and a schematic of the
required distance that must be fulfilled to accomplish the guideline are depicted.

(a) Measurement campaign in a real
wind turbine

(b) Microphone position following IEC61400-11 guidelines

Figure 7.1: Microphone position in a real wind turbine and following IEC61400-11

guidelines
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For obtaining the sound pressure levels the noise is measured as an equivalent
noise level and a 1/3-octave band spectrum with centre frequencies from 20 Hz
to 10 kHz. The average sound pressure level for each 1/3-octave band, i, is
calculated by:

Li,k = 10 · log
(

1
N

N
∑

j=1
10

(
Li,j,k

10

))
(7.2)

where N is the number of measurements in wind speed bin, k and Li,j,k is the
sound pressure level of 1/3-octave band, i, of measurement period, j, in wind
speed, k. The result will be one average 1/3-octave spectrum for each wind
speed bin k.

During the campaign in addition to the wind turbine noise measurements
the background noise (with the machine stopped) must be registered. All the
measured sound pressure levels shall be corrected for the influence of the
background noise. For background sound pressure levels that are 6dB o more
below the combined level of the wind turbine and background, the corrected
value can be obtained using the following equation:

LV,c,i,k = 10 · log[10(
LV,T,i,k

10 ) − 10(
LV,B,i,k

10 )] (7.3)

where LV,c,i,k is the background corrected sound pressure level (in dB) of the
wind turbine at V wind speed, LV,T,i,k is the sound pressure level (in dB) of
the wind turbine plus the background noise at V wind speed and LV,B,i,k is the
background equivalent sound pressure level (in dB) at V wind speed [29].

With the corrected sound pressure level the apparent sound power level for
each 1/3-octave band, LWA,i,k, is calculated from the corresponding background
corrected sound pressure level for the same 1/3-octave band, LV,c,i,k at the bin
centre wind speeds as follows [29]:

LWA,i,k = LV,c,i,k − 6 + 10 · log
[

4πR2
1

S0

]
(7.4)

where R1 is the slant distance in meters from the rotor centre to the micro-
phone (shown in Figure 7.1) and S0 is the reference area, S0 = 1m2.

The estimate for the A-weighted sound power level in bin, k, is calculated by
energy summing of all 1/3-octave band sound power values [29].

LWA,k = 10 · log
28
∑

i=1
10

(
LWA,i,k

10

)
(7.5)

Using the described methodology [29] the sound power levels (in dBA) of
the two studied wind turbines before and after the installation of the trailing
edge serrations at different wind speeds have been obtained. In Figure 7.2
the differences between the control and serrated wind turbines before and
after installing the trailing edge extensions are displayed. In this figure it is
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notable the noise reductions obtained with these devices up to 5dB at some
wind speeds. For the control wind turbine due to environmental changes some
reduced differences (increase and reduction) have been obtained during the
same campaign.
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Figure 7.2: SPL reductions at different wind speeds before and after trailing edge
serrations installation

For a deeper analysis of the noise impact of the trailing edge serrations, in
addition to the sound power level for each wind speed bin the 1/3-octave
bands have been displayed. In Figure 7.3 a comparison of the sound power
level represented in 1/3-octave bands for the wind turbine without (original)
and with (serrated) trailing edge serrations have been displayed for different
wind speed bins at hub height. This frequency representation is linked to the
perception of sound by a human ear and it allows a compression of the amount
of information. In this figure a significant reduction of sound power level is
achieved in the central 1/3-octave bands, from 125 Hz to 1000 Hz. At high
frequencies, above 6300 Hz, a penalty in sound power level is reached due to
the presence of the trailing edge serrations and this penalty is well described
in the literature [24]. The notable reductions at the most audible frequencies
(important contribution to the total sound power level) and the minor increases
at high frequencies (less audibles frequencies so their contribution to the global
sound power level is limited) provide a significant reduction of the noise
emitted by the serrated wind turbine as it has been shown in Figure 7.2.
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Figure 7.3: SPL reductions in 1/3-octave bands at different wind speeds before and
after installing trailing edge serrations in the wind turbine blades

7.2 tonal audibility

For performing a complete noise analysis of the wind turbine noise emission
in addition to the apparent sound power level calculation a tonal audibility
study must be done to fulfill the IEC61400-11 guidelines requirements [29]. The
general methodology for the tonality must evaluate the presence of tones in the
noise on the basis of the narrow-band analysis. The methodology proposed by
the guideline is described in the follow flowchart.
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Figure 7.4: Flowchart to determine tonal audibility for each wind speed [29]
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For identifying tones first the tones must be identified and the tone level
must be determined by energy summing all spectral lines identified as tones
with a critical band. The determination of the masking noise level, Lpn,j,k is
defined as [29]:

Lpn,j,k = Lpn,avg,j,k + 10 · log
[

Critical bandwidth
E f f ective noise bandwidth

]
(7.6)

where Lpn,avg,j,k is the energy average of the spectral lines identified as ’mask-
ing’ within the critical band [29].

After determining the masking noise level, the tonality must be calculated;
the tonality is defined as the difference between the tone level (where the sound
pressure level of the tone Lpt, j, k is determined by energy summing all spectral
lines identified as tones within the critical band) and the level of the masking
noise in the corresponding critical band and it is calculated using the following
equation:

∆Ltn,j,k = Lpt,j,k − Lpn,j,k (7.7)

For each value of ∆Ltn,j,k, a frequency dependent correction shall be applied
to compensate for the response of the human ear to tones of different frequency,
the ’tonal audibility’ for each spectrum, ∆La,j,k, is defined as [29]:

∆La,j,k = ∆Ltn,j,k − La

La = −2− log ·
[
1 +

(
f

502

)2.5] (7.8)

where La is the frequency dependent audibility criterion and f is the fre-
quency of the tone maximum in the critical band in Hz.

Applying these methodology to the measurements performed in the wind
turbine with trailing edge serrations before and after the installation of these
devices the identified tones and its audibility are shown in Tables 7.1 and 7.2. In
these tables just the audible tones (with audibility greater than -3 dB although
this implies eliminating three data from Table 7.1 (-4.75 -3.55 and -3.21)) have
been included.

In Table 7.1 (data for wind turbine without trailing edge serrations) the de-
tected tones are mainly related to the gearbox (frequencies around 1360 Hz) and
to the generator (frequencies around 1650 Hz), two components that normally
caused the tonality problems on a wind turbine. In Table 7.2 the same tones are
identified for the case of the wind turbine with trailing edge serrations but in
this case the audibility of these tones are significantly higher, in some cases the
increase on audibility is more than 4 dBA. This increment of the audibility of
the identified tones is caused by the presence of the serrations. These devices
produce a notable reduction in the aerodynamic noise of the wind turbine so
the mechanical noise is now more audible related to the case without trailing
edge extensions. The aerodynamic noise of the blades increase the masking
noise level and reduce the audibility of the tones, while with the trailing edge
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extensions this masking noise has been reduced and in consequence the audi-
bility of the tones is increased.

Hub Wind Speed (m/s) Freq. (Hz) ∆La (dBA) Freq. (Hz) ∆La (dBA)

7.5 – – 1448 -4.75

8 1236 -3.55 – –

8.5 1357 2.68 1640 -2.89

9 1360 3.50 1643 -2.00

9.5 1361 2.90 1646 -2.38

10 1364 3.09 1651 -2.43

10.5 1364 2.24 1651 -3.21

Table 7.1: Frequency and audibility of the identified tones of the wind turbine without
trailing edge serrations

Hub Wind Speed (m/s) Freq. (Hz) ∆La (dBA) Freq. (Hz) ∆La (dBA)

7.5 – – 1448 2.99

8 1238 2.27 1481 2.61

8.5 1315 2.80 1578 3.18

9 1332 6.50 1622 -0.42

9.5 1340 7.75 1638 0.85

10 1340 7.48 1639 0.10

10.5 1345 8.13 1644 1.71

Table 7.2: Frequency and audibility of the identified tones of the wind turbine with
trailing edge serrations



8
C O N C L U S I O N S

This thesis analyzes the impact of the trailing edge serrations on the aerody-
namic performance of a wind turbine. It starts with a complete theoretical
study on the NACA 643618 airfoil with serrated trailing edge extensions. A
deep analysis of the impact of these devices on the aerodynamic performance
of the original airfoil geometry has been examined. For this study 2D and 3D
RANS simulations using different turbulence models have been performed and
the aerodynamic forces of the airfoil have been obtained from the simulations.
Theoretical results show that the addition of trailing edge serrations changes
significantly the aerodynamic performance of the airfoil. Although slightly
changes are observed on the lift coefficient, the drag coefficient is increased
for the presence of the serrations. The velocity profiles are also modified and
notable differences are observed between the flow on the root and tip position,
showing an upwards displacement of the dip position of the root flow due
to the movement of the flow through the serrations valley. The analysis of
the cross-flow plane shows the presence of streamwise vortices emanating
from the serrated edge. This three dimensional flow and vortices influence the
turbulent energy decay at the wake region bringing down the turbulence level
significantly compared to the original airfoil. The influence of the extensions
thickness and the angle between the serrations and the chord of the airfoil
(flap angle) have been also theoretically evaluated. No significant impact due
to the change in the serrations thickness of the extensions has been obtained
from the CFD simulations. The flap angle, in contrast, has a notable influence
on the aerodynamic coefficients of the airfoil with trailing edge serrations,
obtaining a significant increment in lift and drag coefficients as the flap angle
is increased. The analysis of the turbulence effect in the serrations flow has
been also investigated. From this work, it is demonstrated that the impact of
the different turbulence models used are limited to the drag coefficient. The
transition model shows lower drag coefficient than the fully turbulent due to
the better modeling of the boundary layer flow, including the natural transition
from laminar to turbulent. This more accurate representation of the boundary
layer allows for lower drag values more similar to the experimental results than
the fully turbulent.

From this theoretical work a prediction law for the lift coefficient of the airfoil
with serrated trailing edge extensions has been derived using the thin airfoil
theory. With this equation the lift coefficient of the serrated airfoil can be easily
predicted using the data of the original airfoil and the geometric characteristics
of the trailing edge serrations. With this simple equation the lift coefficient
of an airfoil with trailing edge serrations can be easily calculated and used
for evaluating the impact of these devices in the performance of a real wind
turbine without the necessity of expensive wind tunnel measurements or costly
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CFD simulations.

For validating the prediction law an experimental analysis of two different
airfoils extensively used in wind turbines has been carried out. The analyzed
airfoils are the NACA 643618 an airfoil of 18% of relative thickness with high
aerodynamic performance and the ADO30 of a 30% of relative thickness with
an optimum ratio between structural requirements and aerodynamic perfor-
mance. In these experiments carried out in the LTT of TU-Delft, the 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 coefficient 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 in clean and
rough conditions. The prediction law derived from the CFD simulations has
been validated using the wind tunnel experiments. The results show a good
agreement between the experimental and the predicted data for all the studied
cases, the NACA 643618 and ADO30 in clean and forced conditions. The lift
coefficients for the different airfoils show reduced differences between both
values, the experimental and the predicted. These results confirm that the
predicted law can obtain the lift coefficient of the airfoil with trailing edge
serrations with enough accuracy necessary for evaluating the impact of a wind
turbine operating with these devices.

Using the lift prediction law the influence of the serrations 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 has been obtained
due to the presence of these trailing edge extensions, 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 configuration. 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 theoretically expected.
This significant power increment will cause higher loads on the wind turbine
that reduce its lifetime.

The last chapter of the thesis validates the main purpose of the trailing
edge serrations, the noise reduction. A noise measurement campaign has been
performed in a real wind turbine to analyze the noise reductions obtained with
blades retrofitted with trailing edge serrations. Noise reductions of more than
4 dBA for some wind speed bins have been obtained using serrated blades.
In the frequency analysis significant noise reductions are obtained at medium
frequencies (from 100 Hz to 1000 Hz) although slight increases are obtained
at high frequencies (>6300 Hz). One of the most important consequences of
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the notable noise reduction is that when the aerodynamic noise is reduced
due to the trailing edge serrations the mechanical noise starts to highlight, in
particular, the audibility of the identified tones of a wind turbine increases
extremely. For this negative impact some solutions are developed, like installing
isolating material inside the nacelle for mechanical noise reduction.
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