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Abstract.

The surface imperfections and the inflow turbulence in real operational conditions can cause
significant deviations from the predicted wind turbine aerodynamic performance and energy
yield. In this study, particular emphasis was placed on the effect of these parameters on the
laminar-turbulent transition on wind turbine blades. For this purpose, the DAN-AERO wind
tunnel measurements, with high frequency microphones flush mounted on the both suction
and pressure sides of the NACA 63-418 airfoil profile, were used. Typical operating condition
Reynolds numbers, turbulence grid and boundary layer control devices on the surface were
implemented. The results indicate a high dependency of the transition process on these
parameters. The analyses show that the critical height of the leading edge roughness (LER) is
to be met in order to have a bypass transition to turbulent flow at the angle of attacks, where
the stagnation point is upstream of the LER location. The transition location moves closer to
the leading edge with increasing Reynolds number when the roughness height is smaller than
the critical height. Inflow turbulence is observed to have a larger effect on the transition location
than the predicted numerical results.

1. Introduction

The prediction and the understanding of the laminar to turbulent transition behaviour has a
significant role in the design process of wind turbines. The transition location on wind turbine
is influenced by several parameters including the roughness and inflow turbulence.

Roughness on the wind turbine blades can occur due to manufacturing process or long service
periods (ageing). Moreover, natural accumulations such as dirt and contamination due to insects,
ageing, sand, ice, smog, rain or erosion occur during operation. This contamination changes the
aerodynamic shape of the wind turbine blades and can lead to a lower performance and power
production. The accumulation or erosion along the leading edge can cause power output drop
to 40 % of its clean value [1] and 25 % loss in annual energy production [2]. The decrease in
performance and unpredictable stall behaviour due to dust accumulation on the blade is one of
the most critical problem for wind turbines [3].

When the roughness height, so the roughness Reynolds number reaches a critical value,
transition moves forward from its natural location close to the roughness [4]. If the roughness
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height is equal to the critical size, the turbulent spots start to form at the roughness location and
form into turbulent flow downstream of the roughness. If the roughness height is higher than
the critical height, then fully turbulent flow occurs at the roughness location [5]. The impact of
roughness on airfoil performance depends on the roughness size with respect to the boundary
layer thickness, the type of the roughness, the airfoil shape and the Reynolds number [3]. The
airfoil thickness causes higher pressure gradients at the aft region on the airfoil upper surface.
The thickness in combination with the leading edge contamination can cause earlier transition
of the laminar boundary layer and early turbulent separation, and thus a significant decrease in
maximum lift coefficient [6].

Furthermore, the interest in the effect of free stream turbulence on the onset of the laminar
to turbulent transition has increased lately [7]. In addition to the surface roughness, the inflow
turbulence experienced by the wind turbine blades in the free atmosphere can cause severe
decreases in performance of the wind turbine.

There have been studies on LER on wind turbine blades and wind turbine airfoils which are
mostly concentrated on low Reynolds numbers [8] or analyzed by force or hot-film measurements
[9]. As the wind turbines grow in size, there is a need for characterization of the transition
behaviour of the wind turbine blades at high Reynolds numbers. Moreover, transition location
can be precisely captured by the use of high frequency response instruments in experiments.

In this study, experimental data obtained from DAN-AERO [10] [11] wind tunnel experiments
are analysed. Surface pressure fluctuations were measured by high frequency microphones placed
chordwise on both the suction and pressure sides of the airfoil surface. The airfoil used in the
experiments was manufactured identical to the cross-section at 37 meters radius from the hub
of LM38.8 blade of the NM8&0 turbine. Both time and frequency domain analyses are performed
for surface pressure readings from microphones in order to detect the transition location on the
airfoil. The transition position is calculated by the maximum derivative of the sound pressure
levels (SPL) along the chordwise direction and by the first moment of the spectra.

The effect of the inflow turbulence is analysed by means of a high solidity turbulence grid,
which raises the turbulence intensity level from 0.1 % to about 1.2 % in the wind tunnel. The
angle of attack (AOA) and Reynolds number are varied and boundary layer control devices
(zigzag tape and trip wire) are applied for simulating LER. The effects of LER and inflow
turbulence on the laminar to turbulent transition are examined.

2. Experimental Method and Data Analysis

In the experiments, the NACA 63-418 airfoil profile, with flush mounted microphones both on
the suction and the pressure sides, is used. The airfoil belongs to the most outward section (37
meters from the hub) of the LM 38.8 blade of NM80 wind turbine. The chord of the model is 0.9
meters and it is manufactured identical to the section of the LM 38.8 blade. For the analysis,
41 high frequency microphones on the suction side and 25 on the pressure side are used. The
microphones have a diameter around 4 mm and were installed about 1 mm below the surface
of the airfoil. These high frequency microphones are distributed also in the span-wise direction
to reduce the disturbance from the upstream microphones. The airfoil profile and microphone
positions are illustrated in Figure 1.

The experiments were carried out at the LM Glasssfiber Low Speed Wind Tunnel which
has a test section width of 1.35 m, a height of 2.70 m and a length of 7 meters [12]. The
turbulence intensity of the LM wind tunnel is around 0.1 % which plays an important role for
inflow conditions and amplification factor (N) chosen for the numerical calculations.

Experiments are conducted at Reynolds numbers of typical operating conditions of a
horizontal axis wind turbine (1.6 - 10%, 3 - 106, 4-10°, 5-10% and 6 - 105). The angle of attack
is varied from -15 to 16 degrees with one degree and half a degree increments. The data are
sampled at 50000 H z for 10 seconds. The test cases are tabulated in Table 1.
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Figure 1. NACA 63-418 theoretical, experimental airfoil geometry and microphone positions.

Table 1. Test Cases

Parameter Description

Reynolds numbers 1.6 106, 3 -10%, 4 .10, 5 -106, 6 -10°
Angle of attack -15 to 16 degrees

Zigzag tape 0.4 mm at 1% chord suction side
Bump tape 0.1 mm at 2% chord suction side
Turbulence grid 100 x 100 mm mesh size

The surface roughness close to the leading edge on the upper surface is enforced by the bump
tape and 90° zigzag tape boundary layer control mechanisms. The normalized roughness height
with respect to 0.9 m chord for bump tape is 1.1 - 10~* and for the zigzag tape 4.4 - 1074,

The inflow turbulence is created by a turbulence grid which has a 100 mm x 100 mm mesh size
with a 40 mm width and 3 mm thickness. Hot wire analysis showed that when the turbulence
grid is installed, the turbulence intensity is around 1-1.2 % [13]. This corresponds to a N factor
of 2.62-2.19. The following equation is used to determine N values [14];

N = —843 — 2.4 - In(T.1.%,100). (1)

The N factor is chosen as 8 for the low turbulence intensity case (measurements without
the turbulence grid), which corresponds to turbulence intensity value of 0.106%. Moreover, N
factors of 0.2, 0.3, 1, 2 and 3 are used for the high turbulence intensity case (measurements
with the turbulence grid) for numerical calculations. The model in the LM Wind Tunnel with
bump tape (left), turbulence grid (right-top) and surface mounted microphones (right-bottom)
are presented in Figure 2.

The transition location from experiments is calculated by two methods; sudden chordwise
increase in sound pressure level and first moment of the power spectral density (PSD). The
standard deviation (o or Py,s), which can be considered as the total energy of the pressure
fluctuations, has been calculated from the pressure spectra;

f2
P2 = /f CPSDAf. o= P 2)
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Figure 2. NACA 63-418 Airfoil in LM Wind Tunnel with bump tape(left), Turbulence
grid(right-top) and Surface Microphones(right-bottom).

The f1 and fo are the lower and upper frequency boundaries of the interested spectra region.
When transition from laminar to turbulent flow occurs, there is a chordwise increase in the o
value. It should be noted that the PSD generated here is already doubled in magnitude and one
sided. The first method used in the transition detection is based on the maximum derivative of
the sound pressure levels (Lp) calculated with a reference pressure value of P..y= 20 p Pa;

PTmS
Ly =20 logio(5—)- (3)
ref

The second transition detection method is based on the first moment of the spectra, which is
calculated by Equation 4. In this method, the high frequency content of the spectra, where the
transition peaks are expected, is amplified by multiplication by the frequency (f). Later, it is
seen that if the inflow turbulence levels are high, this method may provide misleading results.
Therefore, in the current analysis, both SPL derivative and first moment of the spectra methods
are applied and validated by the PSD plots.

Jfr PSDdf

Ju= [ PSDaf @

The frequency range is selected as f1=2000 Hz to fo=7000 H z since at the frequencies higher
than 7000 H z, pinhole placement of the microphones causes resonance in the tubing system that
results in a bump in the spectra. Furthermore, frequencies lower than 2000 H z are not included;
large eddies in stall and inflow turbulence are present below that frequency, which causes an
increase in the low frequency content.

The positions of the microphones on the airfoil surface are identical to the ones placed on
the section of the LM 38.8 blade. Due to this microphone placement, it is believed that some
upstream microphones create a turbulent wedge that affects the downstream microphones. This
was taken into consideration during the analysis by examining the spectra and microphone
placement. The biggest increase in the sound pressure levels or first moment of the spectra
determines the transition location calculated from the experiments. Depending on the distance
between the microphones and flow conditions, this location can belong either to transition in
process or to the point where turbulent flow is first achieved.
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3. Results and Discussion

3.1. Inflow Turbulence

The pressure PSD at several chordwise positions at the suction side at Re=3-10% and AOA= 0°
without(a) and with(b) turbulence grid are presented in Figure 3. When the turbulence grid is
installed, microphones close to the leading edge contain high energy at low frequency frequencies
due to the inflow turbulence. Thus, the energy difference between laminar and turbulence spectra
decreases significantly, which makes it harder to detect the transition location. This difference
decreases further as the Reynolds number increases from Re=1.6-10° to Re=3-10°% and above. On
the other hand, when the turbulence intensity is low in the wind tunnel, there is a significant
energy difference between laminar and turbulent spectra. Moreover, the peaks due the wind
tunnel noise are stronger when the turbulence grid is installed.

H:)

PSD ( Pa*

107 10° 10 10° 10° 10*
f(Hz) [ (Hz)

a) without turbulence grid b) with turbulence grid

Figure 3. PSD at several chordwise positions on the suction side of the clean airfoil with(a)
and without (b) a turbulence grid at Re=3 - 10% at AOA= 0°.

The transition locations determined from experiments with and without turbulence grid cases
for the clean airfoil at a Re=3 - 105 are presented for various angle of attack values in Figure 4.
XFOIL analyses are performed for various N factors that are determined from the turbulence
intensity of the wind tunnel with and without the grid. It can be seen that, for the case without
the grid, the XFOIL results fit with the experiments, except for the middle angle of attack
range. It is observed from the experimental data that the transition point suddenly moves to
27% chord on the suction side, at -5 degree angle of attack. This is believed to be due to the
microphone placement (the microphones in the wake of upstream ones) in combination with the
adverse pressure gradients and cavity around certain microphones. These combined conditions
cause premature boundary layer transition. For the configuration with the turbulence grid, it is
seen that as the inflow turbulence increases, the transition location moves much further forward
close to the leading edge than predicted by the numerical results. The high turbulence intensity
case fits with the experiments for N=0.3 for angle of attack values higher than 3 degrees. This N
value (0.3) is much lower than the expected N value at 2.4 for the measured turbulence intensity
of the wind tunnel with fine turbulence grid.
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Figure 4. Transition locations for various angle of attack values with and without a turbulence
grid for clean airfoil upper surface at Re=3 - 106.

3.2. Leading FEdge Roughness

Transition locations for the clean airfoil, airfoil with the zigzag tape and with the bump tape
on the suction side are presented in comparison with the XFOIL results in Figure 5. Transition
from a laminar to a turbulent boundary layer is forced at the zigzag and bump tape locations
to simulate the effect of surface roughness in XFOIL calculations. There have been low speed
wind tunnel test studies, which show that the placement of zigzag and straight tapes causes
earlier turbulence transition [15]. It is seen from the zigzag tape experimental results that the
transition behaviour is the similar to that of the clean case until the stagnation point moves
upstream from the LER (zigzag tape) location as the angle of attack increases. When the leading
edge roughness is downstream of the stagnation point then the bypass transition occurs and flow
becomes turbulent. However, it is seen that the critical height to trigger bypass transition is not
met with 0.1 mm bump tape; it indeed shows a similar trend with the clean profile for the angle
of attack values less than 2 degrees. Moreover, it is seen that for the zigzag tape case, XFOIL
results fit with the experiments.

The calculated transition locations for the bump tape, which is applied at 2 % chord at the
suction side, for 5 different Reynolds numbers, are presented in Figure 6 (left). The current
data show that the effect of the bump tape highly depends on the Reynolds number. As the
Reynolds number increases, the transition location moves further upstream closer to the leading
edge for all AOA cases.

It is known that zigzag tape is a very effective roughness element that does not only change
transition location but can also increase the momentum thickness of the turbulent boundary
layer and can change airfoil characteristics [6]. The Reynolds number dependency for the zigzag
tape is presented in Figure 6 (Right). At low angles of attack from -15 to -6 degrees, increasing
Reynolds number causes earlier transition. The zigzag tape triggers transition sharply after -6
degrees. As the certain angle of attack value is reached for bypass transition, the transition
behaviour becomes independent of the Reynolds number with a zigzag tape.
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Figure 5. Transition locations for various angle of attack values at Re=3-10°: for clean airfoil,
for the airfoil with the zigzag tape and with the bump tape.

0.4 mm zigzag tape at 1%

—a—Re=3-100
—+—Re=4-10°
—e—Re=5-10°

Re =6-10°

fosft
04t

0.3

0.2

0.1

L L L il L L
-15 -10 -5 5 10 15 -15 -10 -5

0 0
AOA(deg) AOA(deg)

Figure 6. Transition locations for various angle of attack values at different Reynolds numbers:
Left : with a 0.1 mm bump tape at 2 % chord, Right: with a 0.4 mm zigzag tape at 1 % chord
on the suction side of the profile.

4. Conclusion

The transition characteristics of NACA 63-418 airfoil profile manufactured based on the specific
section of the LM 38.8 blade of the NM80 wind turbine from the DAN-AERO experiments, are
analysed under varying inflow turbulence and leading edge roughness conditions. It is seen that
the roughness effects become more severe with increasing free stream velocity. Therefore, if the
free stream velocity is increased, then the height of the roughness element can be reduced to
trigger bypass transition. It was observed in the previous studies for different airfoils that 0.1
mm bump tape on 2 % chord does not have an influence on maximum lift or lift to drag ratio [16].
It is seen also in the current analysis that bump tape does not affect the laminar to turbulent
boundary layer transition since the normalized roughness height of 1.1-1074 is below the critical
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roughness height for this airfoil in the range of 1.6 to 6 million Reynolds number. Zigzag tape,
in contrast, triggers transition for the angle of attack cases where stagnation point is upstream
of the roughness element. Therefore, as the critical height of the leading edge roughness is
exceeded, the transition from laminar to turbulent flow occurs by the bypass mechanism at the
condition that the stagnation point stays forward of the LER location. In this condition, the
transition location becomes independent of the Reynolds number.

Increased inflow turbulence forces the transition points closer to the leading edge and,
expectedly, skin friction drag increases due to the larger portion of the airfoil surface covered
by a turbulent flow. The similar behaviour is observed with increasing angle of attack on the
suction side. The detection of the transition locations under high inflow turbulence is difficult
due to the high wind tunnel noise especially for the microphones close to the leading edge.
When the transition location is close to the leading edge, leading edge noise can interact with
the transition related noise. Moreover, inflow turbulence combined with an increasing Reynolds
number induces instabilities in the flow. This causes turbulent spots on some microphones,
which affects the downstream ones depending on the spanwise location of the microphones.
Thus, for high inflow turbulence measurements, high frequency microphone analysis should be
performed by placing less microphones in order to reduce interaction. Moreover, microphones
should be placed spanwise with a wider angle than the turbulence wedge angle caused by the
existence of the microphone itself. To sum up, it is seen that the Reynolds number, inflow
turbulence and surface roughness have a significant effect on the transition location, therefore
on the aerodynamic performance of the wind turbine blades.
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