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Abstract

Riblets are a passive flow control method, which can be used for drag reduction,
especially with small wind turbines that have a low Reynolds number. Riblet
manufacturing, however, is a challenging task and the required production qual-
ity can cause extra barriers in terms of time and costs. If a relatively low-quality
riblet structure could be successfully utilized in airfoils, it could enable wider
adaptation of this particular flow control method. Public literature lacks stud-
ies that examine the applicability of non-ideally manufactured riblets on the
ribleted airfoil. Therefore, in this study, Constant Temperature Anemometer
and Particle Image Velocimetry are used to reveal the effect of non-ideal riblets
on their performance and the flow field downstream of the airfoil. The measure-
ments with a varying Reynolds number and incidence angle are conducted in
the wind tunnel. The results indicate that, in the optimum conditions for the
riblet design, the riblets reduce drag, thicken the boundary layer, reduce tur-
bulence intensity, and weaken the mixing process. It is further demonstrated,
that low-quality riblets have the potential to improve the performance of wind
turbines, even when the riblet quality is lower than typically used.
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1. Introduction

Global wind energy installations have increased dramatically in the early
21st century and their capacity is expected to continue its growth well into the
future [I]. The small-scale wind turbine market is also growing, although not
as much as that of large turbines [2]. One drawback of smaller turbines is the
decreased performance due to the low Reynolds numbers, which are caused by
low wind speeds and the small physical size of the turbine.

One solution that can help to meet low Reynolds number challenges are ri-
blets, which are small streamwise aligned grooves that shift turbulent vortices
farther away from the surface [3]. The riblets reduce drag when their tip is
as sharp as possible [4], and their spacing is small enough (dimensionless ri-
blet spacing sT = (su,)/v < 30) or otherwise one streamwise vortex would fit
into the groove between the riblets resulting in increased drag [5]. The optimal
ratio between the riblet height and spacing is 0.5 as the breakdown of riblet
performance is associated with spanwise quasi-two-dimensional vortices below
yT = 30 [6]. Riblets have shown their potential in drag reduction in adverse
pressure gradient flows [7] and low-Reynolds-number flows [§]. The experimen-
tal results of Choi [J] indicated that an increase in viscous sublayer thickness
due to riblets shifted the entire velocity profile from the viscous sublayer to the
outer layer upwards. The increase in viscous sublayer thickness resulted in re-
duced turbulence energy production, reduced turbulence intensity, and reduced
turbulent drag in the near-wall region [9].

A limited number of studies are available on ribleted airfoils, either with
symmetric [10, 1T, 12] or non-symmetric airfoils [I3], 14]. Approximately 16%
drag reduction was reported for symmetric airfoils by Sundaram et al. [II] and
the maximum measured drag reduction was 4-6% with non-symmetric airfoils.
It was further observed that a non-optimal riblet design can lead to increased
drag of up to 10-12%. A similar finding was also made by Han et al. [12]
with 4.3% maximum drag decrease and 15.8% maximum drag increase. The

measurements of Lietmeyer et al. [I5] with ground and laser-structured riblets
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indicated that wall shear stress additionally decreased by 1% when the riblet
tips were sharper, the geometry was more trapezoidal, and the riblet height-
to-spacing ratio was increased towards the optimum value of 0.50 from 0.25
to 0.49. However, the manufacturing of ideal riblets can be time-consuming,
challenging and expensive, which can cause additional barriers to their use. One
solution that is fast and economically affordable is nanosecond laser ablation
[16]. However, the quality of riblets cannot match its close competitors and, as
discussed above, the quality can have a marked influence on the effectiveness of
the riblets.

Besides the quality of the riblets, their performance depends on the Reynolds
number. Spalart and McLean [I7] discussed that riblet effectiveness is lower
at higher Reynolds numbers in full-scale applications than at lower Reynolds
numbers in small-scale experiments. In the study of Han et al. [I2], drag
reduction occurred at a lower Reynolds number, whilst drag increase occurred
at a higher Reynolds number. Riblet effectiveness was also studied by Gatti and
Quadrio [§], who concluded in their DNS (Direct Numerical Simulation) study
that the performance of riblets improves with decreasing Reynolds numbers.
Before the study of Gatti and Quadrio [§] was published, it was assumed that
drag-reduction performance decreases with increasing Reynolds numbers as a
function of a power law. Gatti and Quadrio [§] argued that the power law
assumption had no physical background, and they proposed a dimensionless
relation between the Reynolds number and drag-reduction rate, which included
the term ‘vertical shift of the logarithmic region’ in the velocity profile.

In addition to the Reynolds number, the incidence angle of the airfoil af-
fects riblet performance. The results of Viswanath [I8] and Sundaram et al.
[11] showed improved drag reduction with increased incidence. The findings
of Nieuwstadt et al. [19] suggested that the riblets perform better at adverse
pressure gradients, i.e. at higher incidence angles.

In the case of wind turbines, ice, fouling and wearing may affect riblet ef-
fectiveness in real life conditions. Lietmeyer et al. [20] examined the deposition

of dust particles on ribleted NACA 6510 compressor blades. The results of Li-
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etmeyer et al. indicated that the contamination behavior was similar between
the laser-structured riblet surface and the smooth airfoil surface. However, on
the riblet surface where the ideal riblets were produced on a foil, the particles
were deposited more on the sharp riblet tips than in the grooves. Lietmeyer et
al. expected that the contamination would not strongly affect riblet effective-
ness, as the tips are more contaminated than the grooves in the case of ideal
riblets. Based on the findings of Lietmeyer et al., it seems that the tips with
ideal sharpness might be more prone to fouling than the less sharp tips.

In addition to the drag reduction performance, the flow phenomenon down-
stream of the riblets is important, especially in the case of wind farms where
the downstream turbines are affected by the upstream flow field. However,
there is a lack of studies regarding the detailed effect of riblets on the flow
field downstream of their location. To the authors’ knowledge, the works of
Caram and Ahmed [I0] (chord Reynolds number of 250,000) and Han et al. [12]
(chord Reynolds number of 17,000 and 36,000) are the only ones that provide
an evaluation of flow phenomena downstream from the ribleted airfoil at differ-
ent locations, both with zero incidence. Caram and Ahmed [I0] found that the
growth of the wake was similar with both ribleted and smooth airfoils, although
the wake shear stress and turbulence intensity varied from each other. Han
et al. [I2] noticed that the velocities behind the ribleted airfoil were faster in
some areas than with the smooth airfoil when the riblets reduced drag, while
an opposite observation was made when the riblets increased drag.

From the background presented, it can be observed that there are currently
no studies, which cover the performance of non-ideal riblets at different Reynolds
numbers and incidence angles and examine their effects on downstream flow field
and turbine performance. The novelties of this study are: (1) a detailed perfor-
mance and fluid dynamic analysis of non-ideal riblets, (2) combined examination
of the effects of Reynolds number and incidence on the flow field downstream
from the ribleted airfoil, and (3) estimation of the non-ideal riblet’s effect on
wind turbine performance. The hypothesis is that the riblets, manufactured

economically and quickly using a nanosecond pulse laser, can reduce drag and
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turbulence intensity despite their non-ideal quality, so they could be an eco-
nomically feasible and potential flow control method to improve wind turbine
performance. It is also expected that the thickened boundary layer due to the
riblets increases the width of the wake, resulting in a stronger and wider wake
behind the airfoil.

In this study, three incidence angles and two Reynolds numbers are tested
both with a smooth and ribleted airfoil in a wind tunnel with Constant Tem-
perature Anemometer (CTA) traverses and Particle Image Velocimetry (PIV).
The riblets are manufactured using nanosecond laser ablation on one side of
the symmetric NACA 0024 profile. Although, symmetric NACA airfoils are
not used in modern Horizontal Axis Wind Turbines (HAWTSs) they provide a
good case for research, as was discussed by Chamorro et al. [14]. They are also
the most used airfoil profiles in vertical axis wind turbines (VAWTSs) [21], and
recently NACA 0024 profile has also been used as a floating deflector in a tidal
kinetic turbine [22].

The article is constructed so that first the design of riblets and the experi-
mental setup are presented, then the effect of riblets is compared with a smooth
airfoil in the results section including analyses of boundary layer and down-
stream flow field behaviors. At the end of the results section, the performance
change of a HAWT is modelled with non-ideal riblets over several tip speed

ratios. Finally, conclusions are drawn in the last section.

2. Experimental Setup

The studied airfoil is a symmetric NACA 0024 profile with a chord length of
125 mm. The experiments were conducted in the wind tunnel of the Laboratory
of Fluid Dynamics at LUT University, Finland. Flow velocity can be varied
between 10 and 30 m/s, resulting in the values of the chord Reynolds number
ranging from 83,000 to 248,000. The blockage ratio (the ratio between the
projected area of the airfoil and the cross-sectional area of the wind tunnel test

section) is 7%. The value is within the range 1-10% recommended by Barlow
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Figure 1: Schematic view of the test section with the NACA 0024 profile.

et al. [23], and therefore, no blockage correction is applied in this study as it
would be negligible.

The following experiments were performed: the measurement of turbulence
intensity, flow field measurements with CTA at the locations of 117 mm (0.94c)
and 135 mm (1.1¢) from the airfoil leading edge, and flow field measurement
with PIV downstream of the airfoil trailing edge. The locations of the flow field
measurements are shown in Fig. [l Additionally, static and total pressures at
the inlet of the test section (500 mm from the airfoil leading edge) were measured
using static pressure measurement taps and Pitot-tubes.

The measurements were performed at the Reynolds numbers of 174,000 (low)
and 220,000 (high), and at incidences in the range of —5...4 5°. The definition
of incidence is sketched in Fig. [2l The selected Reynolds numbers are below and
above the flat plate’s critical Reynolds number of 200,000, below which greater
friction losses should occur [24]. The riblets are known to perform better on
the airfoil suction side [20], but the selection of the incidence range was based
on the aim of distinguishing the performance of the riblets at both positive and

negative incidences without severe flow separation.

2.1. Riblets

The riblets were designed at Leibniz University Hannover, Germany. The

design parameters and their definitions are shown in Table |1} which also shows
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Table 1: Design parameters of riblets and an example of the manufactured riblets.

Angle 30°
Height 0.149 mm
Location 65 — 90%c
Shape Trapezoidal

Spacing 0.298 mm

the configuration of the riblet surface. The design is based on the knowledge of
wall shear stress distribution along the airfoil surface, which was gained from
CFD (Computational Fluid Dynamics) simulations. The numerical results were
validated quantitatively against the measured static pressure distribution along
the airfoil surface and qualitatively against the results of oil film visualization.
The aim of the design was to locate the riblets with the optimum height-to-
spacing ratio of 0.5 in the turbulent flow region.

The riblets were manufactured on one side of the symmetric airfoil using
nanosecond laser ablation in the Laboratory of Laser Processing at LUT Uni-
versity. The applicability of the nanosecond laser ablation in the manufacture of
riblets and the quality of the manufactured riblets were studied by Kaakkunen
et al. [I6] 25]. The results of Kaakkunen et al. [I6] indicated that nanosec-
ond laser ablation is a faster and more economical manufacturing method than
grinding or ultra-short pulse lasers, but the quality is lower.

The angle of riblets («) varied in the range of 50 — 65° [16], and on average
the angle was 93% greater than the designed one. The height of riblets varied
in the range of 0.106 — 0.191 mm [I6], on average the height was equal to the
designed one, and the height-to-spacing ratio varied in the range of 0.36 — 0.64
equaling the optimum of 0.5 on average. The designed location for the riblet
surface on the airfoil was the turbulent region 65— 90% of the chord length and
the actual location after manufacturing was 62 — 86% of the chord length. As
the contamination of the riblets starts from the riblet tips [20], the larger riblet

angles also demonstrate riblet performance after contamination and erosion.
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Figure 2: CTA probe used for flow field measurements and the definition of incidence.

2.2. Constant Temperature Anemometer

A Constant Temperature Anemometer was used to measure flow fields in
the boundary layer and wake. The measurement setup consisted of a miniature
wire probe (type 55P11 from Dantec, shown in Fig. , a CTA module (56C01
from Dantec) and a data acquisition system (NI ¢cDAQ-9178 from National
Instruments). LabVIEW (National Instruments) was used for data acquisition.
The effect of the wind tunnel walls was eliminated by measuring in the middle
of the tunnel. The spanwise length of the airfoil profile (and the wind tunnel
width) was 250 mm and, based on oil film visualization, the flow field in the
middle of the tunnel was 2-dimensional.

CTA was calibrated over the velocity range from 7 to 30 m/s. The number
of samples was 1,000 and sampling rate 10 kHz. Turbulence intensity was cal-
culated as a ratio of velocity fluctuation component (standard deviation) tyms
and mean velocity component Uppean:

Tu= 05 100%. (1)

mean
The value of turbulence intensity in the wind tunnel was 2.2%, which is between
the onshore [26] and offshore [27] turbulence intensities. The maximum relative

uncertainties of turbulence intensity and other variables with a 95% confidence
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Table 2: Maximum relative measurement uncertainty with a 95% confidence interval.

Turbulence intensity 0.2%
Velocity 0.8%
Friction velocity 3.3%
Wall shear stress 4.7%

Local friction coefficient 6.8%

interval are shown in Table 2] The uniformity of the flow field was verified by

traversing the CTA probe in the middle of the test section in a vertical direction.

2.8. Particle Image Velocimetry

Particle Image Velocimetry was utilized to capture the velocity field after
the trailing edge of the airfoil. The PIV system was set up in a planar way using
one camera, as the z velocity component towards the camera was considered to
be almost non-existent.

The PIV system (shown in Fig. was made by LaVision. The system
utilized the sCMOS camera with a 50 Hz frame rate. The size of the CMOS
chip was 2,560 x 2,160 pixels with a pixel size of 6.5 x 6.5 um?. The digital
output was 16 bits. The inter-framing time between two images was 120 ns.
The lens used in the measurement was a Canon EF 50 mm with {/1.4 aperture.

The laser unit was Litron’s Nano T-180 Nd:YAG double cavity laser. The
maximum pulse energy was 180 mJ and the maximum frequency was 15 Hz,
which was also the limiting factor for measuring frequency. The laser unit was
attached to the laser guiding arm with laser sheet optics. The laser sheet optics
consisted of two spherical lenses and a divergence lens of f = —10 mm.

The laser unit and camera were triggered by a PTU X programmable timing
unit. For seeding Di-Ethyl-Hexyl-Sebacate, DEHS was used with an aerosol
generator. DEHS particles had a mean size of roughly 1 mm and below. Particle

images were recorded and analyzed with DaVis 10.0.3 software.
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The sample size of 500 image pairs was optimized to fulfill the requirements
of converged results and minimum computational time. The time delay, dt,
between particle images was 43 and 55 us for the investigated Reynolds numbers
of 174,000 and 220,000, respectively.

For post-processing the particle images, 32 x 32 pixel interrogation window
size was chosen with 25% overlap thus making the effective size of the interro-
gation windows 24 x 24 pixel. The measurement area was originally 300 mm x
250 mm but it was cropped due to the constraints in the optical access to the
wind tunnel. Laser sheet shot from the ceiling of the wind tunnel created high
reflection on the top of and shadow underneath the airfoil. Thus, it was decided
to use the area presented in Fig. |1| as the (effective) measurement area. The
scale factor after calibration was 8.6 pixels/mm which leaves 54 x 36 interroga-
tion windows to the measurement area and is the (effective) resolution of the

PIV measurement.

3. Results and Discussion

3.1. Boundary layer
The velocity profiles measured using the CTA are presented for low and high
Reynolds numbers in Figs. [d and [f] As the riblet height is of the order of the

10
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values are shown for both surfaces.

viscous sublayer thickness, the measurements reach the buffer layer. The results
in Figs. 4] and [5| indicate that the riblets shift the velocity profile upwards as
also found by Choi [9]. Higher velocities and the thickening of the sublayer due
to the riblets were also observed by Sundaram et al. [11].

The upward shift is a result of the increased viscous sublayer thickness due to
riblets, which corresponds to drag reduction [5]. The effect of riblets is stronger
at lower Reynolds numbers. The finding of the stronger influence of riblets
at lower Reynolds numbers agrees with the findings published by Gatti and
Quadrio [8], and Spalart and McLean [I7], who stated that the riblets decrease
drag more at low Reynolds numbers than at high ones. The increased thickness
of the viscous sublayer shifts the logarithmic region upwards, resulting in the
increased value of constant B in the law of the wall [5].

In the present study, the riblets reduce turbulence intensity near the surface
(Fig. [6), as in the studies published by Choi [9] and Lee and Choi [28]. The

reduction is especially evident at the lower Reynolds number, as expected. As

11
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in the review of Viswanath [I8], the reduction of turbulent kinetic energy can
be observed in the spectral distribution of energy from the CTA measurement
at the location of 117 mm from the airfoil leading edge (Fig. 7). In the inertial
subrange, the energy spectral density distribution follows the Kolmogorov -5/3
law. Because the measurements do not reach the viscous sublayer, the sudden
drop describing the viscous sublayer is not visible in the distribution at high
wavenumbers. It is also known that reduced turbulence intensity weakens the
mixing out of the wake [29].

Table |3 shows the friction velocity u.,, wall shear stress 7, = pu2, and local
friction coefficient ¢ = (2u2)/U2, values. In this study, the friction velocity
is estimated based on the measured data in the logarithmic region, and this
information is used to estimate the wall shear stress and local friction coefficient.
In the calculation of friction velocity, it is assumed that the tenth measurement

point from the surface lies in the logarithmic region (this can be seen in Figs.

12
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Table 3: Experimental results of friction velocity, wall shear stress, and friction coefficient on

smooth and riblet surfaces, 117 mm from the airfoil leading edge.

% +5° +5° 0° 0° —5° —5°
Tu 2.2% 2.2% 2.2% 2.2% 2.2% 2.2%
Ree 174,000 220,000 174,000 220,000 174,000 220,000
Ur smooth 0.931 1.167 0.962 1.169 0.987 1.211
Ur riblet 0.915 1.136 0.965 1.180 0.987 1.227
Ur riblet vs. smooth —1.7% —2.6% +0.2% +0.9% +0% +1.3%
Tw smooth 1.019 1.618 1.102 1.617 1.148 1.734
Tw riblet 0.994 1.509 1.085 1.640 1.133 1.769
Tw riblet vs. smooth  —2.4% —6.8% —1.5% +1.4% —-1.3% +2.0%
ct smooth 0.00398  0.00385 0.00415 0.00403  0.00434  0.00411
ce riblet 0.00385  0.00365 0.00417  0.00410 0.00434  0.00422
cf riblet vs. smooth  —3.3% —5.2% +0.5% +1.8% +0% +2.7%

and [5) and friction velocity is calculated with the iterative method as follows
LA llog <%> + B, (2)
Uy K v

where k is 0.4, B is 5.1, and u and y are velocity and distance from the surface

in the tenth measurement point.

The riblets have been designed for an incidence of +4°, so they perform
best at a positive incidence (4+5°) as shown in Table 3] There is no observable
difference in the wake between the incidences of +4° and +5°. At the incidence
angle of +5°, riblets reduce wall shear stress by 2.4% at the Reynolds number
of 174,000 and by 6.8% at the Reynolds number of 220,000. The corresponding
changes in the friction coefficient are —3.3% and —5.2%, respectively. The
riblets seem to perform slightly better at a higher Reynolds number, but the
measurement uncertainties of friction velocity, wall shear stress and local friction
coefficient are higher than that of turbulence intensity. At the incidence of +5°,
friction velocity decreases by 1.7 — 2.6% depending on the Reynolds number.

The reductions in friction velocity and wall shear stress in the present study

14
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are of the same order of magnitude as in the study published by Choi [9]. The
results further indicate that the riblet effectiveness is not as sensitive on the tip
angle as on the height-to-spacing ratio or trapezoidal shape, as the height-to-
spacing ratio and trapezoidal shape were close to the design, but the tip angle

was 93% greater than the designed one.

3.2. Boundary layer and wake near the airfoil trailing edge

As shown above, the riblets perform best at the positive incidences (+4...+
5°), which is also evident in Figs. E[, and where the Reynolds stress, u'u’
is shown at the incidences of +5°, 0°, and —5°, respectively. On the left of Figs.
O] and the Reynolds stress is shown in the airfoil boundary layer at the
location of 94% of the chord length (117 mm from the airfoil leading edge). On
the right of Figs. [§ [0} and [I0} the Reynolds stress is shown in the wake at the
location of 108% of the chord length (10 mm behind the airfoil trailing edge).
On the right of Figs. [§ [0 and the airfoil trailing edge is located 10 mm
upstream at the vertical location of 0 mm.

The Reynolds stress distribution in the boundary layer in Fig. [§|indicates
that the riblets reduce Reynolds stress and turbulence intensity. On the right
of Fig. [8] the reduction in Reynolds stress is visible on the airfoil suction side
(upper surface, vertical location > 0 mm), but not as strongly as in the boundary
layer (on the left of Fig. |8) due to mixing. The maximum reduction in Reynolds
stress is about 80% in the boundary layer, and about 30% in the wake. It is
also worth noting that the wake asymmetry is slightly increased due to riblets.

As the riblets perform better on the airfoil suction side, they have a minor
effect on the flow field in the boundary layer of the symmetric airfoil at an
incidence of 0° on the left of Fig. [] where the riblets seem to reduce the
Reynolds stress slightly (by up to 30%). However, according to Table 3, the
wall shear stress decreased by 1.5% and the friction coefficient increased by
0.5% at the lower Reynolds number and the incidence of 0°, whereas the wall
shear stress increased by 1.4% and the friction coefficient increased by 1.8% at

the higher Reynolds number and the incidence of 0°. In the wake (on the right

15
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Figure 8: Reynolds stress at 94% (left) and 108% (right) of the chord length. Riblets work
as designed at i = +5°, and reduce Reynolds stress. The reduction in Reynolds stress is still
visible at 10 mm behind the airfoil trailing edge on the suction side (vertical location > 0

mm).

of Fig. E[), a noticeable increase (the maximum increase is around 15%) in the
peak Reynolds stresses can be detected. This increase can be explained by the
increased drag, resulting from the earlier transition from laminar to turbulent
flow when the incidence is reduced. The riblets are not able to cancel out this
drag increase. The role of the riblets in wake asymmetry is also negligibly small
at an incidence of 0°, which can be explained by the reduced riblet performance
under these conditions.

On the airfoil pressure side, the riblets do not affect the flow field in the
upper boundary layer (left of Fig. . Interestingly, the Reynolds stresses
experience an increase in the wake below the mean-line (vertical location < 0
mm, right of Fig. when the riblets are located at the pressure surface. This
behavior is not visible in Fig. and must therefore be related to the riblet
positioning. One explanation for the noticed phenomenon could be that the
riblets are acting as roughness elements on the pressure side, which then cause

the suction side flow to become more asymmetric.

3.8. Wake development

This section describes the development of the wake downstream of the airfoil

trailing edge. The wake development can be illustrated with the Reynolds stress

16
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only a little at ¢« = 0°, and reduce Reynolds stress slightly in the boundary layer, but they
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Figure 10: Reynolds stress at 94% (left) and 108% (right) of the chord length. Riblets do not

o

work at ¢ = —5°, and do not change Reynolds stress.

contours from the PIV measurements. Based on the data in Table [3 two cases
with high wall shear stress reduction and high wall shear stress increase are
chosen for demonstration. Figure [L1] shows the Reynolds stress contours in the
wake of the smooth airfoil (top left), in the wake of the riblet airfoil (top right),
and the relative difference between the riblet and smooth airfoils (bottom) in
the case of the high wall shear stress reduction. The airfoil trailing edge is
located at the vertical location of 0 mm. The negative values of the difference
in Reynolds stress indicate that the riblets reduce turbulence on the airfoil
suction side (upper surface, vertical location between 0 and 5 mm). As the

turbulence vortices are shifted by the riblets away from the surface, the increase
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Figure 11: The contours of Reynolds stress in the wake of the smooth airfoil (top left), in the
wake of the riblet airfoil (top right), and the relative difference between the riblet and smooth

airfoils (bottom) at the Reynolds number of 174,000 and an incidence of 5°.

in Reynolds stress is observable above the vertical location of 5 mm. The data
between the airfoil trailing edge and the location of 50 mm downstream were
not captured with the PIV due to the reflection from the airfoil surface.
Figure shows the Reynolds stress contours in the wake of the smooth
airfoil (top left), in the wake of the riblet airfoil (top right), and the relative
difference between the riblet and smooth airfoils (bottom) in the case of the high
wall shear stress increase. Asin Fig. the airfoil trailing edge is located at the
vertical location of 0 mm. The positive values of the difference in Reynolds stress
indicate that the riblets increase turbulence on the airfoil pressure side (upper
surface, vertical location > 0 mm), as the riblets act as roughness elements.
Below the vertical location of 0 mm, the Reynolds stress is reduced. As the
riblets are located on the airfoil pressure side, it seems that the reduced Reynolds

stress is a result either of postponed transition from laminar to turbulent on the
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Figure 12: The contours of Reynolds stress in the wake of the smooth airfoil (top left), in the
wake of the riblet airfoil (top right), and the relative difference between the riblet and smooth
airfoils (bottom) at the Reynolds number of 220,000 and an incidence of —5°.

airfoil suction side or of a more asymmetric flow field.

In addition to the Reynolds stress contours, the wake development can be
illustrated by wake thickness distribution. The data presented is taken from the
CTA measurements close to the trailing edge (10 mm downstream) and from the
PIV measurements downstream from the trailing edge (> 50 mm downstream).

The left side of Fig. [L3]shows the wake thicknesses above (61) and below (J2)
of the mean line, and the right side of Fig. shows the total wake thickness

01 + 0. Wake thickness is calculated at the location of velocity profile, where

U = Unmn+ 0504 (3)
Ud = 1- Umin~ (4)

The definition of wake thickness is adopted from the study of Thomas and Liu
[30], and is sketched in Fig The wake thicknesses based on the minimum
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Figure 13: Wake thickness above and below the mean-line (left) and the total wake thickness

(right) downstream of the airfoil trailing edge.

Figure 14: Definition of the wake thicknesses on the airfoil upper side §; and on the lower

side d2.

velocity are linearly interpolated from the velocity profile. The measurement
uncertainties shown in Fig. are based on a confidence interval of 95% and
three repeated measurements.

The right side of Fig. [L3|shows that the total wake thickness increases with
the smooth surface downstream from the trailing edge (location > 90 mm)
compared to the riblet surface. The increased wake thickness in the case of the
smooth airfoil indicates the mixing out of the wake. The wake of the riblet airfoil
is therefore less mixed out due to the reduced turbulence. However, the wake
of the riblet airfoil is not wider than that of the smooth airfoil, as was expected
in the hypothesis, because the wake thickness on the riblet airfoil pressure side
(62) is reduced. The wake thickness decreases on the pressure side when the
riblets increase the wake thickness on the suction side in order to fulfill the
conservation of mass. The less mixed-out wake caused by the riblets might be

insignificant when compared to the wake caused by the entire wind turbine.
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8.4. Effect of Riblets on Wind Turbine Power Coefficient and Annual Energy
Production

The results above show that the riblets operating near the design incidence
are able to reduce drag by up to 6.8%, and the Reynolds stress by up to 80%,
which means that the turbulence intensity was reduced by up to around 9%, even
though the average angle of the riblet tips was 93% greater than the designed
one. This section demonstrates the found drag reduction on the performance of
the wind turbine.

The effect of drag reduction on the maximum power coefficient of a horizontal
axis wind turbine can be estimated using the equation adopted from the study

by Chamorro et al. [14]:

G = 18 ( B2/3 B (CD) 1.92BA ) )
’ 27\ 1.48 + (32/3 — 0.04) A+ 0.0025)2 CL) 1+2B\)’
where B refers to the number of wind turbine blades, A to tip speed ratio, and
Cp/CYL to drag-to-lift ratio.

The increase in the maximum power coefficient due to the drag reduction is
plotted in Fig. [[5] at varying tip speed ratios. The maximum power coefficient
increases by 4.6% in the case of the three-bladed wind turbine with a tip speed
ratio of 8 and drag-to-lift ratio of 0.05. The increase in the maximum power
coefficient is 1.7% in the case of the three-bladed wind turbine with a tip speed
ratio of 8 and drag-to-lift ratio of 0.025. For an extremely favorable drag-to-lift
ratio of 0.005, the power coefficient increase would be only 0.3% due to the
riblets. As a comparison, if the highest drag reduction of 16% (reported in the
literature for symmetric airfoils) was achieved, the maximum power coefficient
could potentially increase by 10.9% in the case of the three-bladed wind turbine
with a tip speed ratio of 8 and drag-to-lift ratio of 0.05.

Based on this demonstration, it can be concluded that the effect of riblets on
the maximum power coefficient is more significant when the drag-to-lift ratio of
the original wind turbine is relatively high. For small HAWTs, the drag-to-lift
ratio varies between 0.015 and 0.061 [31], which means that small wind turbines

could be a potential application for drag-reducing riblets.
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Figure 15: Effect of drag reduction on the maximum power coefficient of a horizontal axis
wind turbine with three blades at varying tip speed ratios. B refers to the number of blades

and DR to drag reduction.

As a rough estimation for a 15 kW nominal power small wind turbine of Class
IT (Britwind H15) as described in IEC 61400-2 standard, the annual energy
production at an average wind speed of 6 m/s is 2,082 kWh higher with the
non-ideally manufactured riblets than it is without them if the maximum power
coefficient is increased by 4.6%. As a comparison, the corresponding annual
energy production with the high-quality riblets (the drag reduction of 16% as
reported in the literature for symmetric airfoils) is 4,933 kWh higher than it is
without them if the maximum power coefficient is increased by 10.9%.

In this study, only one airfoil profile (NACA 0024) was analyzed, but in
actual wind turbines a range of different airfoil profiles are used. Therefore, the
estimations of the effect of riblets on wind turbine power coefficient and energy
production are indicative, and the results cannot be generalized without further

studies.

4. Conclusions and Outlook

This study concentrated on the effect of nanosecond pulse laser manufac-
tured riblets on the flow field downstream of the symmetric NACA 0024 airfoil.
Despite the rough approach for manufacturing the riblets, which resulted in a

riblet angle 93% greater than the designed angle, the riblets reduced drag in
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the vicinity of the designed incidence by up to 6.8%. It can therefore be con-
cluded that a relatively low-quality riblet structure can be successfully utilized
in airfoils, and that the riblet effectiveness is less sensitive to the tip angle than
to the height-to-spacing ratio and trapezoidal shape, which were close to the
design.

The results from the boundary layer flow field indicated that, at the optimum
incidence, the riblets reduced wall shear stress and Reynolds stress, and shifted
the velocity profile upwards. It was also found that the turbulence intensity
reduction improved with a decreasing Reynolds number. The results from the
wake indicated that under their design conditions, the riblets increased the wake
thickness on the side of the airfoil where they were located, but decreased the
wake thickness on the opposite side of the airfoil, due to the mass conservation.
Due to the lower Reynolds stress and turbulence intensity, the mixing out of
the wake behind the riblet airfoil was weaker than that of the smooth airfoil.

Even non-ideally manufactured riblets could increase the maximum power
coefficient by almost 5% in the case of the three-bladed HAWT with a tip speed
ratio of 8 and drag-to-lift ratio of 0.05. The better the drag-to-lift ratio of the
original wind turbine, the less significant the effect of riblets on the maximum
power coefficient. The results seem promising for small wind turbines that have
a low Reynolds number. In the future, it is suggested that a full turbine blade
element analysis that includes the effects of riblets would be an important step
in order to predict the whole turbine operating map. As the purpose of this
study was to demonstrate the effect of riblets on one airfoil profile instead of
designing the actual wind turbine, the blade element analysis was not conducted
here. It is also suggested that tests with a real wind turbine should be made
in the future in order to find the performance potential of low-quality riblets

under real operating conditions.
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