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ABSTRACT

When wind passes through the rotor of a wind turbine, the velocity is decreased while turbulence is increased. The region of
decreased wind speed behind the rotor is known as the wind turbine wake and is bounded by a complex structure of helical vor-
tices. This structure occurs to be more stable in low ambient turbulence and low tip speed ratio conditions, leading to a delayed
recovery of the wake. The diminished wind speed in the wake leads to a decline in power output for downstream wind turbines,
with this loss scaling proportionally to the cube of the velocity. This study uses field tests and simulations to evaluate enhanced
wake recovery with segmented Gurney flaps on a 3.8-MW research wind turbine. Four Gurney flaps were attached at regions
near the tip of each blade. This configuration is hypothesized to induce turbulence that destabilizes the vortex system, resulting
in faster wake recovery. Field tests using a scanning LiDAR were conducted to quantify the wind turbine wake recovery between
the baseline and the retrofitted configuration in various atmospheric conditions. The results show a consistent increase in wake
recovery for the Gurney flap configuration, generally at all downstream distances. This was illustrated by a reduction of axial
velocity deficits of roughly 10% at hub height, at five diameters downstream distance. The influence of retrofitting on turbine
power and loads was limited. Summarizing, a very successful field test campaign was executed, which demonstrated the use of
segmented Gurney flaps as a promising add-on to promote enhanced wind turbine wake recovery for improved overall wind
farm performance.

1 | Introduction and is transformed into a region of high diffusive vorticity, pre-

dominantly facilitating turbulence mixing. Concurrently, the

The wind turbine wake is a region of three-dimensional turbu-
lent flow characterized by a velocity deficit and a complex struc-
ture of helical vortices. The wake of a single rotor blade consists
of a continuous sheet of trailed vorticity due to the gradient of
bound circulation along the blade span. It can be divided into
three regions: the near wake, intermediate wake, and far wake
[1,2]. The near wake is defined as the region just behind the rotor
where the presence of the wind turbine rotor is apparent by the
number of blades and blade aerodynamics. The latter includes
effects of stalled flow, 3-D effects, and the tip and root-vortex he-
lices. In the far wake, the structure of helical vortices disappears

wake experiences a revitalization process. Between these two
regions, a third zone can be distinguished, the intermediate
wake [2]. This region is a transition between the near wake and
the far wake, starting with instabilities in the structure of helical
vortices and ending with the breakdown of this system.

It is worth noting that the instability and breakdown of the he-
lical system of vortices in the transition region affects the de-
velopment of the turbulence in the far wake, where the mixing
process between the inner and the outer flow regions occurs.
Moreover, in low ambient turbulence and low tip speed ratio
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conditions, the structure of helical vortices is much more stable.
This results in reduced turbulent mixing, leading to elevated
velocity deficits within the wake. The velocity deficits in wind
turbine wakes are critical for bigger wind farms, where multiple
turbines are grouped together and their different wake effects
are combined. For a wind farm of 140 turbines with a spacing of
five rotor diameters, the total energy loss due to wake effects can
be more than 20% [3].

Researchers have proposed and investigated various wake
control methods aimed at reducing the power loss for down-
stream wind turbines. These methods involve either redirect-
ing the wind turbine wake away from subsequent turbines
(wake steering) or diminishing the intensity of upstream
wakes. This is usually achieved by enhancing wake mixing or
adjusting the pitch to lower angles of attack, thereby altering
the thrust coefficient.

Static axial induction control by pitch [4-6] or torque control
[7, 8] and dynamic axial induction control [9, 10] by dynamic
pitch control [11-13] usually fall into the latter category.
Add-on devices focusing on faster wake mixing by use of ac-
tuating flaps [14-16], turbulators [17, 18], and winglets [18, 19]
on the wind turbine blade tip are also evaluated in existing re-
search. Gurney flaps have been evaluated mainly for load con-
trol of wind turbines in some studies, for example, in [20-22].
Similar to Gurney flaps, microtabs have been evaluated for
load control, for example, in the research of [23-25]. However,
most of the studies focus on root Gurney flaps, which operate
in a different angle of attack regime than the tip Gurney flaps
used in this study.

The Gurney flap, named after the race car driver Dan Gurney,
is a simple, small tab (height usually lower than 2% of the air-
foil chord) added to the trailing edge (perpendicular to the
free-stream) of the pressure side of an airfoil. A Gurney flap
can increase the lift considerably with only a small drag pen-
alty. It also changes the downstream wake development [26],
depending on the height of the Gurney flap. In [27], it was found
that applying Gurney flaps results in the formation of counter-
rotating vortices that exist up to long distances downstream.
This can delay or eliminate the flow separation near the trailing
edge on the upper surface, increasing the total suction, leading
to an increased circulation with an enhanced lift. The Gurney
flap provides a substantial increase in lift before the stall angle,
after which the drag penalty causes a reduction in lift-to-drag
ratio. Gurney flaps can extend across the entire span of a wing
or be segmented, that is, positioned along specific spanwise sec-
tions. These are also known as miniature trailing edge effectors
(MiTEs) [28, 29].

The wake of Gurney flaps has been investigated in the context
of aircraft wings [29-33], but limited research is available for
the application of Gurney flaps on wind turbine blades. In par-
ticular, segmented Gurney flaps for wake recovery have been
evaluated on aircraft wings in the study of [29]. One of the con-
figurations in their work shows similarities to the segmented
Gurney flap configuration used in this study on wind turbine
blades, consisting of four flaps along each blade tip. The expec-
tations of wake recovery by the use of segmented Gurney flaps
were clarified in their wind tunnel study. An intensification

of tangential and stream-wise velocity components from the
segmented Gurney flaps was observed. The increase in circu-
lation due to the change in the span-wise loading was found
to cause the intensification. The authors state that despite a
smooth increment in the loading distribution in the configu-
ration they experimented, a very small counter-rotating vortex
pair also occurred at the flap tips, which was then advected by
the strong mean flow due to the primary trailing vortex. The
velocity deficit around the Gurney flap was noted to be associ-
ated with the increased drag; however, further downstream, it
was no longer present; because as the vortex continued to roll
up, the patches diffused into one another by being constantly
advected by the strong tangential velocities (also seen in other
studies [33, 34]). The effects of the segmented Gurney flaps
were being felt by the vortex more and more as it continued
to roll up.

From the experiments, the authors established that in order to
significantly perturb the vortex, only 13% of the span needed
to be deployed with Gurney flaps. The flaps were applied only
near the tip of the wing, where the loading distribution varied
the most. The insights on the intermediate wake from this study
also confirmed that the effect of the segmented Gurney flaps
upon the vortex was a lasting and reliable change. They also
conclude that MiTEs (or segmented Gurney flaps) can be used
to introduce spatial disturbances to a trailing vortex in both the
span-wise and lift directions. Finally, they suggest that the use
of MiTE configurations, which, if varied in time, may be use-
ful for wake alleviation. This study on an aircraft wing provides
a detailed relevant literature for the use of segmented Gurney
flaps for wake mitigation.

The hypothesized working principle behind the use of seg-
mented Gurney flaps is to alter the lift distribution along the
blade span (at the tip). By achieving a jagged lift (Figure 1) and
circulation distribution, additional vortices are shed from the
edges of the Gurney flaps to perturb the stable tip vortex. This
use of segmented Gurney flaps is hypothesized to destabilize

Normal force (to chord) (N/m)

— WOGF
— WGF

Blade span (m) (Zoomed to tip region)

FIGURE 1 | Normal force distribution without and with segment-
ed Gurney flaps on the 3.8-MW wind turbine blade (zoomed to the tip
region).
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the system of helical vortices. Additionally, a higher pressure
drag from the Gurney flap is hypothesized to increase turbu-
lence in the wake, which could contribute to the faster wake
mixing.

Some gaps in the above mentioned literature on wake control
techniques are the lack of full scale field wind turbine tests
for further validation, evaluation of the effect of loading on
the wind turbine on which the strategies are utilized, appli-
cability at higher turbulence intensity levels, and practical
concerns about the suspension of the devices on existing wind
turbine blades. To overcome these gaps, this study evaluates
segmented Gurney flaps for wind turbine blades with the fol-
lowing approach:

1. Setting up and conducting scanning LiDAR measurements
in the wake (up to a distance of 5.5 times the rotor diame-
ter downstream) for a 3.8-MW research wind turbine with
and without segmented Gurney flaps.

2. Analyzing wake recovery (time averaged profiles) of
both turbine configurations for different free stream
wind speed, turbulence intensity, and wind direction
conditions.

3. Analyzing power and loads of both turbine configurations
using 10-min averaged measurement data.

4. Performing simulations to further assess the power and
loads of the retrofitted wind turbine.

The next chapter details the methodology employed in this
study. Following that, the setup of the field tests is explained
in Sections 3 and 4. The results of the wake analysis are dis-
cussed in Section 5, and the results of the power and loads anal-
ysis are discussed in Section 6. Finally, concluding remarks and
recommendations are placed in Section 7. Validation and back-
ground information on certain parameters are provided in the
appendices.

(a) Scanning LiDAR in the foreground.

2 | Methodology

The wind turbine under study was a 3.8-MW research wind tur-
bine (RWT) with a rotor diameter of 130m and a hub height of
110 m. The wind turbine is located at an onshore wind farm in
the Netherlands, shown in Figure 2a. An aerial view of the test
site is shown in Figure 2b, highlighting the locations of the RWT
and the key measurement devices used in this study.

The RWT was retrofitted by adding four Gurney flaps to the tip
region of each blade. The Gurney flaps were designed as a wedge
with a length of 0.6 m and a height equal to 2% of the local blade
chord. The same height and width ensured a 45° wedge. In line
with the literature, these dimensions were chosen to ensure a
better lift-to-drag ratio than the typical rectangular Gurney flap
[35, 36]. Figure 3a illustrates the dimensions.

In Figure 3b, the Gurney flaps installed on the wind turbine blade
are identified. They were positioned with a gap of 0.6 m between
each flap, covering approximately the last 7% of the blade span.
This configuration is referred to as segmented Gurney flaps.

The Gurney flaps were manufactured from SikaBlock M940, re-
sulting in a maximum weight of 130 g for one Gurney flap. The
flaps were mounted on the wind turbine blades by technicians
on a cherry picker, using Plexus MA 320 adhesive.

The field tests include a wind turbine wake analysis using a
scanning LiDAR, as well as a power and loads analysis based on
10-min averaged measurements. Testing for the baseline con-
figuration was carried out from September 01, 2022, to January
23, 2023, followed by testing of the retrofitted configuration
from January 24 to February 14, 2023. To support and enhance
the power and loads analysis, numerical simulations were also
performed.

For the wake analysis, a Leosphere Vaisala Windcube 200S
pulsed scanning LiDAR was used. To assess the inflow

3.8 MW RWT

Profiling LIDAR | |

Scanning LIDAR

Google
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(b) Aerial photo of the test site.

FIGURE2 | Testsitein Wieringermeer, the Netherlands (Photographed by TNO).
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(a) Gurney flap designed as a wedge

FIGURE3 | Design and installation of the segmented Gurney flaps.

conditions, a ground-based profiling LiDAR was used, which
was placed approximately 2.2D upstream. This ground-based
profiling LiIDAR was used to assess the inflow conditions at 11
different altitudes between 42 and 188 m.

The power and loads analysis of the field tests utilized measure-
ment data averaged over 10-min intervals. The turbine was in-
strumented with strain gauges at the blade roots and tower base,
which were calibrated to measure blade root and tower base
moments.

To estimate the power and loads using simulations, dynamic
blade element momentum theory (DBEM) was used from NREL
OpenFAST [37], using an aero-elastic turbine description as
specified by the manufacturer. The aero-elastic set-up was val-
idated against measurements, and a non-confidential version
of it is reported in [38]. The generation of airfoil polars for the
Gurney flap configuration, as shown in Figure 3a, was per-
formed using a steady inflow 2D computational fluid dynam-
ics (CFD) study with Reynolds-averaged Navier-Stokes (RANS)
modeling featuring the OpenFOAM software [39]. The k —
SST turbulence model was used with a Y-plus value of 0.1, fea-
turing an O-grid resulting in a mesh with 126750 grid cells. The
boundary layer was modeled to be turbulent. Before generating
the polars for airfoils with Gurney flaps, the CFD setup under-
went validation by comparing simulation results of the airfoil
polars without Gurney flaps to corresponding wind tunnel data
available for steady inflow and tripped conditions. Due to the
lack of experimental polar data for the Gurney flap-equipped
airfoil, the generated polars were compared to those of other air-
foils for which data were available in literature [34], in terms of
the lift-curve slope, post-stall performance.

3 | Set Up and Data Processing of Wake
Measurements

The undisturbed wind sector for the wind turbine under study
was 180° to 340°, measured with respect to the North. This is
shown in Figure 4, where the undisturbed sector is shown in
blue, and the prevailing wind sector is shown in brown.

(b) Installed Gurney flaps (Photographed
by TNO)

West (270 ©) East (90 °)

(l 5\\ O}

FIGURE 4 | A compass plot denoting the undisturbed wind sector
(in blue), the prevailing wind sector (in brown), and scanning LiDAR
azimuthal sector (in red).

The scanning LiDAR was placed approximately 912m (7D)
upstream of the wind turbine, and the scan settings are de-
tailed in Appendix A. The azimuthal ranges of the LiDAR are
depicted as red lines in Figure 4, where the red center line rep-
resents the approximate axis of the wind turbine (for 230° wind
direction with zero yaw misalignment). The scan time was ap-
proximately 2.8 min, which implies that in a 10-min interval,
ideally, three samples were available at every point of the scan.

Four steps were taken for the data processing of the scanning
LiDAR data. First, a carrier-to-noise ratio filter was used such that
data within the range of — 23 dB and — 3 dB were preserved [40].

Next, as the scope of this study was to assess the mean wake pro-
files, rather than high-frequency measurements, a data binning
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TABLE1 | Databinning and filtering for wake measurements.

Parameter

(at hub height) Bin limits

Turbulence intensity (TI)  0%-5%, 5%-8.5% and 8.5%-11%

Wind direction 220°-250°

Wind speed 6-11 m/s, in steps of 1 m/s

and averaging step was taken. The data binning was quantified
by different inflow conditions of wind direction, wind speed,
and turbulence intensity levels, all based on 10-min averaged
values. As mentioned previously, a ground-based LiDAR was
used to assess the inflow conditions for the quantification of
the wake analysis in various bins. However, given that it is not
trivial to accurately measure the turbulence by a LiDAR [41],
a metereological mast 1km east of RWT was utilized to mea-
sure turbulence intensity at 80m close to the RWT hub height
of 110m. The parameters of data binning are listed in Table 1.

Here, the turbulence intensity TI is defined as the ratio of the
standard deviation of fluctuating wind velocity o, to the mean
wind speed U at hub height, applied to 10-min samples. The
sector of 230°-250° provides the most samples given the pre-
vailing wind sector, and has (theoretically) less uncertainty in
retrieving wind components from the LiDAR output of line of
sight or radial wind speed. This sector is also chosen because it
allows for wake capture up to approximately 5D downstream.
Furthermore, the field test wake analysis results of the baseline
configuration are presented for the period from 25-11-2022 to
23-01-2023, to ensure that wake analysis comparisons were per-
formed for similar atmospheric conditions between the baseline
and retrofitted configuration. During the winter months, it was
found that the prevailing atmospheric stability conditions were
either neutral, stable, or very stable, while unstable conditions
were hardly present. Determination of the atmospheric stability
was based on the bulk Richardson number [42] atmospheric sta-
bility analysis using bins established in [43].

Additional filtering was applied to remove periods of strong
gusts in order to improve the accuracy and reliability of the
binned data. For this, the power law exponent and the aero-
dynamic performance of the wind turbine were assessed. The
difference in power law wind shear exponents was maintained
within + 0. 1 for comparing the two configurations. The aerody-
namic performance check considered rotor power, rotor speed,
and blade pitch values. Samples were filtered out if the variation
of these parameters was outside acceptable ranges.

A third step in the processing of the scanning LiDAR data
was Gaussian process regression on the bin-averaged dataset.
This step was utilized in cases where a complete wind field
visualization was lacking. The ARD (automatic relevance de-
termination) Matérn 3/2 Kernel was used in this work using
the “fitrgp” function of MATLAB [44]. The Matérn 3/2 ker-
nel is a standard kernel for environmental data, and the ARD
Matérn 3/2 kernel resulted in a good match with observations.
Gaussian process regression has been utilized in previous re-
search [40, 45] for high-frequency LiDAR measurements. The

use of Gaussian process regression helped to smooth the data-
set (in addition to the reliable interpolation of small gaps in the
data), given the inherent standard error in the bin-averaged
scanning LiDAR dataset.

Finally, the wind component retrieval step was taken since a
LiDAR measures only the radial component of wind speed.
Filtering out the wind sectors where the measurements were
affected by nearby wakes from other turbines made the re-
trieval of the necessary wind components less challenging.
Using geometric relations (and assuming the LiDAR probe
volume to be negligible), the following equation was used to
write the radial velocity in terms of the u,v,w components
and the scanning LiDAR's azimuth () and elevation () as
follows:

V,=usiny cosf +vcosy cosd + wsin 6 €))

This equation follows from Figure A1, where positive is taken as
rotation clockwise from north. The elevation is 0° in the horizon
and increases towards zenith in the vertical plane. The horizon-
tal wind speed V), and the wind direction a can be determined
as follows:

Vi, = Vu2 +12 @)
a = arctan % ?3)

In order to solve Equation (1) with three unknowns (u, v, w), the
Cyclops' dilemma [46] needs to be overcome. Two assumptions
were made to solve the equation. First, the w component (verti-
cal) was assumed to be zero, as it can be considered negligible
(very low elevation angles [Table Al], leading to a small sine
component). Second, it was assumed that the wind direction
is homogeneous throughout the wind turbine wake. The wind
direction was assumed as the inflow wind direction at the hub
height of the wind turbine under study, at approximately 2.2D
upstream. These assumptions lead to the following relations:

|4

V,= — I
h cos (a— 180 —y) @

In the above equation, a represents the mean wind direction of
the incoming wind. This approach was compared against the
commonly used nonlinear least square fitting method [47, 48]
and a slightly sophisticated Maximum A Posteriori method (by
using UQLab [49]), provided in the appendices.

3.1 | Clarification of Different Wake Plot Types

In the results presented in Section 5, the inflow conditions are
depicted for the respective wind speed bins. As outlined in
Table 1, the hub height parameters served as the primary cri-
teria for binning. Consequently, the inflow profiles at different
heights (measured by ground-based LiDAR profiling) are dis-
played to identify potential variations in wake behavior caused
by differences in wind speed, turbulence intensity, and vertical
shear. The results include hub height contours and wake profiles
in both horizontal and vertical planes.

Wind Energy, 2026
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The hub height contours were made by combining the points
in the range 3m from the hub height of 110 m, in accordance
with the scanning pattern (Figure A3). An estimate of the wake
width and the rotor hub line are indicated in the hub height con-
tours with green asterisks. The axial wake profiles are presented
for the + 50 % blade span location in the lateral direction. These
profiles are shown for four different altitudes.

Vertical wake profiles at different altitudes and downstream
distances are also shown for the + 50% blade span location in
the lateral direction. The + 50 % span location was chosen to en-
sure proper wake capture in all results, up to 5D downstream.
Ideally, these profiles would have been plotted at the + 75 % span
line, under the assumption that this point will correspond to
the maximum lift and thus would roughly be the point of high-
est deficits [1, 50]. However, sometimes, this point was found
to deviate from the scan pattern or coincide with areas poorly
resolved by the LiDAR, such as along the nacelle. To avoid erro-
neous profiles, the + 50 % span was chosen, ensuring uniformity
across wind speed bins. It may be noted that the highest deficit
points would likely differ for the retrofitted wind turbine.

Lastly, to mitigate bias due to differing wind speed distribution
in the bin-averaged data, the wake analysis results are pre-
sented for the normalized deficit values. Standard error patches
are used to indicate the uncertainty in the field test results. The
standard error was defined as \/LN representing the ratio of the
standard deviation of measurements to the square root of the
number of samples.

The number of scans averaged to present the results is indicated
in the contour plots and holds for axial and vertical profiles as
well. For example, if the number indicated is 12 scans, then the
wake measurements were taken for four 10-min intervals (in
line with the scan time shown in Table A1).

4 | Setup and Data Processing of Power and Loads
Measurements

The 10-min averaged field measurements of the baseline and the
retrofitted configuration were analyzed by means of a data bin-
ning and averaging approach. The parameters of interest were
chosen as wind turbine power, flapwise blade root bending mo-
ment, and tower base fore-aft bending moment. The data bin-
ning parameters are shown in Table 2.

TABLE 2 | Binning and filtering criteria for wind turbine power and
load measurements.

The power and loads analysis encompassed the entire undis-
turbed wind field region, unlike the wake analysis bins outlined
in Table 1. To enhance the sample size, a broader bin for turbu-
lence intensity was employed, primarily due to the shorter test-
ing period of the retrofitted configuration. The lower and upper
limits of the wind speed bins were set to be 1 m/s above the
cut-in and the rated wind speed of the wind turbine under inves-
tigation. The lower limit was selected to mitigate poor averaging
associated with wind turbine startup transients. Additionally, a
yaw misalignment filter was applied to ensure a reasonable com-
parison between configurations, given the wider wind direction
bins. Furthermore, a power law wind shear exponent filter was
implemented, ensuring values below < 0.3 for both configura-
tions. Lastly, to avoid inadequate averaging of power and loads
measurements, a minimum of five 10-min samples per bin was
deemed necessary for this study.

5 | Field Test-Based Wake Analysis

To allow for some focus in the wake analysis, two different
wind speed bins were considered that are representative of the
variation in operational conditions experienced over the full
wind speed range. The first corresponds to inflow conditions
of 8-9m/s at hub height, featuring a relatively high tip speed
ratio and thrust coefficient, which leads to a less stable and
shorter baseline wind turbine wake. This wind speed range
corresponded to the wind turbine's partial load region gov-
erned by varying rotational speed. The second corresponds to
hub height wind speeds of 10-11m/s, close to the rated wind
speed of the wind turbine, which relates to operational con-
ditions at a lower tip speed ratio and thrust coefficient (but
roughly maximum thrust in a dimensional sense), which leads
to a more stable and longer baseline wind turbine wake. This
wind speed range corresponded to the wind turbine's full-load
region, governed by varying blade pitch to constrain power
production. Turbulence intensity from the meteorological
mast was used for data binning (as mentioned in Section 3).
However, since the mast is not equipped to measure at multi-
ple heights, this section instead presents turbulence intensity
data from the ground-based LiDAR to provide a visualization
of turbulence shear across the rotor, acknowledging the pre-
viously stated limitations. Lastly, a relatively high turbulence
intensity bin (8.5%-11%) was selected for the visualization, to
demonstrate the retrofitting to be effective also in case of more
turbulent inflow conditions.

Given the influence of wind turbine performance metrics on
the velocity deficit in the wake, this analysis also includes a
discussion of these metrics over the duration used for wake as-
sessment. Following momentum theory, the thrust coefficient
(Cy) allows for estimating the expected changes in the velocity

deficit due to changes in Cy, linking it with the axial induction
U

Us = Unptor

factor (a =L in C; = 4a(1 — a). However, the C; was
not directly available from the measurements. Thus, a multi-
step approach was employed to get an estimate of the AC; be-
tween the configurations. This was done primarily using the
dynamic pressure normalized tower fore-aft and flapwise blade

M
root bending moments M,, and assuming ACr x A I ,,{}z. The air-
density, p was evaluated using the ideal gas law with measured

Parameter (at hub height) Bin limits
Turbulence intensity (TT) 0%-15%
Wind direction 180°-340°
Wind speed 4-13 m/s, in
steps of 1 m/s
Yaw misalignment —15° to +15°
Power law wind shear exponent (—) <0.3
Number of samples (—) >4
6 of 18
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atmospheric pressure and temperature as input. Next, one can
utilize the momentum theory relation of C; = 4a(1 —a), where
the axial induction factor is estimated from measurements
of a forward-facing nacelle-based LiDAR (not detailed in this
study, for brevity and due to confidentiality), to determine C;,

M,

for a specific case. Then, using ACy AW, the correspond-
ing Aa could be evaluated, and an estimazte could be made for
the expected change in velocity deficit due to AC; between the
configurations. These differences in performance metrics are
discussed in this section for the measurements used for the
wake analysis. This estimation is believed to isolate the impact
of the retrofitted configuration on wind turbine wake recovery
from other factors.

It should be noted that in accordance with the law of large
numbers, the general impact of segmented Gurney flaps on
turbine performance in the field should be interpreted from
Section 6, where a larger sample size enabled a more reliable
comparison.

5.1 | Partial Load

First, the results of the wind speed bin of 8-9 m/s are discussed.
Figure 5 illustrates the vertical profiles of the incoming wind
speed and turbulence intensity.

Here, it can be confirmed that the binning process with wind
speed and turbulence intensity, as specified in Table 1, results

in similar inflow conditions. A roughly 2 % higher turbulence
intensity is noted on the bottom part of the rotor.

The hub height contour in Figure 6 shows the normalized deficit
profiles for the baseline and the retrofitted configuration. First, the
general wake behavior is observed for this wind speed bin, which
is associated with a relatively high wind turbine tip-speed ratio
and a high thrust coefficient, leading to increased turbulence in
the wake. In line with this operating condition, due to the high
induction factor, a high deficit (about 60 %) is seen in the wind tur-
bine wake. The measured velocity deficit is close to the deficit cor-
responding to operation at the Betz limit. Such observations have
also been made in previous studies [50, 51]. Another observation
that can be made is that the wake in the retrofitted configuration
appears to be thinner compared to the baseline configuration.

Before comparing the quantitative results between the baseline
and retrofit, the turbine performance metrics resulting from the
binning were examined, as these could lead to different wake
characteristics. Using the methodology detailed in the introduc-
tion of this section, it was found that in the samples used for
this wake analysis bin, the retrofitted configuration had a 1.5%
lower thrust coefficient than the baseline configuration. Using
the theoretical momentum curve, the 1.5% decrease in thrust co-
efficient can be translated to a 2.2% reduction of axial induction
at this operating point.

The normalized axial wake deficit profiles shown in Figure 7a
provide more insight into the wind turbine wake of the two
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FIGURE7 | Axial wake deficit profiles for the 8 m/s < U, j,,, < 9 m/s wind speed bin at different downstream distances. The profiles are normal-

ized with U, at hub height. The patches indicate one time the standard error of the mean, on each side.

configurations. The axial profiles indicate a faster recovery
for the retrofitted configuration at the different altitudes and
downstream distances. The peaks for the deficit appear around
1D downstream, after which both configurations show a re-
covery. This peak deficit is expected because of the relaxation
of pressure gradients [52, 53]. Further downstream, the turbu-
lent mixing prevails, and the wake recovery is influenced by
the ambient turbulence. However, the retrofitted configuration
indicates a faster wake recovery, albeit with higher standard
errors. The wake of the retrofitted configuration features a
steeper wake recovery slope, as in a faster recovery from the
region 1D to 3D downstream, in comparison to the baseline
configuration wake. This observation indicates the earlier tip-
vortex wake breakdown in the retrofitted configuration wake
in this partial load region of turbine operation. The differ-
ences in the deficits shown in Figure 7b indicate a reduction

of near-wake deficit by 5%-8% and up to 15% reduction is ob-
served at 5D downstream.

The normalized vertical wake deficit profiles in Figure 8a also
indicate the same trend and the differences between the con-
figurations are presented in Figure 8b. It can be observed that
at the 0.5D downstream region close to the rotor, lower deficits
are present for the retrofitted configuration, and the wake pro-
file shapes for the two configurations are similar. In the 1D and
2D downstream region, there appears to be an indication of a
steeper slope in the wake of the retrofitted configuration and a
trend for a double Gaussian wake profile. Despite the expected
2.2% reduced deficit in the retrofitted configuration wake due
to the lower induction factor, overall, significantly larger differ-
ences in deficits are observed in the retrofitted configuration,
hence, mainly attributed to the segmented Gurney flaps.
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FIGURE 8 | Vertical wake deficit profiles for the 8 m/s< U, ,, < 9 m/s wind speed bin at different downstream distances. The profiles are nor-
malized with U at hub height. The patches indicate one time the standard error of the mean, on each side.
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5.2 | Rated Conditions turbulence variation with height are lower than the previously
discussed bin.

Next, the 10- to 11-m/s wind speed bin results are discussed.

The inflow conditions are shown in Figure 9. The wind speed In this wind speed bin, the wind turbine operates at the highest

and turbulence difference are within the bin width for both con- thrust in dimensional form but a lower thrust coefficient and tip

figurations, but a slightly higher value of turbulence is evident ~ speed ratio than the previous wind speed bin. The effect of this

for the retrofitted configuration. However, the differences in  condition is reflected in the hub height contour. As expected,

Wind Energy, 2026 90f 18

85UB01 7 SUOWILLOD BAea1D 3|qedljdde 8Ly Aq pausenob are sl VO ‘8sn JO Se|ni 10 ArIg1TaUIIUO AB]IM UO (SUORIPUOD-PUe-SWLB)ALIOD™A8 | 1M ARe1q U1/ SANY) SUORIPUOD PUe SWB | 8U} 885 *[9202/€0/20] U0 A%eiqi8ulluO AB|IM ‘S 0u L AG 96002 @M/Z00T OT/I0P/W00" A3 1M A el jeu Juo//Stny wouy papeo|umoq ‘€ ‘9202 ‘728T660T



at such operating conditions, the turbulence in the near wake
would be limited [54, 55], leading to a much longer wake as
clearly seen in Figure 10a.

In comparison to the previous wind speed bin, the deficits in this
wind speed bin are lower than the 8-9 m/s wind speed bin, due
to the lower thrust coefficient. Furthermore, from Figure 10b,
a chaotic wake is seen in the retrofitted configuration. This is
hypothesized mainly to be caused by the low number of sam-
ples for the averaging but also the increased turbulence in the
wake upon the addition of segmented Gurney flaps could have
contributed.

Similar to the 8- to 9-m/s bin, the turbine performance metrics
resulting from the binning were compared. It was found that
the retrofitted configuration featured a higher axial load (from
flapwise blade root moment and tower base fore-aft moment).
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However, the average wind speed and air density in this bin
were also higher for the two available samples of the retrofit-
ted configuration wake compared to the baseline. Once again,
utilizing the methodology discussed in the introduction of this
section, it was estimated that the retrofitted configuration was
operating at a 5% lower thrust coefficient. Using the theoretical
momentum curve, the 5% decrease in thrust coefficient can be
translated to a 6.1% reduction of axial induction at this operat-
ing point.

Further quantitative insights into the wake differences are
enabled by the axial wake profiles shown in Figure 11a. An
enhanced wake recovery is observed in the retrofitted configu-
ration at all heights and downstream distances. The extremely
stable structure of the tip vortex for this operational condition
would imply a pronounced effect of the segmented Gurney flaps.
This is also seen in the vertical wake deficit profiles shown in
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FIGURE 10 | Wake visualization at hub height for the 10 m/s< U, ,,, < 11 m/s wind speed bin. The green asterisks represent the assumed 1.5D

wake width and rotor hub line.
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Figure 12a. It can be observed that up to 15% reduction in deficit
is seen at 5D downstream distance (Figure 12b).

The fact that a reduced wake deficit (larger than the one ex-
pected from the discussed reduction in axial induction for the
sub-set of data used for wake analysis) is already apparent in the
near wake at a downstream distance of 0.5D gives rise to some
discussion. After all, the retrofit was designed to improve wake
recovery which occurs downstream of the point featuring maxi-
mum deficit. Upwind of this region, the wake deficit is assumed
to relate to the axial induction in agreement with moment the-
ory. Although measurement uncertainty can not be excluded, it
is hypothesized that early mixing due to the turbulators contrib-
utes to the measured observation in the near wake.

In summary, great insights into the wind turbine wake were made
possible with the field tests conducted in this study. The results
indicate a reduction of the velocity deficit by 10% for the retrofitted
configuration, at hub height, at 5D downstream distance. Despite
a short measurements campaign, the differences between the con-
figurations largely exceed the standard error. Hence, application
of segmented Gurney flaps on wind turbines in the outer rows
of a wind farm could potentially improve farm yield. Dedicated
farm simulations are recommended to investigate this and fur-
ther confirm the promising potential of segmented Gurney flaps.
First scoping calculations subjecting Horns Rev wind farm using
the Farmflow tool [56], inputting the measured wake recovery
improvement for the turbines in the outer row, have indicated a
promising increase of 0.7% in annual energy production [57].

6 | Power and Loads Analysis
6.1 | Field Measurements
The field measurements of electrical power were used to as-

sess the power coefficient of the baseline and the retrofitted
configuration. In Figure 13a, the relative differences in the

electrical power generated in the two configurations are shown,
and Figure 13b illustrates the relative difference between the
electrical power coefficient.

It can observed that while the relative differences in power are
large, the normalized power coefficient of the retrofitted wind
turbine was found to be at most 4% higher than the baseline but
marginal < 1% at wind speeds > 8m/s. This power coefficient
increase is likely due to the increase in the torque of the wind
turbine caused by the lift increase at the wind turbine blade tip
region retrofitted with Gurney flaps. As the wind turbine is ap-
parently operating below the Betz optimum, the lift increase re-
sults in a power increase as well. Consequently, the rotor speed
was observed to increase around 0.5%-1% for a given wind speed
in the partial load region and the blade pitch angle by up to 1° in
the rated regime. However, the standard errors are in the order
of the observed differences; thus, the results should be inter-
preted with care. It may also be noted that the data-binning for
the power and loads measurements was done with a wind shear
exponent maximum limit of 0.3 (Section 4) to have a higher sam-
ple size, but it comes at the expense of not differentiating effects
of atmospheric stability on the wind turbine power production.
A more controlled simulation set-up was used to further quan-
tify the differences, detailed later in Figure 16.

Next, the flapwise blade root bending moment was assessed,
which is shown in Figure 14a. A general increase in flapwise
bending moment up to 5% is observed for the retrofitted config-
uration, depending on wind speed. The outlier in the 7-8 m/s
wind speed bin was investigated, and it was found that the aver-
age wind speed for the retrofitted configuration was lower by 0.4
m/s. To counter this bias, a normalization of the flapwise blade
root bending moment was done with the dynamic pressure, as
shown in Figure 14b, where it can be observed that the relative
differences are lower and similar to C,,, marginal at wind speeds
> 8m/s. Moreover, it can be seen in Figure 14c that the percent-
age standard errors are high due to the low number of samples,
leading to uncertainty in the accurate estimation of the effect
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(a) Blade root flapwise bending moment

(b) Blade root flapwise bending moment, normalized with dynamic pressure

FIGURE 14 | Relative difference of loads, from baseline. The error bars denote the standard error as a percentage of the mean.

of segmented Gurney flaps on the wind turbine flapwise bend-
ing moment. A closer look at the tower base fore-aft moment
measurements revealed a similar trend with increasing values
for the retrofitted configuration. As indicated in Figure 14, the
flapwise bending moment signal for the retrofitted configura-
tion had only six samples for some of the bins, while for the base-
line configuration about 30 times more samples were recorded.
Because of such anomalies, caution should be exercised when
drawing conclusions from the field test turbine performance
analysis.

6.2 | Simulations

To further study the effect of retrofitting on turbine performance,
simulations were set up in accordance with the IEC normal

turbulence model (NTM), and the cut-in to cut-out wind speeds
were simulated using TurbSim [58] generated wind fields. The
Delft Research controller [59] was used for the dynamic simula-
tions, which were run for 660 s, the first 60 s of which were not
included in the result analysis. The simulations were run with
a time step of 5 ms. The setup and validation of the simulation
setup are provided in [38].

First, the angle of attack on the wind turbine blade tip was as-
sessed. The angle of attack across the spanwise positions corre-
sponding to Gurney flaps ranged from roughly 2°-0° in the 4-10
m/s wind speed range and then decreased to roughly —8° to
—12° towards the 25 m/s wind speed range. Based on the avail-
able literature (e.g., [34]), it is evident that Gurney flaps affect
the lift coefficient within a conventional angle of attack range
from approximately ~ — 8° to & 12°. Therefore, at very high wind
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speeds, the impact of Gurney flaps will be more evident as drag
rather than lift.

Regarding the difference in the angle of attack with respect to
the baseline configuration, it was found that the retrofitted con-
figuration has a lower local angle of attack. This is because of
the increased lift and the corresponding rotor induction, the ef-
fect of which is illustrated in Figure 15.

The reduction in angle of attack is observed to be higher until
the rated wind speed of approximately 11 m/s. As will be ex-
plained below, this change will likely be the cause of the trends
observed in the power and loads of the retrofitted wind turbine.

Next, with regard to the electrical power, a general increase was
observed below the rated wind speed. Above the rated wind
speed, the controller curtailed the power in both configurations
as per a torque-speed look-up table in accordance with the 3.8-
MW research wind turbine specifications. The difference across
all wind speed bins is shown in Figure 16a. The magnitude of
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FIGURE 15 | Simulated difference in angle of attack from baseline

at the different Gurney flap positions. WGF1-WGF4 represent the four

different spanwise Gurney flap positions along the wind turbine blade

tip as shown in Figure 3b.

the relative power difference is found to be lower in the simula-
tions. Although the cause for this discrepancy is unclear, it could
partly originate from the controller in the simulations not accu-
rately replicating the field wind turbine controller. Nevertheless,
the lower end of the relative differences seen in measurements
shows a reasonable match with the simulations.

The simulation results of electrical power were used to estimate
the impact of the segmented Gurney flaps on annual energy
production (AEP). From cut-in to cut-out wind speed range, the
AEP estimate was made with the formulation shown below.

U,

AEP = 8766 Poy(Ufprop(U)AU 5)
U,

cut —in

In the above equation, 8766 is the number of hours in a year. P,
represents the electric power, and f,,,,(U) represents the proba-
bility of the wind speed obtained from the Weibull distribution
for the test site at hub height. dU represents the size of the wind
speed bins, here used in steps of 1 m/s. This results in an in-
crease in annual energy production of the retrofitted wind tur-
bine by roughly + 0.2 %.

Next, the flapwise blade root moment was found to increase
mainly in the partial load region, after which only a minimal
increase in rotor thrust was observed (Figure 16b). This is asso-
ciated with the reduced angle of attack in this region, at which
the effect of the Gurney flaps on the lift coefficient diminishes.
With this discussion on some of the important parameters in-
dicating the structural effects of the tip Gurney flaps, it is clear
that, although minimal, the structural loads will increase at all
wind speeds for the retrofitted wind turbine. It is worth men-
tioning that the trend observed in the simulation results aligns
well with the measurements, suggesting that the simulations
give a good sense of the impact of segmented Gurney flaps on
wind turbine power and loads. As to the absolute values, an ad-
equate agreement has been observed. For instance, the lower
end of the power increase in measurements ranges between 0%
and 1%, and in simulations it is approximately 0. 5%. The aver-
age increase in blade flapwise bending moments is about 3% in
measurements and roughly 2% in simulations, for wind speeds
from 4 to 12m/s.
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FIGURE 16 | Relative difference of turbine performance metrics, from baseline.
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To assess the long term effect of this increase in structural loads
a fatigue analysis was conducted. In this study, a fatigue assess-
ment based on the damage equivalent load formulation (cor-
rected for mean stress) of [60] was used with the input of the
blade root flapwise bending moment spectrum. Here, a Wohler
exponent of 12 was used to present composite material as used
for the blades. In Figure 16c¢, it can be observed that the dam-
age equivalent flapwise blade root bending moment is higher for
the retrofitted wind turbine. The peaks occur in the partial load
region, attributed to the higher lift curve slope in this region.
Upon incorporating the Weibull distribution of wind speed into
the damage equivalent flapwise bending moment differences,
roughly a 5% increase is found after the Weibull weighting.

7 | Conclusions and Recommendations

The objective of this research was to assess the effectiveness of
employing segmented Gurney flaps in the region near the wind
turbine blade tips. The focus was on improving wake recovery
and analyzing the effects on both the retrofitted wind turbine
power and loads.

The main hypothesis behind the use of segmented Gurney flaps
for faster wake recovery was to destabilize the system of he-
lical vortices. This would be induced by the resulting jagged
lift and circulation distribution on the wind turbine blade tip,
which leads to additional vortices shed from the edges of the
Gurney flap, resulting in earlier mutual inductance of the vor-
tex filaments. Additionally, the higher pressure drag due to the
Gurney flap was hypothesized to increase turbulence in the
wake. Four Gurney flaps (designed as a wedge) were attached
to the outboard 7% span of each blade of a 3.8-MW research
wind turbine.

Field measurements using a scanning LiDAR were quantified
with bins of wind direction, wind speed, and turbulence inten-
sity using measurements from a ground-based profiling LiDAR.
The scanning LiDAR was used to scan a sector up to 5D down-
stream at different altitudes in a sector which was approximately
20° wide. The measurements were binned and averaged for
wake analysis.

Enhanced wake recovery was observed for the retrofitted con-
figuration, generally at all downstream distances and altitudes.
The improved wake recovery was not only observed for high
tip speed ratios and thrust coefficients but also confirmed for
the lower tip speed ratios and thrust combinations above rated
conditions. The retrofitted configuration results indicate lower
averaged deficits by roughly 10% at hub height, at a downstream
distance of 5D. However, the retrofitted configuration results
were associated with a higher standard error and therefore the
results should be interpreted with care.

Application of segmented Gurney flaps on wind turbines in
the outer rows of a wind farm could potentially improve farm
yield. More sophisticated farm simulations are recommended
to investigate this and further confirm the promising results
of the first scoping calculations, indicating a potential increase
of 0.7% in annual energy production for a typical wind farm
layout.

The 10-min averaged field measurements of the wind turbine
power and loads were used to assess the impact of the retro-
fitting. A limited increase in power and loads was found.
However, high standard errors were noted in the measurement
data. Hence, a controlled and validated aero-elastic simulation
set-up was used for further insights into the impact of seg-
mented Gurney flaps on the 3.8-MW research wind turbine.
An AEP increase of roughly 0. 2% with an increase in the dam-
age equivalent flapwise bending moment at most by roughly
5%, around the partial load region of the wind turbine, was
observed.

This makes segmented Gurney flaps a potential promising
add-on to wind turbine blades to promote enhanced wake recov-
ery. Recommendations to further promulgate the use of Gurney
flaps are related to future field tests and future research on these
devices. Longer field tests, around 2 months for each configura-
tion, will allow for improved validation of the enhanced wake
recovery. Future studies could also investigate other sources
of measurement uncertainties when using a scanning LiDAR
and adopt a dynamic CNR-based filtering instead of the CNR
threshold-based filtering. The power and loads of a downstream
wind turbine or in a full farm setting could be assessed in a fu-
ture study to further quantify the results. Highly resolved actu-
ator line modeling based Large eddy simulations (with optimal
Gaussian kernel width) could be used to assess the velocity
profiles with various wind speed and turbulence intensity con-
ditions. Such a study could also be utilized to further optimize
the design and spacing of the segmented Gurney flaps on the
blade, as the velocity profiles can be assessed in such simula-
tions. Finally, for operation on land, the noise of the devices will
have to be reduced. This is, however, less relevant for offshore
operations.
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Appendix A
Scanning LiDAR Pattern

The scanning LiDAR settings are summarized in Table A1, where the azimuth (y) and elevation (f) conventions are defined in Figure A1. Here, LOS

denotes the line of sight of the LiDAR.

Z

2

FIGURE A1 | Scanning LiDAR coordinate system.

TABLE A1 | Scanning LiDAR settings.

Parameter  Min. Max. Step size No. of unique points Time for 1 scan (minutes)  Total no. of points in ideal scan
v (%) 30 52.88 0.22 105

a(°) 4 7.5 0.5 7 2.8 22,050

Range (m) 900 1625 25 30

The scope of this pattern was to have enhanced visualization at hub height for the prevailing wind sector. This pattern enabled lowering the standard
error of the results because of the relatively fast scan time. Furthermore, the elevation angles were chosen such that sufficient resolution is available
for vertical profiles of the wind turbine wake. Overall, the final pattern enabled highly resolved wind turbine wake field measurements, with roughly

three full scans in a 10-min interval.

Scanning LiDAR pattern side view
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FIGURE A2 | Scanning LiDAR pattern (Cartesian co-ordinates). FIGURE A3 | Scanning LiDAR pattern side view.
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Appendix B

Wind Component Retrieval

For the nonlinear squares method, Equation (1) (radial velocity expressed in relation to the u, v, w components of the wind velocity) was solved with
w =0, and the Levenburg-Marquardt algorithm was used to fit the u and v components, given the radial wind speed (V,) and the scanning LiDAR
azimuth (y) and elevation (0) in a nonlinear least squares sense. The Maximum A Posteriori (MAP) method is a Bayesian estimation that incorporates
prior beliefs about the unknowns, and then the posterior distribution of the unknowns is updated. This method is equivalent to the commonly used
maximum likelihood estimation (MLE) when the said priors are uniform, that is, equal distribution of probabilities. For implementing MAP, Weibull
priors were specified for u, v components in the wind sectors of 190° to 250° sector by ground-based profiling LIDAR measurements at hub height. The
results indicate unrealistic estimates from the nonlinear least square fitting method, especially on the edges of the scan, see also Figure B1. The MAP
method did not suffer from this issue but was computationally expensive. Based on the results of the comparison, the above-mentioned wind direction
assumption approach is used for the results presented in this study for its computational ease and applicability in the wake sectors analyzed in this
study. Furthermore, the results of the different methods at a 50 % span location (Figure B2) revealed a similar trend with slightly different magnitudes.
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Wake profiles (50 % span)
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FIGURE B2 | Vertical profile comparison of different methods of wind component retrieval (6 m/s < U, ;,,, < 7 m/s).
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