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Quantifying trailing edge flap control capability on wind
turbines in a controlled environment
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As wind turbine diameters continue to increase, the cyclic loading experienced by the
turbine blade due to wind shear and yaw misalignment increases dramatically hindering the
development of larger more efficient turbines. Based on current literature, controlling a section
of the trailing edge of the turbine blade was found to reduce cyclic loading. To quantify the
load control capability of a trailing edge flap (TEF), an experimental rig was designed to
evaluate a TEF on a 3.5 m diameter wind turbine operating under different tip speed ratios,
yaw angles and blade pitch angles inside a large wind generation facility. The TEF was tested
at two different spanwise locations r/R=0.66 and 0.82. The instrumented blade was capable
of measuring rotor torque, flapwise/edgewise blade root bending moment, and normal force
coefficient at two different spanwise locations r/R=0.66 and 0.82. The experimental results
show that the use of a TEF was capable of manipulating the normal force coefficient by 40%
and the flapwise bending moment by 20%. The relationship between the TEF angle and both
blade bending moment and normal force coefficient was linear for all the cases tested. The
results also show that when the TEF was centered at r/R=0.82 it could control the turbine
loading more effectively. The results presented here prove that the TEF is capable of reducing

cyclic loading on wind turbine blades.

Nomenclature

= angle of attack, deg

= trailing edge flap angle, deg
= blade pitch angle, deg

= yaw angle, deg

= tip speed ratio

= azimuth position, deg

= a constant function of airfoil geometry
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CL = coefficient of lift

C, = normal force coeflicient

Cp = coeflicient of pressure

Mpw = blade root flapwise moment, Nm
Mgw = blade root edgewise moment, Nm
c = airfoil chord, m

r = radius of a point on the blade , m
R = blade tip radius, m

STD = standard deviation

TEF = trailing edge flap

TE = trailing edge

LE = leading edge

I. Introduction

Wind energy, an established renewable source of energy, has realized significant growth over the last several
decades mainly due to substantial innovation in turbine design that has been able to increase energy production while
simultaneously reduce wind farm costs [[1]]. Recent trends show that the size and diameter of wind turbines have been
steadily increasing over the years, partly driven to decrease cost and capture more energy [2, 3]. One of the main
problems that arises as the wind turbine rotor diameter increases is due to the environmental operating conditions. It is
understood that wind turbines spend most of the time in a relatively unsteady flow environment caused by many factors
including wind shear and yaw misalignment to name a couple [4} 5]. Wind turbines experience yaw misalignment
between the rotor axis and the wind direction on a regular basis because the rotor is not always capable of following
the continuously changing wind direction. Therefore turbines spend most of their time in yawed conditions. Also, in
recent years, wind farm operators have been considering intentionally yawing turbines to redirect the wake away from
downstream turbines to increase the efficiency of the entire wind farm [[1,16} [7]. A yawed turbine causes a significant
increase in fatigue loads at the blade root and that hinders operators from actively pursuing wake redirection. Yaw
misalignment also causes flow unsteadiness and that in turn leads to load fluctuation on the blades causing material
fatigue while decreasing the lifespan of the blades. In general, even though static loads could be higher than these load
fluctuations, the latter tends to be more problematic due to material fatigue and fatigue life governs the design factors for
larger wind turbines [3]. As the blades get longer, the load fluctuation at the root increases substantially causing higher
material fatigue levels. Thus more research should be aimed at finding new techniques to reduce load fluctuation and

cyclic loading.



Many research groups have been focusing on developing active aerodynamic modification techniques to reduce load
fluctuation and material fatigue. Active modification of the blade shape, also known as ‘Smart Rotor’, could lead to cost
reduction of the blades, towers and drive train [3]]. This would enable the industry to build larger wind turbines using
less material in the blade design, making them lighter and increasing the operational-life expectancy of the rotor thus
reducing levelized cost of energy [8]. Active blade modification would be based on information obtained from different
sensors embedded in the wind turbine that measure blade loading. The recent "Grand Vision for Wind Energy" by
Dykes et al. [1] identified key challenges that must be addressed to realize the future potential of wind power. One of
the many opportunities discussed was advances in active aerodynamic control and remote sensing that could reduce
cyclic loading on the turbine. This will enable future blades to be even longer, lighter and most importantly reducing the
fatigue levels of the blades while still adhering to the safety standards required. In summary, developing wind turbine
load reduction techniques could increase the power produced by the turbine, reduce the capital and maintenance cost
while prolonging the lifespan of the system.

Different blade cyclic load reduction strategies have been developed previously such as leading edge blowing or
suction, synthetic jets, leading edge plasma actuation, vortex generators and trailing edge flaps (TEF). Barlas and van
Kuik [3] summarized and reviewed the different control strategies mentioned to reduce blade fatigue loading. TEF was
found to be the most efficient of the control strategies tested because of its control capability over the coefficients of lift
and drag, linearity, high frequency response and their simplicity of use. In comparison, they found: microtabs are less
efficient for detailed load control due to their on-off characteristics; camber control is expensive, complex to design, and
has high power consumption; and boundary layer strategies are limited by their control capability. Samara and Johnson
[9}[10] investigated the use of a TEF to reduce the load fluctuation on a pitching 2D airfoil in a wind tunnel. They found
that the TEF was capable of reducing the cyclic fluctuation in the coefficient of lift and root bending moment by at least
26% and 24%, respectively. Moreover, a similar experimental blade setup will be utilized in this experiment on a full
scale wind turbine. Samara and Johnson [11] briefly studies how the TEF influences average wind turbine loading. In
this article, time resolved turbine loading is presented versus azimuth position.

Abdelrahman and Johnson [12] investigated the influence of TEF on a 3.4 m diameter wind turbine in a controlled
environment. The TEF occupied 20% of the chord and 15% of the 1.7 m long blade. The TEF was placed at different
locations along the blade radius and the results showed that the TEF influence over blade load control is largest when it
is located at r/R=0.89 (where r is the radius of a point on the blade and R is the blade tip radius). When deflecting the
TEF angle (af) to +15° and -15° at #/R=0.89, the blade root flapwise moment (M ) changed by -15% and +20%
respectively. It was concluded that the relationship between ar and Mgy was relatively linear except the fact that —af
had a larger control capability than +aF. Even though the experimental campaign was successful, a few key parameters
were missing: the TEF was not automated and it was deflected manually, the data acquisition system was not capable of

phase averaging the data to study load fluctuation with azimuth and more importantly surface pressure measurements



were not measured.

Berg et al. [13H17] designed, fabricated and tested a TEF on a utility-scale wind turbine with a blade length of 9
m. The TEF, designed to have a deflection of +20°, occupied 20% of the chord and 20% of the blade span between
r/R=0.78 and /R=0.98. The results showed that the TEF was capable of decreasing the blade cyclic load fluctuation by
20%. The power from the wind turbine for different flap angles was compared to the unmodified wind turbine blades
and the results show power output changed with flap angles for all wind speeds. This utility-scale test lacked surface
pressure measurements along the blade and active control of the TEF to reduce load fluctuation. The study was mainly
aimed at the design and mechanical components of the TEF and less on the aerodynamic aspects.

Miller and Quandt [[18] designed and conducted a series of experiments on a full scale instrumented wind turbine to
test the capability of a TEF in attenuating structural loads and increasing wind turbine efficiency in unsteady conditions.
Based on the results they found, the normal force coefficient could be reduced by as much as 0.6 when the TEF is
deflected to an extreme value of +90°. They then suggested that the TEF could be used to assist the pitch control of
utility-scale turbines. That would reduce the stress and maintenance cost on the pitch system and that could offset the
cost of TEF.

Andersen et al. [19] numerically simulated a wind turbine with a TEF to find the optimal location to place the flap
where it could reduce load fluctuation the most. They concluded that depending on whether the blades are stiff (rigid
in structure) or elastic (allowing the blade to slightly deform under load) the TEF should be located at /R=0.94 and
1/R=0.71, respectively. Usually beyond 90% the tip losses would dominate and the TEF is ineffective in that region.
This would indicate that the ideal location for the TEF is dependent on the elasticity of the blade and in the current study,
the blade is elastic because the blade did deform under load according to Samara [20]. Thus, according to Andersen et
al., placing the TEF around /R=0.71 is ideal and in this study the TEF was placed at two /R locations: 0.66 and 0.82.

Based on the literature review, there is a need to validate and calibrate the control capability of a TEF on a wind
turbine blade in a controlled environment. Controlled experimental wind tunnel testing of scaled models has been used
in the past to provide valuable turbine performance information to the research community. Two key scaled studies
of the aerodynamics of wind turbines are the "Unsteady Aerodynamics Experiment Phase VI" project [21] and the
"Mexnext MEXICO" project [22] on a similar scale to the research presented here. The latter two studies did not cover
TEF but showed that wind tunnel testing could provide valuable insight into the aerodynamics of wind turbines. Wind
tunnel testing did not exactly replicate full scale and field testing, but both worked in synergy towards the goal of
delivering validated and calibrated data. In wind tunnel testing, it may be possible to perform measurements and obtain
databases which might not be feasible at full scale. It is usually impossible to exactly match all the relevant physics
between the scaled model and full scale due to limitations in scaling conditions. That being said, Canet et al. [23]]
argued relevant key aspects of the steady and unsteady response of the rotor can be indeed matched when up-scaling.

They provided an in-depth analysis about how scaling influences the physics of the scaled model. In most instances the



Reynolds number cannot be matched when scaling down a wind turbine and according to them that is not a problem.
When scaling down, the airfoils used to build the blades are different and are optimized to the scaled-down low Reynolds
number. Canet ef al. [23] showed that using this strategy, scaled rotors can confidently draw insight into large model
full scale rotors. Bottasso et al. [24] both showed that testing scaled down wind turbines in wind tunnels do in fact
provide insight about the aerodynamics on full scale wind turbines.

Experimental data on a full scale instrumented turbine with a TEF are scarce particularly in a controlled environment
(wind tunnel testing). The experimental data provided here provides important information to improve aerodynamic
understanding of a wind turbine equipped with a TEF. Having a complete and comprehensive set of experiments helps
to shed some light on how a TEF manipulates rotor power, total blade loading and forces on a small blade segment.
Furthermore, the experimental data will be an excellent resource for modelers to develop new models to simulate TEF

on a wind turbine or to validate existing models.

A. Objective and Contributions

Based on the introduction, one could then understand the benefits of active aerodynamic control including reducing
load fluctuation and fatigue levels on the blades. To do so, a solid understanding of how a TEF influences rotor loading
when the turbine is operating under different conditions must be achieved and that is the main aim of this study. The
objective is then to study how deflecting the TEF to fixed angles influences rotor torque, blade root flapwise bending
moment (Mfgw ), normal force coeflicient (C,,) and chordwise coeflicient of pressure (C)) at 1/R=0.66 and 0.82. These
variables are measured and presented for different turbine tip speed ratios (1), blade pitch angles (83) and different rotor
yaw angles (y). The contribution of this study is in its experimental setup, multiple load measurement techniques and
comprehensive test matrix in a controlled wind generation facility. Surface pressure measurements on a rotating blade
equipped with a TEF have never been presented before thus providing new insight on how the TEF influences the
aerodynamics around the blade. The fixed TEF angle database presented here could then be used to design a control

strategy to reduce load fluctuation on a wind turbine and achieve active aerodynamic control.

I1. Background and Theory
The most basic TEF is achieved by hinging the trailing edge (TE) about a point typically located between 0.7 to
0.9 of the chord. When the flap is deflected towards the pressure side (negative angle as illustrated in Figure [I)) the
coefficient of lift (Cy) increases due to the increase in camber of the airfoil. The opposite is true when the flap is
deflected towards the suction side [25]].
Thin airfoil theory has been used to predict the influence of TEF on the lift coefficient (C ) and is described in more
detail by Houghton and Carpenter [26]. Changing the flap angle is similar to modifying the camber of an airfoil and

thus thin airfoil theory could be used to develop an equation for flapped airfoils. More detail about the development of
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Fig. 1 A sketch illustrating the airfoil and angle of attack (o) and TEF flap angle (o) sign convention along
with the positive pitching moment and free stream velocity (U.,)

the equations and an in-depth analysis could be found in Houghton and Carpenter [26]. The modified equation derived

to predict C, for different flap angles is:

Cp =2na+2(n—{+sind)ag (1)

where { is a constant that is a function of airfoil geometry and « is the angle of attack. The first part, 2ra, accounts for
the effect of the geometric angle of attack while the second part accounts for the camber and flap angle (@) of the
airfoil. The change in C;, due to the flap could then be obtained from Equation (T]) but with a limited accuracy. As with
any equation derived from thin airfoil theory, the viscosity effects that are particularly prominent close to the TE are not
accounted for by Equation (T). The theory also is limited to small @ and small ar thus experimental data are needed to
obtain data at larger angles. The main conclusion to be drawn here is that the relationship between Cy, and aF is linear
as long as the flow over the airfoil is attached.

Miller and Quandt [[18] found that the TEF was more effective at controlling the aerodynamic loads in wind tunnel
testing (2D infinite span) than in 3D testing where the blade is rotating. They attributed the difference between the 2D
airfoil and the 3D blade to the fact that a new shed vortex is formed at the TE between the unmodified blade and the
TEF section as shown in Figure 2] They suggested that this vortex was capable of significantly reducing « leading to a
reduction in blade loading and performance. They also suggested that the load reduction could wrongly be attributed
to the TEF aerodynamics when, in fact, it is occurring on the inboard section of the blade. They did not provide a
quantitative effect of this newly formed vortex. Abdelrahman and Johnson [12] also suggested that the new vortex
formed at the TEF/blade interface is similar to the tip vortex created at the tip of the blade that induces a decrease in @

on the inboard (towards hub) segments of the blade.
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Fig. 2 The location of the newly developed vortex at the TEF where it reduces the effective « at the inboard
section of the blade. Adapted from [18]].

IT1. Methodology and Verification

A. Experimental Setup

The experimental campaign was conducted at the Wind Generation Facility operated by the University of Waterloo.
It is a large scale open circuit wind tunnel with a test area of 15.4 m wide and 7.8 m high. The maximum achievable
wind speed is 13 m/s but more importantly the blockage ratio is around 7% and the turbulence intensity is around 8%.
The fully instrumented upwind horizontal-axis wind turbine with a 3.5 m diameter, shown in Figure 3] was used to
measure the loads at three different locations on the turbine. First, the torque sensor in the drivetrain in the nacelle was
used to measure the torque generated by the entire rotor. Second, strain gauges at the root of the blade were used to
measure the flapwise (Mrw ) and edgewise (Mgw ) root bending moment. Finally, 27 differential pressure transducers
located inside the blade profile were used to measure the the differential pressure between the suction and pressure
side of the airfoil at the same chordwise location simultaneously. More details about this technique and how it was
successfully validated could be found in Samara and Johnson [9]. The surface pressure taps were located at the center of
the TEF as seen in Figure 3] and four of the taps were located on the flap itself. By integrating the surface pressure
measurements, the normal force coefficient (C, ) was obtained. The 3.5 m diameter rotor consists of one aerodynamic
blade and two thin counterweight cylinders (19 mm in diameter). Abdelrahman and Johnson [12]] used a similar setup
and found that even though the induction is reduced due to the use of one aerodynamic blade, the insight drawn from the
single bladed turbine could be extended to the three bladed turbine. The aerodynamic blade is composed of an S833
airfoil with a constant chord of 178 mm and a constant pitch of 8 = 6°. The single-bladed turbine has only one TEF
section that occupies 22% of the 1.47m aerodynamic blade or 19% of the 1.77m rotor radius. Since the blade design

is modular, the TEF center section could be placed at two /R locations, 0.82 and 0.66. The TEF blade section was



manually moved from one location to the other. When the TEF is centered at /R=0.82, the flap is located between
r/R=0.73 and 0.91. On the other hand, when the TEF centered at r/R=0.66, the flap is located between r/R=0.56 and
0.75. All the mentioned measurements were collected simultaneously and in time-resolved fashion so the data could
be phase averaged and presented versus azimuth position (). This was achieved through the custom integrated data
acquisition (DAQ) system placed in the rotating hub and it was capable of sending the measured data from the sensors
wirelessly to the stationary computer. A custom built pitch control and trailing edge flap (TEF) control were used
to automate the position of the blade pitch and TEF angle remotely from the control room. Both systems were also
designed to actuate the pitch and TEF in real time to mitigate turbine loads in unsteady conditions and these results will
be presented in the future. Details about the experimental setup have been intentionally reduced here because the setup
has been discussed in more detail by Samara and Johnson elsewhere [[11}, 27].

To assess the error associated with the experimental results presented, uncertainty analysis was conducted. The
maximum uncertainty in the flapwise (Mrw ) or edgewise (Mgw ) root bending moment was calculated to be +0.5% of
the measured value. The rotor torque measurements had a maximum uncertainty of +0.3% full scale or +0.6 N.m. The
average representative uncertainty in C,, was calculated to be +0.069 and error bars are used in the results to show the
uncertainty at each data point. Uncertainty in AC), was calculated to be £0.085. The uncertainty was based on the error
in the pressure transducers and wind tunnel velocity. The uncertainty in @ and TEF angle is +£0.1° and +2°, respectively.

Further details regarding the uncertainty analysis could be found in Samara [20].
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Fig. 3 3D model of the wind turbine assembly showing the main components

B. Test Matrix

A comprehensive test matrix was developed to understand how the TEF influences blade aerodynamics. Two yaw
angles, ¥ = 0° and 30°, were chosen to simulate steady and unsteady wind turbine aerodynamics. The unsteady case was
used to determine how the control capability of the TEF changes when the blade is operating in stall. Two blade pitch
angles (8= 3° and 6°) and three different tip speed ratios (1 = 3.5, 4.2 and 5) were tested to study TEF aerodynamics

while the turbine is operating under different conditions. These A values were also chosen to match the experiments



conducted by Gallant and Johnson [28]] and Abdelrahman and Johnson [12]. The flap angle, @, ranged from -20° to
20° in steps of 10° to study the load control capability of the TEF. The TEF was also evaluated at two different spanwise
locations (r/R=0.82 and 0.66) to study how the change in TEF location influences blade loading, provide a second
data set and to determine which of the two locations is more efficient for the TEF to alleviate cyclic loading on the
blade. The combination of all the variables tested is equivalent to 120 individual experiments. This large number
measurement campaign matrix provides more detailed insight into wind turbine aerodynamics under a wide range of
operating conditions.

The complete set of experiments are not all reported here. Out of the 120 tests conducted, only the most interesting
and informative cases are plotted. To better understand and more effectively highlight the TEF impact, a matrix was
created grouping the different tests into 5 cases and they are listed in Table[I} For Case b.R2, the TEF was deflected to
large angles of +80° to study how a TEF could force the blade section to stall and how that influences blade loading.
The influence of TEF on a non-yawed wind turbine under different wind speeds and blade pitch angles is presented first
followed by the same set of conditions but on a yawed turbine. The three variables that are studied and plotted against
azimuth are: rotor torque, flapwise root bending moment (M gy ), normal force coefficient (C,,) and surface pressure

coeflicient (AC),). The figure reference link in the table is added for organizational purposes.

Table 1 Test matrix for steady flap angle for different wind turbine operating conditions

Case 1 B(°) Llj(};:(:l;t’;{)i ap(®) v(°)  Variables Presented Figure Reference
a 5 6 0.82 [-20:10:20] 0 ATorque, Mrw, Cy, Figure IZl

bRl 35 3 0.82 [20:10:20] 0 ig‘;}rque’ Mrw. Cn Figure 5| and[]
bR2 35 3 0.66 [-80:20:80] 0 acvne}rfgz{cf"rque’ Mrw, Figure[8|and o
¢ 35 3 0.82 [-20:10:20] 30 ﬁfque’ Mrw Cn. Figure[10]and 1 1

For all the plots presented in this study, rotor ATorque is plotted instead of rotor torque to highlight the torque
generated by the single-blade and eliminate the measured drag generated by the counterweight cylinders. Rotor ATorque
is the difference between the measured torque with no wind and the measured torque when the wind speed is set to the
desired speed. The measured torque with no incoming wind is 29 Nm when the turbine rotation is set to 200 rpm. This
means that if ATorque is greater than 29 Nm then the rotor torque is positive but if it is less than 29 Nm then the rotor
torque is negative and the motor in the nacelle is driving the rotor. Since ATorque in all the cases presented is less than
29 Nm, this indicates that the single-bladed rotor is not capable of providing sufficient rotational force to overcome drag

and other losses (like the gearbox and bearing) at the specified rotational speed.



IV. Results
This study focuses on developing an understanding of how the TEF influences wind turbine loading under different
blade pitch angles, yaw angles, tip speed ratios and /R locations to simulate different operating conditions. The results
here are compared to other experimental work when data is available. First, for Case a, a set of plots are presented to
show how the wind turbine performance parameters change with fixed flap angles for a non-yawed turbine representative
of steady conditions. The TEF was then tested at two different spanwise locations #/R=0.82 and 0.66 (Case b.RI and
b.R2) to find which of these two locations is better at controlling wind turbine loading. Finally for Case c, the same set

of plots are presented for a yawed turbine to study how the TEF control capability changes in yawed conditions.

A. Yaw=0° Flap at r/R=0.82

Case a is presented first where the turbine performance parameters are plotted against azimuth (%) in Figure [4]
where 8 = 6°, ¥y = 0°, A=5 and the flap is centered at /R=0.82. All the variables presented are phase-averaged from
1000 cycles into bins of 5° and all data is plotted with only every 4™ data point marked with a symbol for clarity. Error
bars were added for the Mrw and C,, plots only because the error in ATorque was found to be negligible due to the
low instrumentation error and high number of data points collected. The error bars in the Mgw plots are very small
indicating that the error could be ignored. The error bars in the C,, plots are significant because of the precision error
(small) and unsteady flow events. A dynamically stalled blade causes a significant variation in measured parameters that
could manifest itself in the error bars plotted. Focusing on the ATorque measurements in Figure|4al o = —20° slightly
increased rotor power by 4.4% while ar = 20° substantially decreased rotor power by 19.5%. Apart from the change in
lift coefficient as the flap angle changes, the drag coefficient (Cp) plays an important role in determining rotor torque.
Abbott and Von Doenhoff [29] in a 2D flow study showed that +a increased Cp significantly but —ar has only a slight
impact on Cp. This explains why +ar caused a significant reduction in ATorque because of the higher drag coefficient
created by the TEF blade segment. Berg et al. [17] reported similar findings on a utility-scale turbine for the same flap
angle deflections and for the same A. They found that for high A values, —aF slightly increased turbine power output
while +aF significantly reduced power output. This shows that positive power augmentation from —ar angles is very
useful in low wind speed conditions because it increases the power production of the wind turbine.

The blade flapwise moment, Mry , is presented next in Figure db] where +a reduces blade loading while —ar
does the opposite. The increase in Mpw for all the presented cases at iy = 85° and ~ 270° is due to the small spatial
variation in wind speed in the large wind facility. This non-uniformity has been characterized and observed by Gallant
[30] and McKinnon [31]] and is present in all subsequent Mpw — ¢ plots. The change in Mpw for ar = —20° and 20°
relative to 0° is +19% and -22%, respectively. The control capability of —aF is then found to be slightly lower than
the control capability of +ar due to the upper limit in the lift coefficient and the tendency for the airfoil to stall for

high —aF values. Berg et al. [17], measuring only Mpw and not C,,, found a similar trend in their data. This effect is

10



also seen in the C,, plots in Figure[dc| where the change in C,, for ap = —20° and 20° relative to 0° is 36% and -39%,
respectively. A more detailed discussion about the difference between +ar and —ar follows the presentation of Figure
[l There is a larger change in C,, than in Mpw because the latter measures loading on the entire blade where the TEF
only occupies 22% of the blade span, while C,, measures the local forces at the midspan of the TEF segment. The slight
variation in C,, — ¢ is due to the small spatial variation in wind speed in the large wind facility that was also seen in the

Mpw — ¢ plot. In all cases, this slight non-uniformity appears in the same location.
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Fig. 4 Turbine performance for various oy for Case a where g = 6°, vy = 0°, 1 = 5 and the flap is centered at
r/R=0.82. All data is plotted with only every 4™ data point marked with a symbol for clarity.

To study how the blade pitch and wind speed change the flap control capability, Case b.R1 is presented in Figure 3]
where S decreased from 6° to 3° and A decreased from 5 to 3.5. Figure|5ashows that there was no increase in ATorque
at all for —ar but for positive angles the same reduction shift is still present when compared to Case a. This result could
be due to the larger forces experienced by the rotor when the wind speed increased. Decreasing the blade pitch from 6°
to 3° also forces a larger section of the blade to stall, significantly increasing the drag coefficient. The results from Berg
et al. [17] also show that at lower wind speeds, —af slightly increases rotor power but for higher wind speeds there is

no change in rotor power. As mentioned above, the data collected here, from a scaled down wind turbine tested inside a

11



wind tunnel, showed a very similar behavior to the data collected from the Berg et al. [17] full scale wind turbine tested
in the field. This would indicate that the physics obtained from a properly scaled-down wind turbine can indeed be used
to obtain insight about full scale turbines as in this case. Although wind tunnel testing cannot exactly reproduce full
scale results nor replace field measurements, it does play an important role in validating the control capability of the
TEF on a full scale wind turbine.

From the Mpw and C, data (Figures @ and , similar conclusions can be drawn. The absolute shift in value
of these two variables for different @ angles did not change (within uncertainty limits) from Case a to b.R1 but the
percentage change did differ. A more detailed comparison between Case a and b.R1 is presented next in Figure [6]
Another important observation to note is that the TEF shifted the turbine loading for the entire cycle and all azimuth
positions equally. This observation demonstrates that the methodology used to collect turbine performance parameters

is reliable and repeatable even though some of the data were collected on different days.
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Fig. 5 Turbine performance for various o for Case b.R1 where 8 = 3°, y = 0°, 1=3.5 and the flap is centered
at r/R=0.82. All data is plotted with only every 4™ data point marked with a symbol for clarity.

To better understand how ar influences the aerodynamics of the blade and how it compares to a 2D airfoil section,

Figure 6] plots the percentage change in Mpw and C,, relative to ar = 0°. The 2D static wind tunnel experimental data
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for the S833 airfoil with the same TEF dimensions has been obtained from Samara and Johnson [9]]. Both plots clearly
show that the C,, and Mpw percent change versus ar slope decreases as the wind speed increases or § decreases (going
from Case a to Case b.R1). This change in slope occurs because the aerodynamic loading on the turbine increases
with the latter two variables. The TEF could manipulate loading by a certain amount and that change in load is not
influenced by a change in A or 8. So when turbine loading increases due to the latter two variables, the influence of the
TEF decreases because the change in load due to the TEF becomes less significant. The control capability for —aF is
less than that for +ar due to the upper limit in the lift coefficient and the tendency for the airfoil to stall for high —aF as
discussed earlier and is seen on the turbine blade and 2D static cases. Abdelrahman and Johnson [12] conducted a
similar experiment on the same single-bladed turbine using the same airfoil and dimensions but they only reported
cycle-averaged values for Mpw . One of the main differences between their experiment and this experiment is the added
value of phase-averaging (plotting the data versus i) of the current data and collecting surface pressure measurements
to obtain C,,. Their results are also plotted in Figure[6|for comparison. The trends in their data align very well with the
data collected in this experiment. This increases confidence in the data and conclusions made. Some of the differences
between the two experiments could be due to the location and length of the flap or experimental uncertainties. The flap
length they used was 0.25 m centered around 7/R=0.89 whereas the flap length reported here was 0.33 m, centered
around /R=0.82.

Another important note to emphasize is that the relationship between Mrw — ar and C,, — aF data is nearly linear
as evident in Figure[6] This was expected based on the discussion in Section [l and Equation (T) which shows a linear
relationship between Cy, and ar. C, and Mpw on a wind turbine are not influenced solely by the TEF but also by the
vortices formed and shed at the trailing edge of the TEF-blade interface as explained by Miller and Quandt [[18]] and
shown in Figure [2] from Section[[I} The newly formed vortices reduce the effective a on a small section of the blade
thus reducing overall blade loading. This reduction could explain the smaller slope in the Mgy percent change data
presented in Figure [6] particularly for —ar. This argument was also reported by Abdelrahman and Johnson [12].

To study turbine loading at a macro scale then it is sufficient to study Mgy . If there is a need to study the blade
loading at a specific span-wise blade segment, then it is sufficient to study C,,. To study the turbine loading at a local
scale, then it is important to study how the TEF changes surface pressure in the chordwise direction. To do so, a contour
plot is used to present AC), for ar = —20° and 20° in Figure As expected, AC,, is uniform versus azimuth () apart
from a few variations due to flow non-uniformity. This non-uniformity and trend was also seen in the C,, plots in Figure
Another interesting aspect of these plots is that the flap has more influence over AC), close to the TE than the
LE. This is aligned with the results and conclusions made from the 2D static results in Samara and Johnson [[10]. All
the isobars are shifted towards the TE as ar decreases indicating that the flap does influence the aerodynamics along
the entire chord length of the blade. In both contour plots, higher values of AC,, are concentrated at the leading edge

indicating that the blade segment at /R=0.82 is not stalled. In Figure b, there exists a +AC), region as indicated by the

13



50 30

—e-Case a ——Case a

40 —=Case b.R1 20 ——Case b.R1
——2D Static —-=-2D Static
O Case a (*)

O Case b.R1(*)

C ; % Change
MFW(N.m) % Change
[}

-20

-30

-20 -10 0 10 20
(<] o
o ) o )
(a) % Change in C,, (b) % Change in Flapwise Moment (out of plane)

Fig. 6 Percentage change in a) C,, and b) Mg relative to ar = 0° for Case a and b.R1 versus oy where the
flap is centered at r/R=0.82. (*) refers to experimental data points from Abdelrahman and Johnson [12].

isobar marked in white dashes at x/c=0.82. This occurs because as af is deflected to 20°, it creates a region around

the flap hinge where the pressure is positive on the suction side of the airfoil. When ar = —20° the mentioned region

—20
360
300
240
180
120
60
0 0

0.1 02 03 04 05 06 07 08 0.1 02 03 04 05 06 0.7 08
x/c x/c

disappears so do the +AC), values.

2

F=-20

M'U

360
300

I

o
=
(e

w

Azimuth (°)
z
[\

[\
o

D
(=R -l
=

Fig.7 Contours of —~AC,, versus x/c versus i at r/R=0.82 for a) ar = —20° and b) ar = 20° for Case b.RI where
A1=3.5,7=0°and 8 = 3°. The isobars on the plot represent constant —~AC,, values=[0 0.51 2 3 4 5]. The isobar
of AC,, = 0 is marked in white dashes.

B. Yaw=0° Flap at r/R=0.66

In this section the flap location has been moved from r/R=0.82 to 0.66 to study how changing the flap location
influences blade loading. From the previous section, it was concluded that the load variation with azimuth is negligible
when y = 0°. For this reason, the turbine performance parameters were averaged for the cycle and are plotted versus ap
and not versus azimuth. As a result of this plotting approach, different cases could be presented and compared in the
same plot. The three performance parameters presented in Figure 8 are for four distinct cases identified in the plot

legend where y = 0° and A = 3.5. The red and black lines represent 8 = 3° and 6° respectively, while the solid line
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and the dotted line represent /R=0.66 and 0.82, respectively. For all the cases presented, ar ranged from -20° to 20°
in steps of 10° but for #/R=0.66 and S = 3° (Case b.R2) additional af are presented for -80° to 80° in steps of 20°.
Data for the extended ar range was collected to investigate how extreme large ar influences turbine loading. The two
main discussion points are: how varying the TEF location changes its control capability; and how deflecting the flap to
such high angles influences blade loading. First, ATorque is presented for the four cases in Figure[8a] Based on the
ar range of -20° to 20°, there is no clear trend or relationship between ar and ATorque. The relationship is highly
dependent on A as seen in Figures 4] and [5]and is also dependent on 3 and /R as seen in this figure. From the data
discussed so far, it could be concluded that ar influence over ATorque is not linear and the relationship is dependent on
multiple external factors such as blade stall. A similar conclusion was also made by Samara and Johnson [11]], which
showed that the TEF was not capable of controlling rotor torque as effectively as blade pitch. Beyond ar = +20°,
ATorque diminishes for both extended ar ranges because large values of @ f increase the drag coeflicient at the blade
section. Positive ar produced the smallest ATorque values because the flow over the TEF blade section is severely
stalled, significantly increasing the drag coefficient. Abbott and Von Doenhoff [29] in a 2D flow study clearly showed
that +aF does lead to higher drag coefficient when compared to —ar and that in turn leads to lower ATorque values.
When ar = 80°, ATorque is reduced by 31% and there should be an even greater reduction when the TEF /R center
increases to 0.82 because the moment arm and the velocity relative to the blade segment both increase making the drag
force even larger and the lift force smaller. Johnson et al. [32] experimentally found that the highest power production
area (area producing the most torque) is located at #/R=0.77 for the different cases they tested. This also indicates that
the TEF centered at 7/R=0.82 (flap located between #/R=0.73 and 0.91), is a better location to control ATorque than
when the TEF is centered at /R=0.66 (flap located between #/R=0.56 and 0.75). While not the focus of this study, the
results presented here show that the TEF has the potential to assist the pitch control of utility-scale turbines. By doing
s0, the pitch control system will then be used less often thus increasing its lifespan and decreasing its maintenance and
that could offset the cost of the TEF.

Second, Mgy is presented for the four cases in Figure[8b] Focusing on the operating range of ar = +20°, the plot
clearly shows that the relationship between @y and Mpw is linear for all 5 angles, tip speed ratios and even when #/R is
changed. When S decreased from 6° to 3°, the two Mpw data sets shifted upwards as expected but more importantly the
slope of the data did not change. This is significant because it shows that the TEF control capability is the same when
the turbine is operating under different conditions. Another important finding is that when #/R=0.82 the slope of the
Mpw — aF data for both 8 angles is steeper than /R=0.66. The Mrw /aF slope is equal to 3.6 Nm/10° when /R=0.82
and is equal to 2.2 Nm/10° when r/R=0.66 and that is equivalent to a slope reduction of 40%. This clearly shows that
when the TEF is centered at 7/R=0.82, the control capability is significantly greater than when the TEF is centered at
r/R=0.66. This was expected because Burton et al. [33]] and Hau [34]] both showed that the blade load per unit length in

the flapwise direction increases steadily up to #/R~0.92 where it is significantly reduced after that due to the tip loss
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effect. The Mrw magnitude is dependent on both the blade load and the moment arm. Since both of these variables
keep increasing up to /R~0.92 then it makes most sense to place the TEF as close to this area as possible. When the
TEF is centered at 7/R=0.82 (flap located between #/R=0.73 and 0.91), it controls the loading on the blade segment that
contributes most to My . On the other hand, when the TEF is centered at #/R=0.66 (flap located between »/R=0.56 and
0.75), it controls the loading on the blade segment that contributes less to Mrw . Beyond ar = +£20° range, the Mpw
trend is no longer linear and it tapers off with no significant change in Mrw . This non-linearity exists because C;, is no
longer linear outside the operating range and this is discussed in more detail after the C,, plots are discussed. Based
on the evidence presented so far, the relationship between ar and Mgyw is linear as long as oy = +20°. This is in
agreement with Berg et al. [17]], Abdelrahman and Johnson [12], and Samara and Johnson [9].

Finally, the C,, data is presented for the four cases in Figure Focusing on the operating range of ar = +20°,
the results are parallel to each other indicating a similar slope. This shows that the linearity between ar and C, is
independent of #/R location, 8 angle, and tip speed ratio. This was also expected because from the static results published

by Samara and Johnson [9]], it was concluded that the influence of the TEF on C,, is linear for the entire range of o and
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is not affected by the stall angle or other factors. Beyond ar = +20° range, the trend is no longer linear as seen in
Figure It is interesting to see that C,, keeps increasing as ar decreases even at extremely large —ar where it is
expected that the blade section will be stalled. At large +af, C, does not continue to decrease as ar increases. This
trend in the data is explained better by looking at the AC,, contour plots presented next.

Similar to the AC}, contour plots presented in Figure [/|for Case b.R1, Figure@] presents AC,, contour plots for ar =
[-80°, -20°, 0°, 20°, 80°] for Case b.R2 where A = 3.5,y = 0°, 8 = 3° and r/R=0.66. This provides a clear insight on
how the pressure distribution changes with 7/R location and for extreme @r. When comparing Figures[9]b and d to
Figure|/|where /R decreased from 0.82 to 0.66, the +AC), region present at ar = 20° is no longer present. This could
be due to a change in Reynolds number and « increasing from 8° to 11° when /R changed (« is obtained from Samara
and Johnson [33]]). For ar > —20°, there is no indication from the contour plots, in Figure[9] that the blade segment is
stalled since AC,, is concentrated at the LE. Differently, for ar = —80°, AC), is no longer concentrated at the leading
edge and AC), is significantly increased across the entire airfoil chord and this is indicative of stall. From the 2D static
results in Samara and Johnson [9], it was found that even though the blade is stalled, Cy, kept increasing similar to
what is found here in the C,, data in Figure[8c] Another interesting case is ar = 80°, where the flow is expected to
separate but AC), is still concentrated at the LE. For this reason, the trend in C,, tapered off in Figure |8c{for large ar.
The measurements do not provide enough information to conclude with certainty whether the flow over the blade is
stalled or not. What has been found is that 3D flow effects discussed in Samara and Johnson [35]] have a significant
impact on blade stall that typically leads to a less dramatic stall. More experiments and visualization are needed to study

the dynamics of stall on a rotating blade.

C. Yaw=30° Flap at r/R=0.82

Similar to Case b.R1 that was presented in Section[I[V.A] Case c is plotted in Figure[I0] for the same condition but
when the turbine is yawed. This way the influence of @ on yawed turbine aerodynamics is studied and compared to
the non-yawed cases. Case c also presents the opportunity to study how the TEF controls loads on a yawed turbine
operating at the onset of stall where 8 = 3° and 1=3.5. The azimuth variation in all three variables with respect to e is
very similar to what was found for the non-yawed turbine. This indicates that the TEF is capable of controlling turbine
loading in yawed and non-yawed conditions in a similar fashion. This is important because utility-scale wind turbines
spend the majority of their time in yawed conditions and it is essential for the TEF to attenuate cyclic loading in these
different conditions [[1]]. The data presented so far shows that the TEF is capable of equally controlling the load on the
turbine for different yaw angles, blade pitch angles, and wind speeds even when the turbine is operating at the onset of
stall and the load fluctuations are high. Examining Figure [I0] further, it could be seen that changing ar keeps the load
fluctuation magnitude and pattern about the same but the average load changes. It is concluded that changing ar does

not influence the possibility of stall contrary to what was found by Samara and Johnson [35] that a change in blade
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pitch, B, significantly increases the possibility of blade stall. This suggests that it would be best to keep S constant and
attenuate the loads using the TEF.

The contour plot in Figure@illustrates —AC,, versus x/c versus i for the minimum and maximum a7 when the
turbine is yawed similar to the contour plots presented in Figure[7] When comparing Figure[TT]a, ar = —20°, and[T1]b,
af = 20°, there is an increase in AC), across the entire chord of the airfoil, but the change in AC}, is more concentrated
around the TE region. Similar to what was discussed in the non-yawed Case b.R1, there is a +AC,, region created
around the flap hinge where the pressure is positive. This indicates that the flap is capable of significantly modifying the
moment coefficient about the quarter chord.

The main aim of this article is quantifying the capability of the TEF in manipulating turbine loading. This is the
first important step needed to determine how the TEF can alleviate cyclic loading on the turbine. Based on the results
obtained from Sections[[V:A]and [[VB] the TEF is capable of manipulating Mpw by +7.0 Nm and C,, by +0.25 . From
Section[IV.C} when the turbine was yawed to an extreme angle of 30°, the cyclic loading in Mpw and C,, was found to

be +23 Nm and +0.56, respectively. If the TEF motion was activated in such a way to reduce cyclic loading, then from
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the data just presented, it is expected for the cyclic loading in Mpw and Cj, to be reduced by 30% and 47%, respectively.
The mentioned cyclic loading reduction are estimates based on the data presented in this article. The current study
proves that the TEF is fully capable of reducing cyclic loading on a wind turbine operating under yaw. To accurately
measure the cyclic load reduction, then it is imperative to conduct experiments where the TEF is oscillating with the
aim to attenuate cyclic loading. Subsequent studies by the same authors will aim to publish a study to address how an

actively moving TEF can reduce cyclic loading based on the data presented here.

V. Conclusion
A unique set of data has been presented for different fixed trailing edge flap (TFE) angles (@) on an operating wind
turbine in a large controlled wind facility. Measured parameters such as ATorque, flapwise bending moment (Mgw )
and normal force coefficient (C,,) are plotted versus blade azimuth angle. The data is presented for a turbine operating
under two different blade pitch angles (5), three different tip speed ratios (1) and two yaw angles. The results showed

that —aF angles were capable of positively augmenting ATorque (turbine power output) in low wind speed conditions
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only and that is useful because the turbine power output is increased when it is typically producing less power. The
measured wind turbine data showed that the control capability of +aF is larger than the —aF due to the maximum limit
in C,, and the tendency of stall for high —@f. The data presented and analyzed here, from a scaled down wind turbine
tested inside a wind tunnel, showed a very similar behavior to the data collected from a full scale wind turbine tested in
the field. This would indicate that the physics obtained from a properly scaled-down wind turbine can indeed be used to
obtain insight about full scale turbines as in this case.

After evaluating the TEF at two distinct #/R locations (0.66 and 0.82) and comparing the results under different
wind turbine operating conditions, a few important conclusions could be made. It was found that the e influence over
ATorque is not linear and the relationship is dependent on multiple external factors such as blade stall, A, g and 7/R.
As for the relationship between ar and MFrw, it is linear for all the cases presented whether the blade is operating
under stall or not. The latter relationship also shows that when the TEF is centered at #/R=0.66 the control capability is
reduced by 40% when compared to /R=0.82. The linear relationship between @ and C,, is constant and independent
of /R location, § angle, and tip speed ratio for the range studied. This is a crucial conclusion as it shows that the
TEEF is capable of controlling the load on the wind turbine for all operating conditions. For one of the cases presented,
additional a were tested from -80° to 80° in steps of 20°. The data presented show that the TEF has the potential to
assist the pitch control of utility-scale turbines by controlling the loading locally and at the root of the blade. For large
ar values, ATorque is reduced by 37% when af is deflected to -80° when the TEF is centered at 7/R=0.66 and there
should be an even greater reduction when the TEF /R location increases to 0.82. Beyond the ar = +20° range, the
relationship between ar — C, and ap — Mpw is no longer linear because such high TEF angles causes the flow to
separate over the blade. The TEF influence over turbine loading is no longer significant at extreme flap angles. This

study indicates that the linear range of o for controlling turbine loading occurs when ar = +20° because in this range
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the flow over the TEF is attached.

Turbine performance parameters were also studied for different ar on a yawed turbine. It was found that the TEF is
capable of equally controlling the load on the turbine for different yaw angles, blade pitch angles, and wind speeds
even when the turbine blade is operating at the onset of stall and the load fluctuations are high. Based on the results
presented, changing ar keeps the load fluctuations about the same but the loads are increased or decreased contrary to
changing . This suggests that it would be best to keep 8 constant and attenuate the loads using the TEF.

From data presented, the TEF is estimated to reduce the cyclic loading in Mpw and C,, by 30% and 47%, respectively.
This proves that if the TEF motion was activated, it can reduce cyclic loading and fatigue on multiple wind turbine
components. With the help of active aerodynamic modification from the TEF, wind turbines can operate with a
significant reduction in cyclic loading and therefore reduced fatigue levels. Future studies by the same authors will use

the data presented here to develop a control strategy for the TEF to reduce cyclic loading while the turbine is yawed.
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