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Abstract: As the structural limits for the conventional horizontal-axis wind turbine are being reached, innovative concepts are
needed to ensure increased reliability and reduced costs. One option is limiting the fatigue to which a rotor is subjected. This
study, therefore, intends to experimentally investigate the tower shadow effect for a deeper understanding of the aerodynamic
fluctuations, and to study the capability of a lower surface microtab to mitigate such fluctuations. For this, aerodynamic load
variations caused by the presence of the tower on the rotor blades were reproduced and studied in the wind tunnel using a
setup that mimics the interaction between the tower and the blade. Anemometers and flow visualisation techniques were used
to explore the influence of the tower on the surrounding flow field. Real-time measurements show that the alterations in the lift
force are mainly caused by the alterations in the flow angle and have proven that a lower surface microtab can partially mitigate
aerodynamic load variations in the case of an upwind rotor blade. Experimental results are validated using a tower shadow
model that is based on potential flow theory. The tower shadow model shows a reduction in 3p power oscillations by a factor of
2.

1 Introduction
1.1 Wind turbines

The use of wind power has increased massively over the last
decades and is expected to continue to do so in the future [1, 2].
However, in order to ensure future industry growth, wind turbine
technology must continue to evolve towards increased reliability
and reduced costs. The dominant trend in the wind energy industry
has been toward a larger size. In 1980, an average wind turbine
rotor had a diameter of 15 m and produced 55 kW [3]. Today, with
8–9 MW rated power, Vestas manufactures turbines with a rotor
diameter of 164 m. However, the tendency in increasing size is not
as fast as before due to the increasing blade mass needed to meet
stress levels that occur as the blade expands in length [4]. In other
words, structural limits for the conventional three-bladed
horizontal-axis wind turbine (HAWT) are being reached. This has
resulted in a search for innovative concepts to further decrease the
cost of energy (COE) [5]. One option is limiting the fatigue due to
the oscillating loads to which a wind turbine rotor is subjected.
Such fatigue loads are often a considerable constraint in the design
of the wind turbine, so if the level of these loads is reduced, a
larger rotor (wider diameter) can be used, resulting in additional
energy capture and, in principle, a reduced COE. Alternatively, less
material needs to be used for the same rotor diameter reducing the
capital cost of the turbine and, therefore, again reducing COE.

1.2 tower shadow effect

There are numerous factors that can influence the operating
environment of a wind turbine, including the impact of
atmospheric turbulence, wind shear and the disturbance created by
wakes in the case of a wind farm [6]. Moreover, in the case of a
HAWT, there is another important unsteady effect that is created
due to the interaction between the rotor blades and the supporting
tower, known as the ‘tower shadow effect’ where the blades of the
rotor experience a disturbance while passing the tower [7]. This
interaction is characterised by an aerodynamically unsteady region
with significant alterations in flow speed and angle, which can
have serious implications on the general performance and
operating lifetime of the turbine. For both upwind and downwind
rotors, when the blade passes the tower, there will be a sudden

change in the lift force, causing an increased fatigue load and
possibly the excitation of blade vibrational mode [8]. In addition to
that, the tower shadow effect causes a distinct low-frequency
acoustic noise [9].

1.3 Active flow control

One way to reduce such fatigue loads is by using active local load
control devices that can respond quickly to the changes in the local
flow conditions. Numerous investigations have shown the
possibility of significant load reduction by using active flow
control devices that respond to local conditions on the blade [10,
11]. Minimising unwanted blade loads will have a positive impact
not only on the rotor, but also on other turbine components
(gearbox, tower, main shaft etc.), leading therefore to a more
reliable turbine [12].

Several devices have been proposed for active aerodynamic
flow control for wind turbines and are thoroughly discussed in the
literature [13, 14]. This paper focuses on wind tunnel tests with a
dynamic microtab that was designed and built based on previous
computational and experimental investigations [15, 16]. Appealing
features of the microtab include fast activation, small size, short
linear deployment distance and low power requirements compared
to other active flow control devices such as traditional trailing-edge
flap, blowing and suction, or plasma actuators.

The microtab concept is based on the Gurney flap and is
deployed perpendicular to the surface [16]. Active microtabs can
be rapidly deployed and retracted into the interior of the blade.
They are typically located at a few percents (5–8%) of the chord
length ahead of the trailing edge due to the space required for its
retraction. The height of the microtab ranges typically from 1 to
2% of the chord length allowing it to deploy and retract rapidly
[17].

When the tab is deployed, a low-pressure region and a vortex
are formed immediately behind the microtab. The vortex extends
beyond the trailing edge of the aerofoil where some of the upper
surface flow that is leaving the trailing edge is dragged into this
lower surface vortex. The upper surface flow is pushed upstream
along the lower surface of the aerofoil, driven by the vortex, until it
meets the lower surface flow creating a new stagnation point where
the two flows leave the aerofoil [16]. This interesting phenomenon
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is illustrated in Fig. 1. The slight shift in the separation point alters
the Kutta condition at the trailing edge. This will, therefore,
increase the effective camber of the profile and will cause an
enhancement in the lift force [14].

1.4 Objectives

This work aims to experimentally demonstrate the potential of
making the blades of a wind turbine smart. The so-called smart
blades can adapt to circumstances to improve the efficiency and
reduce the loading on the blades. Particularly, the objective is to
study the capability of microtabs to mitigate the load variations that
occur when the blade of a HAWT passes the tower.

2 Setup
Load variations caused by the tower shadow effect were
reproduced in the wind tunnel using a scale-model experimental
setup that is composed of two main parts: (a) blade model (a smart
blade equipped with a microtab), (b) tower model (a cylinder that
represents the tower of the wind turbine).

2.1 Blade model

2.1.1 Aerofoil: A NACA0021 aerofoil is used for the experiments.
The relatively high thickness of such profile offers sufficient space

to store the microtab and the actuators (the maximum thickness is
0.21c located at x/c = 0.3, where x is the axial coordinate that is
measured from the leading edge of the aerofoil and c is the chord
length). The profile was milled from slabs of Prolab 75 (a
machinable polyurethane, which is used typically for modelling
applications). With a chord of 200 mm and a span of ∼400 mm, the
aspect ratio of the blade is 2. Endplates of diameter 300 mm (1.5c)
are added at the edges of the blade in order to reduce 3D effects,
including tip vortices, as much as possible.

2.1.2 Microtab: For our experiments, a bar made from carbon
fibre is used as an L-S microtab for the blade with a height (h) of 2 
mm (h/c = 1%) and a thickness of 0.5 mm. Fig. 2 illustrates the
modification of the original profile caused by the deployment of
the L-S microtab. The length of the microtab is equal to the span of
the blade, giving a solidity ratio of 100%. The tab is operated in a
binary fashion in which it is either fully retracted (δ = 0) or fully
deployed (δ = 1), where δ is the normalised microtab deployment
height. It is fixed to a servo motor at one end so that it can rotate
with an angle of 90° for complete deployment, and then for
complete retraction, it rotates −90° back to its initial position. The
tab activation time (ta) is the time needed by the tab for a complete
deployment or retraction. ta in our case is measured to be 0.07 s.
Fig. 3 shows the servo motor below the blade connected to the
gears, which are, in turn, connected to the microtab. On the other
side of the blade, a 3D printed part is used to fix the tab and keep it
under tension.

2.1.3 Measuring device: A K6D154 multi-axis torque-sensor,
developed specifically for measurements in flow channels, is used
to measure the aerodynamic forces acting on the blade. As the
sensor does not measure the drag force with sufficient accuracy,
and since a wake momentum method is not useful to measure drag
for dynamic testing [12], drag values are not reported here. The
uncertainty in the measurements, given by the manufacturer, is
0.15 N with a confidence level of 68%.

2.2 Tower model

In a wind turbine, during the interaction between the blade and the
tower, the blade is the moving part and the tower is fixed. Applying
this to our setup would introduce spurious inertial forces to the
multi-axis torque-sensor due to the rotation of the blade while
measuring the aerodynamic forces. Alternatively, with a fixed
blade and a rotating cylinder, the aerodynamic forces can be
measured more accurately. In this case, the blade will only
experience the absolute wind flow while the tangential wind flow
that is created due to the rotation of the blade is neglected. This
configuration is most representative for the section of the blade
near the hub; it forms a solid foundation for a broad understanding
of the tower shadow effect, it represents the most extreme blade-
tower interaction and it can still show the possibility of reducing
tower shadow effect using flow control. We have therefore chosen
to study this configuration first. Other configurations will be tested
in a subsequent study.

The cylinder (tower) can rotate with an azimuthal angle (ψ)
between 90° and 270°, where a ψ  of 180° implies that the blade is
axially aligned with the tower. The diameter of the cylinder is 100 
mm (half the chord). A stepper motor is used to drive the cylinder
with a speed of 9 rpm. End switches are used to track the azimuthal
angle (ψ) of the cylinder. The complete setup (blade and tower) is
shown in Fig. 4. 

3 Results and discussion
3.1 Experimental facility

Experiments were performed at the wind tunnel of the FLOW
research group at the Vrije Universiteit Brussel (VUB). This is an
open circuit wind tunnel with a 1 m high, 2 m wide and 12 m long
testing chamber. Downstream the test section, there is a diffuser
followed by a vertical exit of the stream. The wind tunnel can run
with a maximum flow speed of 17.5 m/s. Wind speeds inside the

Fig. 1  Streamlines in microtab region
(a) Microtab retracted, (b) Microtab deployed. The figure adapted from Chow and Van
Dam [16]

 

Fig. 2  Modification of NACA0021 profile caused by the deployment of the
microtab at x/c = 0.93
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tunnel are measured using a pressure transducer with an
uncertainty of 0.05 m/s with a confidence level of 68%.

3.2 Microtab static testing

The main purpose of the static tests is to provide the data of the lift
coefficient (CL) for the self-manufactured NACA0021 profile with
the microtab retracted and deployed. We establish the range of CL

that can be obtained for a given angle of attack (α) and determine
the influence of wind speed on the performance of the microtab.
The Reynolds number (Re) is calculated based on the chord length
of the blade.

First, the blade was tested in the wind tunnel, at a wind speed of
10.5 m/s (Re = 1.4 × 10

5), with the microtab fully retracted
(δ = 0). CL  is calculated by averaging 6000 readings measured
with a frequency of 200 Hz for every α. After that, the microtab

was fully deployed (δ = 1) and the test was repeated. Results are
shown in Fig. 5. Error propagation analysis, as explained by
Figliola and Beasley [18], is used to estimate the uncertainty in the
lift coefficients for the static tests with a confidence level of 68%.

The same test was repeated for wind speeds of 5 and 17.5 m/s
(Re of 6.5 × 10

4 and 2.3 × 10
5, respectively). Results are shown in

Fig. 6 as ΔCL (the increase in CL due to the full deployment of the
microtab). Due to the relatively high uncertainty in ΔCL, values at
low wind speed (5 m/s) are not reported, even though, the trend in
the ΔCL curve was similar to that at higher wind speeds.

For all wind speeds, the L-S microtab produces a significant
increase in CL in the linear lift regime compared with the baseline.
Maximum ΔCL is obtained in the linear lift regime with values of
0.17 and 0.2 for wind speeds of 10.5 and 17.5 m/s, respectively.
After reaching its maximum, ΔCL starts to drop gradually as α

increases, reaching minimum values at high angles of attack. This
drop can be attributed to the reduced effectiveness of the tab to
drag the upper surface flow downwards as α increases due to flow
separation at high angles of attack.

At low angles of attack (∼0°), the wind speed has no influence
on the effectiveness of the microtab. This is clear from Fig. 6 as the
two curves (red and blue) overlap. However, as α exceeds 3°, the
two curves start to diverge and ΔCL becomes higher for higher
wind speeds.

Similar tests were conducted by Cooperman [19] showing the
effect of an L-S microtab on CL for a modified S-819 profile,
hereafter S-819m. The tests were done at Re of 3.5 × 10

5. Similar
to our results, the maximum ΔCL is found as well to be in the linear
lift regime with a value 0.23 for the S819m profile. The
progressive drop in ΔCL is clear also and the minimum is reached
near the stall angle.

A quantitative comparison between the curves shows that the
values of ΔCL for the S819m profile are generally higher. This can
be attributed to the difference in the Re as well as the difference in
the tab height (h/c) – 1% for the NACA0021 and 1.1% for the
S819m – which plays an important role in lift enhancement as
explained in [19]. Despite the quantitative difference between the
two profiles, a qualitative comparison demonstrates that the trend
in the lift enhancement is similar for different Re and the wind
tunnel setup is suitable for unsteady experiments.

From here on, all the tests are performed at wind speeds of 10.5 
m/s, which corresponds to Re of 1.4 × 10

5 based on the 200 mm
chord of the NACA0021 profile.

3.3 Microtab dynamic testing

The dynamic tests refer to the deployment of the microtab followed
by a retraction while maintaining α constant and the wind speed
(V∞). An example of the L-S tab dynamic activation is shown in
Fig. 7 for α = 8°. The L-S microtab was initially in a retracted
position, after that, it was deployed at time t = 4 s and then
retracted again at t  = 8 s with an activation time ta of 0.07 s.

It is clear from the figure that the measurements from the sensor
are showing a high degree of variability when the lift force is
supposed to be smoother. This noisiness was also encountered by
Cooperman [19], and it was compared with measurements derived
from surface pressure transducers to be attributed to a mechanical
rather than an aerodynamic origin since it was only seen in the
measurements generated by the sensor and did not appear in the
surface pressure measurements.

In order to inspect the origin of the vibrations, the dynamics of
the blade model were studied. The natural frequencies of the blade
were recorded, using impact excitation, and the lowest natural
frequency was found to be 14 Hz, which is congruent with the
highest peak frequency derived from the lift measurements and
corresponds to the first mode shape in the direction perpendicular
to the chord direction. This is to say, when exposing the blade to
wind flow in the wind tunnel, it vibrates under its natural
frequencies influencing the measurements of lift force.

Examining the relationship between the reaction force measured
by the sensor and the blade-top displacement indicates, assuming a

Fig. 3  Microtab actuation mechanism assembled and fixed inside the wind
tunnel

 

Fig. 4  Blade and tower models installed inside the wind tunnel with the
blade upwind. The flow is from top right to bottom left
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linear relationship, a movement of 0.2 mm based on the maximum
peak to trough distance in the lift measurements. The boundary
layer was roughly estimated to be around 2.5 mm, compared to the
0.2 mm displacement at the blade-top, lift measurements can be
accepted and a bandstop filter, with a stopband between 13 and 18 

Hz, is used in order to improve the readability of the graphs.
Filtered data are shown in Fig. 7.

Similar tests were also done by Bach [20] to study the transient
lift response. Several deployment times were tested and the results
of the lift response are presented as a function of the non-
dimensional characteristic time (t∗

= tV∞/c). It was found that as
the deployment time is faster, the lift response is faster and the
slope of the transient lift curve is higher. Yet, for fast deployment,
the aerofoil's aerodynamics are not fully adapted when the tab is
totally deployed. This means that the transient lift is no longer
dependent on the near tab behaviour but it is more dependent on
the global change in the flow circulation around the aerofoil. With
additional tests, the transient performance of the retraction of the
tab proved to have a behaviour similar to the deployment. There
was not any adverse lift overshoot observed for nearly all
deployment times. Applying the results presented by Bach to our
setup where the non-dimensional characteristic time is 3.5, the
microtab can be assumed as an on-off flow control device.

3.4 Unsteady aerodynamic experiments – tower interference

The objective of the unsteady experiments is to specifically explore
how the tower influences the flow field seen by the blade as well as
the aerodynamic loads acting on it and to demonstrate the
capability of the L-S microtab to mitigate the variations in these
loads.

The experiments with the tower were done with the upwind
blade configuration accompanied by real-time measurements for
the lift force. For this, the tower model was fixed downstream of
the blade with a separating distance of 30 cm (1.5c).

The tower was rotated, with a speed of 9 rpm, from ψ  of 90° to
270°. During the test, the lift force acting on the blade was
recorded as shown in Fig. 8. The microtab was maintained in its
retracted position and α was maintained at 8° corresponding to the
highest lift to drag coefficient (CL/Cd) for the NACA0021 profile
[21].

Fig. 8 shows the influence of the tower on the lift force. This
impact is determined by the position of the tower (ψ), which is
especially true for the region of 160° < ψ  < 200° where the
variation in the lift force is significant.

The lift force alterations can be divided into three zones. In the
first zone, the lift force drops smoothly from an initial value around
2.6 N at ψ  = 90° to ∼2.2 N for a ψ  of 160°. Then, in the second
zone, it rises sharply, reaching a value of about 3.3 N at ψ  = 200°.
Finally, the third zone comprises the area where the lift force
decreases again smoothly, reaching an average value of 3.1 N at ψ  
= 270°. This change in the lift force is dependent on both flow
velocity and flow angle.

In order to further explore the influence of the tower on the
surrounding flow field, the flow around the tower is analysed: 

• A constant temperature anemometer (CTA) was fixed in front of
the tower at a distance of 30 cm, replacing the blade, and used to
measure the wind flow speed for different azimuthal angles of
the tower with an upstream flow speed V∞   = 10.5 m/s. For each
ψ , three measurements were done and each lasted for 10 s with
1 kHz sampling frequency. The average wind speed for each
was calculated and the results are shown in Fig. 9a.

• The CTA was then replaced with tufts, which were used to
visualise the flow pattern. The deviation angle in the flow
streams caused by the tower was measured and recorded for
different ψ  by the help of a GoPro camera mounted on the
ceiling of the tunnel. The results for the flow angle are
shown in Fig. 9b.

Figs. 9a and b clearly show the effect of the cylinder on the flow
speed and flow angle, respectively. Fig. 9a demonstrates that as ψ
increases, starting from 90°, it is accompanied by a decrease in
flow speed reaching a minimum of 10.09 m/s for ψ  = 180°, where
the CTA is axially aligned with the tower. After that, the wind
speed starts to recover again as ψ  exceeds 180° and it returns to its

Fig. 5  Experimental CL for NACA0021 profile with the microtab retracted
or deployed, Re =1.4 × 10

5

 

Fig. 6  ΔCL measured for NACA0021 and S819m profiles at different Re
[19]

 

Fig. 7  Experimental dynamic tests for NACA0021, α = 8°, Re = 1.4 × 10
5
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initial value at ψ  = 270° presenting a symmetrical pattern around ψ  
= 180°.

Similarly, Fig. 9b displays a symmetrical deviation of the flow
angle around ψ  = 180°. However, the direction of the deviation is
reversed. As shown in the figure, the form of change in the flow
angle is similar to the form of change in the lift force and likewise,
it can be divided into three zones. The first zone corresponds to a

smooth drop from −1° at ψ  = 90° to −2.5° at ψ  = 160°. The flow
angle then rises sharply in the second zone changing the direction
of the flow at ψ  = 180° and then reaching a maximum of 2.5° at ψ  
= 200°, where a negative flow angle will tend to decrease the angle
of attack related to the blade and a positive flow angle will tend to
increase it. Finally, in the third zone, the flow angle decreases
smoothly reaching a minimum of −1.1° at ψ  = 270°.

It is obvious from the preceding results that the alterations in
the lift force are predominantly affected by the change in the flow
angle. This angle changes the angle of attack related to the blade,
where, at constant wind speed, the lift force is proportional to the
angle of attack in the zone below the stall angle. The effect of the
change in the flow speed is minor, and it is difficult to see it in the
measurements of the lift force.

In order to further interpret and validate the preceding results, a
model for the tower shadow is used where the simulated outcome
is compared with the experimental measurements.

3.4.1 Tower shadow model: Fig. 10 shows the aerial view of the
tower when immersed in the uniform wind flow. By superposing a
doublet on the uniform flow, the stream function of the wind
around the tower, using potential flow theory, can be derived. It is
important to mention that the upstream part of the flow around the
cylinder, which is the part of the flow that we are really interested
in for an upwind turbine, is quite well captured by the potential
flow model [22]. 

The wind velocity components in polar coordinates (Vr and Vθ)
are derived and given as follows [24]:

Vr = V∞ 1 − a
2
/r

2
cos θ

Vθ = − V∞ 1 + a
2
/r

2
sin θ

where a is the tower radius, r and θ are the radial and tangential
polar coordinates, respectively.

Static blade: Applying this model to the existing tower-blade
setup, the flow speed and the flow angle for different ψ  can be
simulated. Results for the flow speed and the flow angle are shown
in Figs. 11a and b, respectively, and are compared with
measurements from the CTA and the tufts. 

The graphs from the experimental measurements show a good
level of agreement with the simulated graphs from the tower
shadow model except for the regions of ψ  far from 180° (i.e. below
135° and above 225°).

Such differences are expected as the tower shadow model only
counts for 2D effects and neglect any 3D effect that can influence
the flow. The parasitic components in the setup (endplates, clamp
part below the blade etc.) are also influencing the flow and are not
incorporated in the model. Moreover, at the extremities, the tunnel
walls constrict the flow creating a high-velocity region around the
blade. The ratio between the setup frontal area and the test-
sectional area (the solid blockage ratio) is around 6%, which is
acceptable for the present study [25]. However, with no corrections
used for the measured data, the plots can be expected to show a
certain degree of divergence in the above-mentioned zones.

All the factors listed above affect the flow characteristics, yet,
the experimental and simulation results still show a good level of
quantitative agreement in the regions of interest (i.e. ψ  in the
neighbourhood of 180°) and a high level of qualitative agreement
over the entire domain.

Assuming that:

• Re is constant (no effect of the tower on the wind speed);
• the angle-of-attack (AoA) is equal to the summation of the

pitching angle (8°) and the flow angle (AoA = 8° + flow angle);
• CL values are the same as for the static test (Fig. 5);

and by using the data from the simulated flow angle and flow
speed (Fig. 11) and the data from the static tests (Fig. 5), the lift
force acting on the blade can be reconstructed by applying the
tower shadow model on the blade. Results are shown in Fig. 12 and

Fig. 8  Lift force with tab deactivated
 

Fig. 9  Wind tunnel tests
(a) Wind speed measurements from CTA, (b) Flow angle measurements from tufts
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are compared with the real lift force measurements with
deactivated microtab. 

Fig. 12 shows a good level of agreement between the
experimental and simulation results for the lift force: the two plots
overlap over certain regions of ψ  and have the same trend over the
entire domain. The agreement between theoretical and practical

outcome is remarkable, given the many simulation assumptions. It
is important to recall that the tower shadow model simulates an
ideal case.

Rotating blade: The tower shadow model is used to study the
flow field around a rotating blade for a wind turbine scale-model
with a chord length of 0.2 m and a diameter of 1.5 m. With an
upstream wind speed of 10.5 m/s and a tip speed ratio of 7, the
deviation in the flow angle caused by the presence of the tower can
be derived as a function of the azimuthal angle of the blade. The
results are shown in Fig. 13 for different blade sections (r/R),
where r is the radial distance from the hub and R is the blade
length. 

It is obvious from the figure that the blade elements that are
closer to the hub are affected more by the tower and they
experience tower shadow for a longer period. For the part near the
hub (r/R = 0.1) the trend in the flow angle curve is similar to the
trend for the static blade, which is reasonable because of the low
tangential wind speed at that part created as a result of the blade
rotation. This is a clear indication that the experimental results
from the static blade case are reliable and useful for the case of a
rotating blade.

3.4.2 Microtab activated: The experiment with the upwind
configuration was repeated, but this time with microtab activated.
An on–off controller was implemented in order to deploy and
retract the microtab automatically based on the real-time
measurements of the lift force. Results of the lift force
measurements are shown in Fig. 14. 

As shown in the figure, the microtab was deployed since the
beginning of the experiment as the lift force was lower than the
minimal lift force required to deploy the microtab. The microtab
remained deployed until the lift force reached a value of 3.54 N at

Fig. 10  Streamline pattern near the tower [23]
 

Fig. 11  Tower shadow model
(a) Wind speed simulated using tower shadow model, (b) Flow angle simulated using
tower shadow model

 

Fig. 12  Lift force from real-time measurements and tower shadow model
 

Fig. 13  Flow angle simulated for rotating blade
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ψ  of 177°, where the controller sent the signal to the actuator to
retract the microtab. The lift force then decreased sharply to the
value of the case with the microtab deactivated. The two plots then
remained overlapped until the end of the experiment (ψ  = 270°).

It is obvious from the figure that the deployment of the
microtab over a certain azimuthal angle domain can partially
reduce the dynamic loads caused by the tower–blade interaction
and mitigate the load variations. It was found that the microtab was
able to reduce the lift variation (peak to trough) by around 48% for

the most extreme and exaggerated tower shadow interaction.
Reducing the variations in lift force reduces the fatigue loads
which have the benefit of increasing the lifetime of the rotor and
subsequently reducing the overall cost of energy. However, the
activation time is actually too fast for the purpose of load control
because the rapid tab activation causes a fast change in lift force in
a short time period (Fig. 14 at ψ  = 177°), which is basically the
same problem load control is meant to alleviate.

One possibility to overcome this problem is by deploying the
microtab gradually. Also, separating tab activation into different
spanwise sections allows for a more gradual change in lift force
with a time scale comparable to the change in the lift force, thus
avoiding the generation of additional fatigue loads [26]. The
division of the microtab into different sections over the span of the
blade and the control of the tab deployment speed can guarantee a
more precise control on the rate of the change in the lift force so
that it can be forced to be more gradual.

3.5 Torque and extracted power

Although this paper focuses on load alleviation using L-S
microtab, it is important to check the effect of such an approach on
the torque and the extracted power by the rotor.

As demonstrated in Section 3.4, the presence of the tower
creates fluctuations in both the speed and the orientation of the
upstream flow. This consequently causes alterations in both the lift
force and the angle of relative wind (φ: the angle between relative
wind and rotor plane). As these are the two main factors defining
the torque exerted by the rotor on the shaft, the tower shadow has
an important influence on the torque and the extracted power.

Assuming the case of the rotating blade in Section 3.4.1; by
using the data for the NACA0021 profile carried out by Sheldahl
and Klimas [21], and applying the simulated results for the flow
angle and the wind speed (Fig. 11), the torque exerted by a single
blade is calculated and is shown, with a blue dashed line, as shown
in Fig. 15. The effect of the tower presence on the torque is
obvious and it is greatest when the blade is aligned with the tower
(ψ  = 180°).

Now assuming an optimum active flow control system, based
on L-S microtab, where the alterations in the lift force over ψ  are
flattened with proper deployment and retraction of the tab (lift
force is considered constant); the torque is recalculated again and
the results are shown, on the same figure, with a red continuous
line. It is clear from the figure that the use of the microtab
mitigates the alterations in the torque as it is only now the
fluctuations in φ that cause the variation in the torque.

The extracted power for three different situations (i) tower
excluded, (ii) tower included with deactivated tab and (iii) tower
included with activated tab is calculated for a three-bladed turbine
over one complete rotation of the rotor. The results are shown in
Fig. 16 as normalised power (the extracted power divided by the
power from the no-tower case). Results show a drop around 7% in
the extracted power at three azimuthal angles (60°, 180° and 300°),
this is known as the 3p oscillations and it is of great importance in
terms of grid power quality [7]. As shown, the activation of the L-S
microtab had led to an improvement in the extracted power, where
the drop decreased to around 3%. It can be concluded that, with
proper implementation and operation, the L-S microtab does not
only mitigate the fluctuations in the aerodynamic loads acting on
the blade, but also reduces the alterations in the extracted power.

3.6 Large-scale wind turbine

The current study clearly shows that deploying a flow control
lower surface microtab can effectively mitigate the fluctuations in
the aerodynamic loads caused by the tower shadow effect in a wind
turbine scale-model.

As the principle of the microtab works at high Re [27], this
study can be extendable to real scale wind turbines, where, with
careful analysis of the tab height and location, an optimum flow
control system can be designed to reduce the aerodynamic loads
fluctuations acting on the rotor of the wind turbine.

Fig. 14  Lift force real-time measurements with microtab activated
 

Fig. 15  Resulting torque exerted by a single blade
 

Fig. 16  Resulting normalised power and 3p oscillations due to the tower
shadow effect
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Overall, the limited dimensions of the microtab and the low
power required for its activation can be a major motivation for its
use in real wind turbines. Moreover, local actuators can be used to
deploy and retract it. The required voltage for the actuation of the
microtabs can be distributed through a slip ring similar to what was
done by Matsuda et al.[28].

4 Conclusion
An active flow control microtab has been tested in the wind tunnel
under steady flow conditions. Results showed that the deployment
of an L-S microtab with a height equal to 1% of the profile chord
produces enhancement in the lift coefficient with variable intensity
depending on the angle of attack and the wind speed.

The tower shadow effect was reproduced for an upwind blade
configuration in a series of wind tunnel experiments using a setup
that mimics the aerodynamic load variations on the blade of the
wind turbine when it passes the tower. The influence of the tower
on the surrounding flow field was investigated using CTA for wind
speed measurements and tufts for flow visualisation purposes.

Results showed that during the passage of the tower behind the
blade, the alterations in the lift force are mainly caused by the
alterations in the flow angle, while the effects of the decrease in the
wind speed are minor.

A tower shadow model was constructed based on the potential
flow theory. The lift force acting on the blade was simulated using
the model and it showed high compatibility with experimental
results validating the applicability of the setup.

A lower surface microtab was seen to mitigate the fluctuations
in the lift force caused by the interaction between the blade and the
tower of the turbine. We have shown that in the case of an upwind
blade, the tab is effective and has, partially, the ability to reduce the
dynamic loads on the blade. With activated microtab, the total
change in the lift force was reduced by 48%.

The tower shadow model was used to check the effect of this
approach on the extracted power. It was found that, with optimum
control of the lower surface microtab, the 3p oscillations in power
can be reduced by a factor of 2.
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