
Chapter 21
Flow Control Devices for Wind Turbines
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Abstract The following chapter provides an overview about available knowledge,
references and investigations on the active and passive flow control devices, ini-
tially developed for aeronautic industry that are currently being investigated and
introduced on wind turbines. The main goal pursued with the introduction of these
devices is to delay the boundary layer separation and enhance/suppress turbulences.
The aim is to achieve a lift enhancement, drag reduction or flow-induced noise
reduction among other parameters. However, achieving these goals present some
issues, because the improvement of one of these parameters may suppose an
undesired effect in another. For this reason it is necessary to study in detail each one
of these devices, their operating concept, applications and their main advantages
and drawbacks. Depending on the flow control nature, devices can be classified as
actives or passives. Passive techniques allow to improve the performance of the
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wind turbines without external energy expenditure whereas active techniques
require external energy for their activation. There are a lot of devices and in this
chapter there have been compiled some of the most important ones, both passives
devices (Vortex Generators, Microtabs, Spoilers, Fences, Serrated trailing edge)
and actives devices (Trailing edge flaps, Air Jet Vortex Generators, Synthetic Jets).

Keywords Wind turbine � Flow control � Passive devices � Active devices � Cost
of energy � Energy efficiency

Abbreviation and Acronyms

AcVG Actuator Vortex Generator
AFC Active Flow Control
AJVG Air Jet Vortex Generator
CFD Computational Fluid Dynamics
COE Cost of Energy
DS Delay Stall
DOF Degree of Freedom
DTU Danmarks Tekniske Universitet
EWEA Energy Wind Energy Association
FEM Finite Element Method
VG Vortex Generator
LE Leading Edge
MC Mid Chord
MDO Multidisciplinary Design Optimization
NREL National Renewable Energy Laboratory
O&M Operation and Maintenance
RANS Reynolds Averaged Navier Stokes
RWT Reference Wind Turbine
SST Shear Stress Transport
TE Trailing Edge
PVGJ Pulsed Vortex Generator Jet
EC Kinetic Energy
q Density
t Time
CL Lift Coefficient
CD Drag Coefficient
A Area
v Velocity
a Angle of Attack
c Chord
b Span
h Height
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21.1 Introduction

Nowadays, the depletion of global fossil fuel reserves, the environmental con-
cerning and energy security after recent accidents as happened in Fukushima
nuclear plant in Japan in 2011, has served to focus attention on the development of
ecologically compatible and renewable energy sources. Besides, the power demand
is also increasing more and more through new emergent economies as China, Brazil
or India.

At this point, the optimization of renewable power systems (wind, solar thermal,
biomass, etc.) is a key point to be able to compete in energy production and cost
against the traditional energies. Wind energy becomes in a promising technology
able to provide a large portion of the power requirements in many countries of the
world. Wind turbines are a practical way to capture and convert the kinetic energy
of the atmospheric air to either mechanic or, consequently, electrical energy.

According to EWEA [1] (European Wind Energy Association) wind power is
the generating technology with the highest rate for new installations in 2014,
representing the 43.7% of total power capacity, an increment of 12% in relation to
2013. Since 2000, 29.4% of new capacity installed in Europe has been wind power,
56.2% renewables and 91.1% renewables and gas combined.

The total wind power generating capacity has been increasing continuously, not
only in Europe but worldwide for the last 15 years [2], as it can be seen in
Fig. 21.1.

In 2015, China was the country which led the wind capacity installed, with
almost a half of the total 63.000 MW, followed by the USA and Germany.
12.105 MW of the global amount capacity until 2015 corresponds to offshore
installations being UK, Germany and Denmark the countries with more wind
capacity installed of this type (5061, 3295 and 1271 MW respectively).

Fig. 21.1 Global cumulative installed wind capacity 2000–2015
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However, even though the wind cost of energy has decreased in the last decade,
a high initial investment is yet required, so it is necessary to improve its lifetime and
efficiency in order to keep it economically viable.

There are several research fields to achieve this goal. Development of new
materials which allow to reduce the structure weight or new blade designs just to
reduce the fatigue loads and increase the aerodynamic performance of the rotors,
are some of them. CFD simulations become a very interesting tool to study the
behavior of this new improvements and their impact in wind turbines.

The considerable growth of wind turbines size and weight in the last years has
made it impossible to control as they were controlled 30 years ago. Rotors of 120 m
are now a reality. Johnson et al. [3] compiled some of the most important load
control techniques that could be used in wind turbines to assure a safe and optimal
operation under a variety of atmospheric conditions. They include blades made of
soft, flexible materials that change shape in response to wind speed or aerodynamic
loads, aerodynamically-shaped rotating towers, flexible rotor systems with hinged
blades and other advanced control systems.

The higher the size of a wind turbine the higher the structural and fatigue loads.
By researching and working in new and innovative load control techniques a
decrease of these excessive loads could be achieved, which affect the rotor and
other key components of the turbine. Loads on wind turbines are normally divided
into extreme structural loads and fatigue loads. Reducing these fatigue loads is a
main goal, which can reduce the maintenance costs and improve the reliability of
wind turbines.

21.2 Wind Turbine Improvement Goals

The improvements of wind turbines present 3 key points [4]:

1. Setting upper bounds on and limiting the torque and power experienced by the
drive train, mainly the low-speed shaft.

2. Minimize the fatigue life extraction from the rotor drive train and other struc-
tural components due to changes in wind direction, speed (including gusts), and
turbulence, as well as start-stop cycles of the wind turbine.

3. Maximize the energy production.

The cost of energy (COE) [5] plays an important role inside this last key point, in
order to maintain this kind of energy as a viable alternative in economic terms with
traditional or other renewable energies. There are three independent variables to
calculate its value as we can see in (Eq. 21.1): the total energy captured by the
turbine and the costs related with the turbine (capital cost) and with the operation
and maintenance (O&M) works.
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COE ¼ Lifetime EnergyCaptured
Capital CostþO&MCosts

ð21:1Þ

The loads, directly related with the second key point, can be separated into
aerodynamics and structural loads. The relative velocities around the blade sections,
as a result of horizontal or vertical wind shear, turbulences and yaw and tilt
misalignment, influence the aerodynamic loads on the rotor. The gravitational
forces can also play a role producing periodic structural loads in the rotor blades.
Control systems should be able to reduce and minimize the variation of these
aerodynamic loads or to add damping to the structural nodes.

First of all, it is essential to know the relationship between the wind speed and
the normalized power in a wind turbine. There are four different operating regions,
as shown in Fig. 21.2, which define the power curve.

In Region 1, the wind speed is not enough to power generation. In Region 2,
which lies between the cut-in velocity (Vcut-in) and rated velocity (Vrated), the
generator works under the rated power. In Region 3, the power output is limited by
the turbine. This happens when there is enough wind intensity for the turbine to
reach its rated output power. The Region 4 corresponds to higher wind speed,
which could shut down the turbine and even cause damage in the blades or structure
of the wind turbine, with the resulting impact on maintenance costs.

The curve which separates the regions 1 and 2 shows a basic law about gen-
eration of power, where the power is directly related to the wind speed cubed. (See
Fig. 21.3).

Air volume to the rotor:

V ¼ A � v � t ð21:2Þ

Kinetic energy contribution from the air to the rotor:

EC ¼ 1
2
� dAv � t � v2 ð21:3Þ

Fig. 21.2 Power curve of a
wind turbine [3]
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Delivered power to the rotor:

EC ¼ 1
2
� dA � v3 ð21:4Þ

21.3 Flow Control Devices Classification

Through the last decades many different flow control devices have been developed.
Most of them were created for aeronautical issues and this was its first research field
and application. Nowadays researchers are working to optimize and introduce this
type of devices in wind turbines. Wood [6] developed a four layer scheme which
allows to classify the different concepts that are part of all flow control devices
(See Fig. 21.4).

Fig. 21.3 Air volume to the rotor

Fig. 21.4 Section and main components of an airfoil
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1st Layer
According to the technique:

1. Geometric device (G): Modify the geometry and airfoil shape and thereby the
airflow about it.

2. Fluidic device (F): Change the flow about the blade section by either adding air
into or subtracting air from external flow.

2nd Layer
Depending on where the device is set:

1. Near the leading edge (LE).
2. Near the trailing edge (TE).
3. In the mid-chord (MC).

3rd Layer
Depending on how the device adjusts the lift curve, flow control devices modify

the lift curve of an airfoil in two different ways (See Fig. 21.5).

1. Shifting the curve up (increasing lift) or down (reducing lift). (See Fig. 21.5b).
2. Extending the lift curve of the airfoil to stall at a higher angle of attack (a). (See

Fig. 21.5a).

To alleviate loads successfully, it is indispensable the device to be able to reduce
the generated lift. With a first watching to Fig. 21.5, it can be seen that delaying
stall (DS) only increases lift at high angles of attack. For that reason devices based
on DS concept would not be considered as a good alternative for load mitigation.
Nevertheless, a suggestion presented by Corten [7] provides a different way of
using this type of devices to mitigate turbine loads. Their main purpose is to include
them to an existent profile to increase CLmax and, consequently, to delay stall. In
Fig. 21.6 we can see an example with passive vortex generator (VG).

Fig. 21.5 Lift curve variation based on CL and a [3]

21 Flow Control Devices for Wind Turbines 635



It is known that lift force is defined by the (Eq. 21.5):

FL ¼ CLmax � 12 � q � A � v2 ð21:5Þ

where (q) is air density in kg/m3, (A) is airfoil area in m2 and (v) is the air velocity
over the blade in m/s. CLmax is the maximum lift coefficient.

The idea presented by Corten was to redesign the blade in order that the max-
imum sectional lift of a blade with a DS device matches that of the original blade
without a DS device. Figure 21.6 illustrates the difference in chord length between
both designs. Density and velocity around the blades would be equal at similar
conditions. So, if CLmax is increased by the effect of the DS device, the chord
(c) could be reduced an equivalent quantity according to the lift force equation, as it
can be seen in (Eqs. 21.6 and 21.7).

Without a DS device

FL ¼ CLmax � 12 � q � A � v2 ¼ CLmax � 12 � q � c � bð Þ � v2 ð21:6Þ

With a DS device

FL ¼ CLmax " � 1
2
� q � A # �v2 ¼ CLmax � 12 � q � c # �bð Þ � v2 ð21:7Þ

where (c) is the chord of the blade, in meters, and (b) is the span of the blade in
meters as well.

4th Layer
Depending on device working conditions, we can classify them as steady or

unsteady devices (if the position of a device varies with time about a nominal
setting or not). For instance, a TE flap system is considered a steady device because
it changes its position to produce a sequence of steady state conditions.

21.4 Types of Devices

Depending on their operating principle they can be classified as actives or passives.
This chapter is going to describe some of the main devices in each category.

Fig. 21.6 a Original airfoil and b redesign airfoil with a VG for a same lift generation [3]
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(1) Passive control

(a) Vortex Generators.
(b) Microtabs.
(c) Serrated trailing edge.
(d) Fences.
(e) Spoilers.

(2) Active control

(a) Trailing-edge flaps.
(b) Synthetic jets.
(c) Air Jet Vortex Generators.

Passive control techniques represent an improvement in the turbine’s efficiency
and in loads reduction without external energy consumption. Active control tech-
niques, instead, require external energy or a secondary power source. Even though,
further investigations must be carried on to make sure that this raise in energy
output can balance the external energy necessary for load control together with the
increase in turbine capital and O&M costs.

Johnson et al. [3] made an analysis and discussed 15 different devices for wind
turbine control. Some of them are still being tested on full-scale turbines.

21.4.1 Passive Control Systems

21.4.1.1 Vortex Generators

A Vortex Generator (VG) is a passive flow control device which modifies the
boundary layer fluid motion bringing momentum from the outer flow region into
the inner flow region of the wall bounded flow. Its main goal is to delay the flow
separation and increase the maximum lift coefficient CLmax. VGs are designed to
re-energize the boundary layer by inducing momentum transfer between the free
stream velocity and the near wall region. The boundary layer separation begins
when the portion of boundary layer closest to the wall or leading edge reverses in
flow direction. (See Fig. 21.7). The separation is where the shear stress is null or
close to under stall conditions.

Initially introduced by Taylor [8] VGs have been investigated for more than fifty
years for a wide range of applications in aerodynamics and airplane wings. They are
small vanes, usually triangular or rectangular, inclined at an angle to the incoming
flow and placed as close as possible of the leading edge. They are generally
assembled in a spanwise on the suction side of the blade and present the advantage
that they can be added as a post-production fix to blades that do not perform as
expect. Its height is usually similar to the boundary layer thickness.
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Fernandez-Gamiz et al. [9] studied the behavior of a rectangular VG on a flat
plane and the streamwise vortices produced by them to investigate how the physics
of the wake behind VGs in a negligible streamwise pressure gradient flow can be
reproduced in CFD simulations and their accuracy in comparison with experimental
observations. (See Fig. 21.8).

Pearcey [10] noted that the vane type VG can be set in two basic ways, as shown
in Fig. 21.9.

1. Co-rotating array: the vortices which are shed are all of the same rotational
direction.

2. Counter-rotation array: the rotational sense of the vortices alternate along the
array.

Godard and Stanislas [11] demonstrated that VGs work most efficiently when
creating counter-rotating vortices and their geometry is triangular.

Fig. 21.8 Streamlines on a flat plane with Vortex Generators (Fernandez-Gamiz [9])

Fig. 21.7 Boundary layer separation and velocity profile with an adverse pressure gradient
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In order to study the impact of VGs on wind turbines, to optimize their position
and distribution, CFD tools can be used. However, modelling a fully-meshed profile
with VGs becomes prohibitively expensive because of its small size (VGs height
are usually equal to the boundary layer thickness). This great number of cells in the
simulation becomes a trouble in computation time and therefore, in costs.

An alternative way of modeling VGs in CFD is to model the influence of the
vortex generator on the boundary layer using body forces and boundary conditions
generated by them. In that way, Bender et al. [12] presented the BAY model for
simulating the vane vortex generators without the necessity of defining the VG
geometry in the mesh. Later, Jirasek [13] introduced a new version of this model,
called jBAY model, based on the lifting force theory.

Fernandez-Gamiz et al. [14] presented a detailed comparison between four
different models of VGs on a flat plane. The first one is based on the traditional
mesh-resolved VG. The second one, called Actuator Vortex Generator Model
(AcVG), based on [12] provides an efficient method for CFD simulations of flows
with VG’s. The third one is an experimental model (Velte et al. [15]) based in
experimental data, where measurements were carried out in a low speed
closed-circuit wind tunnel. The fourth model is the analytical model of the primary
vortex based on the helical structure of longitudinal embedded vortex. Following
the same idea, Zamorano et al. [16] studied the evolution of the wake downstream a
rectangular VG at different incidence angles. Øye [17] and Miller [18] compared,
on a 1 MW wind turbine, the measured power curves with VGs and without them.
Although they used quite rough methods for the VGs design optimization, both
studies showed that, in these cases, VGs on average increased the output power for
nearly all winds.

These devices present some important advantages, such as their small size, that
allows to distribute a big number of them along the profile. They are also
replaceable with no trouble in an inexpensive and uncomplicated way and they
have the possibility to add them once the aerodynamic profile is built. On the other
hand, their main disadvantage is the drag increases (CD) that involve the implan-
tation of this device, an undesirable feature for this kind of applications. Great care
is also need to be taken in their blade integration not to deteriorate the performance
of the wind turbine or the aeroelastic conditions.

Fig. 21.9 Pairs of VGs generating co-rotating and counter-rotating vortices
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Case Study: DTU 10 MW Reference Wind Turbine

The DTU 10 MW RWT (Reference Wind Turbine) is part of the Light Rotor
Project [19]. Initiated as a cooperation of DTU Wind Energy and Vestas, its main
goal is to create the design basis for next generation wind turbines of 10 MW
(See Table 21.1).

The purpose of this design is [20]:

1. To achieve a design in a sequential multidisciplinary design optimization
process.

2. To obtain a high-quality aerodynamic performance with lower weight.
3. To achieve a high-detail design for a complete comparison of both aero-elastic

as well as high fidelity aerodynamic and structural tools.
4. To provide a openly available design basis for next generation of wind turbines.

In this project the manufacturing process is not considered, so the design does
not provide a design to that end. Therefore, the purpose is not to provide a design of
a complete wind turbine but of the rotor.

DTU Wind Energy developed some codes used in the design of DTU 10 MW
RWT.

1. HAWC2 (Horizontal Axis Wind turbine simulation Code 2nd generation). An
aeroelastic code proposed for calculating wind turbine response in time domain.

2. HAWCstab2: (Aero-servo-elastic stability tool for wind turbines).
3. BECAS. Determines cross section stiffness properties using FEM.
4. HAWTOPT (Wind turbine optimization software).
5. EllipSys2D/3D. A multiblock finite volume discretization of the incompressible

of RANS equations.

Table 21.1 Key parameters of the DTU 10 MW RWT [20]

Description Value

Rating 10 MW

Rotor orientation, configuration Upwind, 3 blades

Control Variable speed, collective pitch

Drive train Medium speed, multiple stage gearbox

Rotor, hub diameter 178.3, 5.6 m

Hub height 119 m

Cut-in, rate, cut-out wind speed 4, 11.4, 25 m/s

Rated tip speed 90 m/s

Overhang, shaft tilt, pre-cone 7.07 m, 5º, 2.5º

Pre-bend 3 m

Rotor mass 229 tons (each blade *41 tons)

Nacelle mass 446 tons

Tower mass 605 tons
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ABAQUS and XFOIL were used as well for the structural design (FEM com-
putations) and airfoil characteristics respectively.

Recently, Troldborg et al. [21] presented a case study of the DTU 10 MW RWT,
making a CFD comparison with and without VGs installed on the inboard part of
the blades. A personalized version of the BAY model, previously mentioned, was
used in order to overcome the computational cost of simulating a blade with a large
number of this type of devices on it. Forty VG pairs are distribute on each blade and
were setting up in counter-rotation distribution. A grid sensitivity study was per-
formed, with five different configurations, to check out that the model calculates the
lift with precision on all grids.

The EllipSys3D flow solver was implemented which solves, in a steady state
mode, the incompressible finite volume Reynolds-Averaged Navier-Stokes (RANS)
equations. A fully developed turbulent boundary layer on the blade surface was
assumed using the k-x Shear SST Model [22, 23].

Figure 21.10 illustrates the rotor surface mesh, together with the VGs region as
can be seen with a little more detail in the second picture, corresponding to 8 cells
per VG pair and for a height of the first boundary layer of 2 � 10−6 m in order to
obtain a y+ < 2.

Fig. 21.10 Surface mesh for the DTU 10 MW RWT [21]
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The results of the simulations, in a blade with VGs, showed an increase in both
tangential and normal forces at the inboard part of the blade. At the outer part of the
blade, however, a slight reduction in both forces was appreciated in the case with
VGs installed. The power improvement caused by the VGs is 0.51% in the best
scenario studied corresponding to a wind speed of 10 m/s. Figure 21.11 shows the
lift and drag curves with and without VGs at a radial position r = 24 m. It can be
seen how the VGs increase the lift for a broad series of angles of attack but, on the
other hand, involve a more abrupt stall which finally causes a higher drag and a
lower lift.

The simulations showed a good adjustment between CFD results and wind
tunnel experiments, so the 8 grid cells per VG pair can be considered enough to
capture the effect of them.

21.4.1.2 Microtabs

The microtabs consist on small tabs situated near the TE of an airfoil, which
projects perpendicular to the surface of the airfoil a few percent of the chord length
(1–2% c) corresponding to the boundary layer thickness.

The small movement of these microtabs jets the flow in the boundary layer away
from the blade’s surface, bringing a recirculation zone behind the tab, as can be
observed in Fig. 21.12 affects the aerodynamics shifting the point of flow separation
and, therefore, providing changes in lift. Lift improvement is obtained by deploying
the microtab downwards (on the pressure side) and lift reduction is obtained by
deploying the microtab upwards (on the suction side).

Van Dam [25] has made multiple studies and investigations into this topic,
including CFD simulations and wind-tunnel experiments in order to determine their
optimal distribution height and location. The results provided, as previous studies,
that the best place to situate the lower surface tab with respect to lift and drag was
around 95% c with a height of 1% c and around 90% c for the upper surface tab.

They present some appealing features for wind turbine control applications:

Fig. 21.11 Lift and drag polars for the section at r = 24 m (airfoil thickness 41%) [21]
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1. Small size.
2. Low power requirements for its activation.
3. Simplicity of the design (low cost).
4. They can be installed without significant changes in the actual techniques to

manufacture the profiles.

Case Study: New Design of a Microtab Deployment Mechanism

The existing microtab device system described before presents two main drawbacks
(See Fig. 21.13):

1. The insufficient tab height when it is fully-deployed.
2. The actuating mechanism which causes stiction during tab deployment.

Tsai et al. [26] presented recently and innovative design to improve the
microtabs performance. The new microtab system is based on a four-bar linkage
that overcomes the two disadvantages previously mentioned and providing:

1. An increase of the maximum tab height in relation to the existing microtab
system. From 1 to 1.7% c.

2. A higher stability due to the four-bar linkage mechanism.

The four-bar linkage mechanism has four links and pivot joints (See Fig. 21.14);
and therefore a DOF = 1. The degree of freedom (DOF) of a mechanism, i.e. the
number of independent moves it has, is defined by Gruebler’s equation:

Fig. 21.12 Microtab concept and zoom of streamlines around a trailing-edge region during tab
pressure side deployment (Chow and Van Dam) [24]

Fig. 21.13 Existing microtab
actuation system [26]
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DOF ¼ 3 N � 1ð Þ � 2M ð21:8Þ

where M is the number of pivot joints and N is the number of links.
The input link is connected to an actuator which is the responsible for controlling

the movement of the system, retracting or extending the microtab. Due to the space
limitations in the trailing edge, the microtab cannot be positioned normal to the
lower surface but a tilting angle is required. The steadiness and reliability
improvement is achieved using five links (three input links and two output links)
instead of the lever arm which is used in the existing microtabs.

In normal conditions, this new microtab will describes a curved trajectory
throughout its deployment and retraction. To avoid that and to remain a simple
straight line motion the actuator input bar is transformed into a V-shape. The
measurements of the links and their angles, the stroke length and the slot length
were also calculated as well as the force of the actuator.

21.4.1.3 Serrated Trailing Edge

Wind turbine noise is one of the main issues for the widespread use of wind energy.
The sources of aerodynamic noise can be divided into [27]:

1. Airfoil self-noise: is produced by the blade in an undisturbed inflow and it is
caused due to the interaction between an airfoil blade and the turbulence pro-
duced in its own boundary layer and near wake. Self-noise can be tonal or
broadband in character and may be caused by several mechanisms, such as
laminar boundary-layer vortex-shedding noise, turbulent boundary-layer/trailing
edge interaction noise (trailing-edge noise), blade tip noise or trailing-edge
bluntness noise.

2. Inflow-turbulence noise: it depends on the atmospheric conditions and it is
caused by the interaction of upstream atmospheric turbulence with the blade.

Fig. 21.14 Four-bar linkage scheme and the new scheme which is used for the microtab
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Originally, the aerodynamic surfaces of wind turbine blades have sharp or
moderately blunt trailing edges from which the wake is shed. The shedding of the
wake and the confluence of flow from the pressure and suction sides of the profile
are sources of aerodynamic noise, and increased drag and reduced lift. It has long
been recognized that airfoil trailing edge noise may be reduced by modifying the
trailing edge geometry so that the efficiency by which vorticity is scattered into
sound is reduced. One alternative to resolve this trouble was patented by Siemens
[28] and consists in a flexible serrated trailing edge, also known as Dino Tail,
shown in Fig. 21.15.

Over the years, the characteristics and properties of airfoil noise have been
studied extensively in both theoretical and experimental investigations. Both inflow
turbulence and self-noise mechanisms were considered and dependence on
parameters such as flow speed, angle of attack or radiation direction was studied by
Howe [29]. About experimental studies, Oerlemans et al. [30] carried out different
investigations where they tested the noise reduction in NACA 64418 airfoil and in
blades of 2.3 MW wind turbine.

As an added aerodynamic profile, it presents the advantage of creating a cus-
tomized geometry profile for each device according to the operating conditions in
which it is located (See Fig. 21.16).

21.4.1.4 Fences

Fences, a system patented in 2009, consist in fin-like vertical surfaces attached to
the upper surfaces of the wing that are used to control the airflow [31]. Their
purpose is to disrupt the spanwise airflow, protecting the outboard wing section
from a developing inboard stall. So, keeping the outboard section from stalling,

Fig. 21.15 Wind turbine blade with serrated trailing edge device
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aileron effectiveness is maintained during a stall, enabling the pilot to keep the
aircraft level and exit the stall safety.

On straight wing airplanes they control the airflow in the flap area and on swept
wing airplanes they prevent the accumulation of air toward the tip at high angles of
attack placing them at about two-thirds of the way out towards the wing tip. In both
cases, they give better slow speed handling and stall characteristics (See Fig. 21.17).

On wind turbines, the airflow also spreads in spanwise direction of the blades.
This airflow generate adverse consequences in wind turbines performance, partic-
ularly because contribute to the separation of the main airflow of the blade surface,
and therefore, reduce the rotor blade lift.

In order to fix that problem a fence is placed (See Fig. 21.18) extending through
the entire blade surface in chord-wise direction, to prevent the creation of these
airflows. This barrier or wall delay this effect by preventing the spanwise flow from
moving too far along the wing and gaining speed.

The extent to which the fence is able to prevent these airflows is directly related
to the fence height. However, the higher the height, the higher the weight, besides
the fact that it affects to other aerodynamic characteristics of the blade, as the lift.
So, it comes to choose a fence design that does not get worse the blade qualities,
even though does not remove the spanwise airflow completely.

The required height and length of the particular planar element and the optimal
position of this element on the suction side of the rotor blade inherently varies with
the distance from the rotor axis of rotation, the blade contour depth, the rotor width,
the most likely speed of the incident airflow, etc. So, the best configuration is
determined empirically.

Fig. 21.16 Sawtooth
trailing-edge serrations

Fig. 21.17 Spanwise airflow
through the blade
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Chow and Van Dam [32] made a fence height study with an NREL 5-MW blade
of 63 m span. The fence height study was made at the same constant spanwise
location or maximum chord location, at 13.7 m from the blade baseline.
Figure 21.19 illustrates the percent change in power and thrust for different fence
heights, for a free stream velocity of 11 m/s and rotor speed of 11.89RPM. It can be
appreciated a nearly constant difference between power and thrust for large fence
heights (hfence > 5%cmax) and the maximum power values for heights between 1
and 2.5%cmax. The thrust and power curves are very pronounced for small fence
heights (hfence < 3%cmax). At the spanwise position of 2%cmax is located the most
favorable fence height, with a power increase of 0.67% and a thrust increase of
0.34% (See Fig. 21.19).

The previous study was made at the same constant spanwise location or maxi-
mum chord location; so now a fence location study is needed in order to determine
the optimal place where it should be located. Fence locations from 9.2 through
15.7 m are studied in 0.5 m increments with a fence height of 10%cmax. The free

Fig. 21.18 Sketch of wind turbine blade with a fence installed and its section A-A [31]

Fig. 21.19 Percent change in rotor power and thrust for different fence heights relative to the
baseline NREL 5 MW blade (Chow and Van Dam [32])
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stream wind and rotor speeds remain constant as in the previous study (11 m/s and
11.89RPM, respectively). Figure 21.20 illustrates the thrust and power curves and
their relation, almost constant over the entire range of spanwise locations studied,
with a relatively larger increment in power capture of 0.15% in comparison to
thrust. The effectiveness of the fences clearly gets worse when fences are located
further and further outboard beyond maximum chord.

21.4.1.5 Spoilers

In general terms, the shape of a wind turbine blade can be defined in three regions
(See Fig. 21.21)

Fig. 21.20 Percent change in rotor power and thrust for various fences located at various
spanwise fence locations relative to the baseline NREL 5 MW blade (Chow and Van Dam [32])

Fig. 21.21 Regions of a wind turbine blade with a spoiler device [33]
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1. The nearest region to the hub (circular section).
2. The transition region between the circular section and the airfoil region.
3. The airfoil region.

The root and transition region, because of their section, do not help to the energy
production of the wind turbine and even decreases it due to drag. These sections of
wind turbines often work in stall situations, especially at high wind speeds.
Therefore it is desirable a mechanism, such as spoilers [33], to increase the lift on
these conditions (and not to stop) and for increasing the power generated by the
turbine. The spoiler is assembled in the inboard part of the blade, i.e. the part
nearest the hub, and particularly to the transition region of the blade, as shown in
Fig. 21.22. A realistic estimate of the potential performance improvement is
1–1.5% of annual energy yield compared to conventional wind turbine blades
without such spoilers. This provides a substantial economic benefit compared to the
additional manufacturing costs related to the manufacturing of blades with such
spoilers. However, this device presents a main disadvantage for its application in
wind turbines against aerodynamics, the fact that the blades must work with higher
angles of incidence.

21.4.2 Active Control Systems

21.4.2.1 Traditional Trailing-Edge Flaps

Before coming as a candidate for wind turbine control, traditional trailing-edge
flaps were used previously with good results in aircraft load control. The National
Renewable Energy Laboratory (NREL) began and carried out their investigations
throughout the 1990s in order to improve wind turbines performance with this type
of active control system.

The trailing-edge flaps vary the airfoil camber. The lift and the camber line,
which is a measure of the amount of airfoil curvature, are directly related. The more
curve the camber line is, the more lift the airfoil will generate. So, deploying the
flap on the pressure side a lift increase is obtained and deploying it on the suction
side a lift reduction is obtained.

Fig. 21.22 Airfoil with
discrete flap and flexible flap
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They can be assembled in two ways: either as discrete flaps or flexible flaps (See
Fig. 21.22).

1. Discrete trailing-edge flap: Conventionally used in aircraft, also known as
ailerons are assembled in the blade (hinged) and require a moment over the
hinge to achieve the required position. They provide good results in terms of
power regulation and load alleviation. The development cost to integrate them in
the blade should not be high considering all the background experience with this
type of device in aviation.

2. Flexible trailing-edge flap: Their addition into the wind turbine blade is similar
than discrete flaps. However, in this case there is no need for implementing
rotating shafts mounted at the sides of the flaps. Therefore it is possible to
produce the flexible flaps in modules which are attached to the blade only via a
single connecting surface.

Its application in wind turbines presents some drawbacks, such as the size and
weight that can reach the device and the mechanical actuators necessaries for its
deployment. The aero-acoustic noise during operation and the energy required for
deployment are some pending parameters to improve for its application.

21.4.2.2 Air Jet Vortex Generators

The air jet vortex generator (AJVG) was first suggested by Wallis et al. [34], where
circular jets issuing from a surface (airfoil) were used to produce “persistent
velocity” for the purpose of delaying turbulent separation. It was discovered that a
normal jet issuing into the free stream would produce a pair weak counter-rotating
vortices that would pass downstream. Wallis chose a cross-stream jet that was
angled at a pitch angle of 45° to the airfoil surface. The vortex remains embedded in
the boundary layer over the airfoil and entrains high-momentum air from the
undisturbed flow into the boundary layer. This process helps mitigate boundary
layer separation and leads to an increase in CLmax and angle of attack at stall astall
(See Fig. 21.23).

Fig. 21.23 Schematic of AJVG actuator with a pitch angle of 30° and streamlines representation
in a wind turbine blade [3]

650 I. Aramendia et al.



Johnston and Nishi [35], in 1990, studied more in detail the AJVG choosing a
number of simple cases to assess the effects of the vortices. However, there was a
problem in this study with the measurement system because the scale of the vortex
compared to the size of the hole-probe (used to derive the vorticity in the cross-flow
plane) and the sampling grid was quite small. Consequently, it was not possible to
sample the vorticity in the region where the vortex was close to the wall, so too
much information of the vortex was lost.

A study by Compton and Johnston [36] in 1992 showed that, even for the
strongest case tested, the air-jet was qualitatively compared with the vortex pro-
duced from a VG but the dissipation of the vorticity takes place at a much greater
rate for the AJVG.

Lately, investigations with pulsed vortex generator jets (PVGJ), which are
placed in the leading edge, have been gaining interest because they are more
effective in delaying stall due to two factors mainly:

1. The improved vorticity production related with the impulsively started jet flow.
2. The reduction in mass flow compared to steady jets due to the reduced duty

cycle.

The AJVG presents some interesting characteristics for wind turbine applica-
tions. One of the most important is its wide controllability, which allows to modify
the parameters of vortex generation according to the circumstances. Its location in
the leading edge makes it easy to install, however, it requires the installation of
compressed air lines and determine how much air would be necessary and its power
expenditure. Other factor that must be taken into account is to maintain the exit
ports free of outside influences (insects, dirt or ice).

21.4.2.3 Synthetic Jets

Initially investigated by James et al. [37] in 1996, this type of active flow control
creates streamwise vortex similar to those created by PVGJ but with a significant
difference, a synthetic jet adds momentum to airflow without adding mass.
A conventional jet sucks in air, accelerates this air, and exhausts the air out of a
different opening, maintaining airflow. In contrast, a synthetic jet alternates sucking
in and blowing out air through the same opening at high frequencies. One method
for creating this jet is to use a piezoelectric diaphragm to act as the oscillating
membrane. When this membrane oscillates, it sends puffs of air through the cavity
and out of a small surface hole. Figure 21.24 illustrates the operating principle of
this type of active control device.

Pechlivanoglou [38] summarized the main characteristics of synthetic jets, their
mechanical structure, integration, costs and reliability. They are usually located at
10–20% c (close to the leading edge) and can be installed at any angle to the
aerodynamic surface. In this case there would not be any problem in terms of space
to integrate the synthetic jets. Another factor to be taken into account about their
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integration in wind turbine blades is the structural consequences of the surface
discontinuities caused by the synthetic jet slots/holes. The most possible solution to
mitigate this trouble would be the integration of additional parts in the blade
structure and consequently, changing the laminate structure of the blade.

The existence of synthetic jet mechanisms inside the blade structure increases
the complexity of the blade as well as the required maintenance effort. For this
reason the flow control mechanisms (individual or integrated in inserted units)
should be removable and replaceable in such a way that their maintenance and
replacement is fast and cost effective.

Numerous investigations, experimental [39] and numerical [40] have supported
the efficiency of this device in aerodynamics achieving significant maximum lift
increases, about 29%, and delaying boundary layer separation.

21.5 Energy Efficiency of Active and Passive
Flow Control Devices

The cost of electricity generated by wind turbines depends on the location of the
wind farm, i.e. the number of full load hours per year. In low wind areas the costs
ranges from 0.05 to 0.07 €/kWh and at windy coastal areas the costs ranges from
0.09 to 0.11 €/kWh [41]. A place at the highest point possible and away from
obstructions (forests, towers, rocky outcrops) corresponds to the best location for a
wind turbine, where the wind can concentrate and get higher speeds.

Currently, it is not easy to quantify in terms of profits the improvement of these
flow control devices because it depends on many variables such as the size and
weight of each wind turbine or the wind speed average over the year. In terms of lift
enhancement, active control devices, in general, present better results than passive
control devices, and therefore to improve the energy efficiency of wind turbines,
even though they are more costly to integrate in the blades and to maintenance.

Pechlivanoglou [38], with his experimental investigations in large wind tunnel
facilities testing different flow control devices, could check the advantages and

Fig. 21.24 Synthetic jet production principle
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disadvantages that present each device in costs (development, integration, main-
tenance, operation) and therefore get some preliminary conclusions about the cost
of energy and their efficiency.

21.6 Conclusion

The wind-power sector is growing rapidly and shows evidences that it will continue
in that way in the following years. The growth of this industry becomes in an
increase in the size of wind turbines, which leads to an increase in fatigue and
structural loads that the system have to support. This may also lead to higher O&M
costs to maintain the structure lifetime. The active and passive flow control devices
are presented as a solution to these problems. Small size and lightweight are some
of their main characteristics and can offset turbulent wind loads. Improvements in
these types of devices can increase the life-cycle of wind turbines, power pro-
duction, system performance and reduce the COE. This decrease in COE would
allow to increase the competitiveness in price against traditional sources or other
renewable alternatives. The purpose of this chapter was not to make a direct
comparison between the different types of devices, reach a conclusion or make a
recommendation to choose one device or another. The goal was just to present to
the reader a review of today’s research in this field that could make major contri-
butions to improve wind turbine control in the next years.
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