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ON THE AERODYNAMIC PERFORMANCE OF SERRATED
AIRFOILS

Xiao Liu, Mahdi Azarpeyvand and Raf Theunissen
University of Bristol, Bristol, BS8 1TR, United Kingdom

This paper is concerned with the aerodynamic and aeroacoustic performance of airfoils with
serrated trailing- or leading-edges. A great deal of research has been directed toward the ap-
plication of different types of serrations for the control of airfoil trailing- and leading-edge
noise. Prior research has shown that such passive treatments are capable of reducing the airfoil
noise over a wide range of frequencies. However, the aerodynamic performance of such
treated airfoils has received very little research attention. To better understand the effects of
serrations, the aerodynamic performance of serrated airfoils has been studied experimentally.
A symmetric NACA 0012 and an asymmetric NACA 65(12)-10 airfoil have been chosen for
this study and different serrations have been tested on the leading or trailing-edge. The steady
aerodynamic forces, i.e. lift and drag, have been measured over a wide range of wind speeds
and angles of attack. Preliminary results have shown that despite the noise reduction capability
of such passive treatments, they can also significantly change the aerodynamic behavior of the
airfoil.

1. Introduction

The use of passive flow control methods for reducing airfoil noise has been the subject of much
research. In particular, trailing- and leading-edge serrations have received the greatest attention [1-
11]. It has been shown analytically [1, 2] and experimentally [3-9] that the use of trailing- and leading-
edge serrations can lead to significant noise reduction over a wide range of frequencies. In a recent
study, Gruber et al. [5] experimentally studied airfoil trailing-edge noise reduction by applying dif-
ferent types of trailing-edge serrations, namely, sawtooth, slotted-sawtooth and random profiles. It
was shown that by optimizing the trailing-edge serration geometry, one can significantly reduce the
scattering efficiency at the trailing-edge. Results had shown that the broadband noise reductions of
up to 5dB can be obtained using the slotted-sawtooth over a wide frequency range. In the case of
turbulence interaction noise, it has been shown that leading-edge serrations can effectively reduce the
radiated noise [8-11]. Although the aeroacoustic performance of trailing- and leading-edges has been
studied extensively in recent years, no proper study has been carried on the aerodynamic performance
of such passive treatments. In this paper, we shall focus on the aerodynamic performance of serrated
airfoils, i.e. serrated trailing- and leading-edges. Aerodynamic lift and drag measurements will be
carried out for symmetric and asymmetric airfoils over a wide range of Reynolds number and angles
of attack.
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2. Experimental setup

2.1 Aerodynamic force measurement

The aerodynamic force measurements have been carried out in the University of Bristol’s 5’x7’
closed return wind tunnel with an octagonal working section of 2.1m (wide) and 1.5m (high) with a
stable velocity range of 10 m/s to 60 m/s. A schematic of the wind tunnel test section, airfoil and the
force balance system is provided in Figure 1. The airfoil and circular endplates (with diameter of D =
34 cm) are fixed on the force balance extension arms, see Fig. 1-b. An AMTI OR6-7-2000 force
balance was used in this project. The voltage induced from the force balance passes through an AMTI
MSA-6 strain gauge amplifier and is converted into data using a control system built in LabVIEW
system design software. After carrying out a data quality analysis, sampling frequency of 37 Hz was
found to give the best data independency and least uncertainty. Data has been collected for three sets
of 10 seconds.
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Figure 1. Wind tunnel setup for force measurements. (a) Cross-section sketch of wind tunnel setup. (b)
Photo of a serrated airfoil in the wind tunnel.

2.2 Models

In order to carry out a comprehensive study, the aerodynamic performance for two airfoils has
been investigated, namely, a symmetrical NACA 0012 and an asymmetrical cambered NACA 65(12)-
10 airfoil. The airfoils have an effective chord length of ¢ = 0.155 m and span length of L = 0.45 m,
see Figs 2-4.

Airfoils with Serrated Trailing-edge

The test airfoils shown in Figure 2 are composed of a main body (0.14m in chord; made of Green
Prolab composite material) and a serration insert. As shown in Fig. 2, 10mm of the trailing-edge part
of the airfoils has been cut with a 15mm deep and 0.8 mm thick slot through the edge and along the
span in order to allow flat plate serration inserts to be fitted to the airfoil.
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Figure 2. Trailing-edge treatment models (a) Drawings of untreated (baseline) and serrated
NACA 0012. (b) Drawings of untreated (baseline) and serrated NACA 65(12)-10.

Based on the analytical and experimental results for noise reduction using trailing-edge serrations
[1-5], three types of serrations with good noise reduction performance have been selected for this
study. These three types of serrations are sawtooth serrations, sinusoidal serrations and slotted-saw-
tooth serrations. As shown in Figure 3 and Table 1, nine serrations with different geometrical param-
eters (amplitude 2h, periodicity wavelength A, angle of serration edge ag, slot width d and slot
depth H) have been used for aerodynamic performance measurements.

Root Root Root
— ' T
15 mm 15 mm 15 mm
angle of edges angle of edges

2h (o) 2h (0s) 2h | H
T T i
Tip  wavelength (1) Tip  wavelength (1)

(a) Sawtooth serration (b) Sinusoidal serration (c) Slotted-sawtooth serration

Figure 3. Schematic of different trailing-edge serrations

Table 1 Geometrical parameters of trailing-edge serrations

Cases Serration types 2h A Mh Qg d H
mm | mm degrees | mm | mm
Case 1 | Baseline (straight trailing-edge) | 15 - - - - -
Case 2 | Baseline (straight trailing-edge) | 0 - - - - -
Case 3 sawtooth 30 3 0.2 2.86 - -
Case 4 sawtooth 30 9 0.6 8.53 - -
Case 5 sawtooth 30 | 225 15 45 - -
Case 6 slotted-sawtooth 30 9 0.6 8.53 0.5 15
Case 7 slotted-sawtooth 30 9 0.6 8.53 0.5 5
Case 8 sinusoidal 30 9 0.6 8.53 - -
Case 9 sinusoidal 30 | 225 15 45 - -

Airfoils with Serrated Leading-edge

The effect of leading-edge serrations on the control of turbulence-leading-edge interaction noise
has been the subject of much research [8-11]. Here, we have considered the aerodynamic performance
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of airfoils with different leading-edge serrations. Eight airfoils based on NACA 0012 and NACA
65(12)-10 geometries, with chord length of 0.15m, with different leading-edge profiles have been
designed and made using CNC machining. Figure 4 (a) shows the top view of the models and cross-
section view of the tip and root positions of the sawtooth leading-edge models. As shown in Figure 4
(b) and (c), the geometry modification only affects the leading-edge region of the airfoil and the rest
of the airfoil remains unchanged. The geometrical details of the airfoils used in this study are provided
in Table 2.

h

= T L NACAOQ012; h/c = 0.05 NACA651210; h/c = 0.05
NACADOLZ: h/c = 0.10 NACAG651210; h/c = 0.05
—C—
@ ®) ©

Figure 4. Drawings of leading-edge serration models. (a) Top view of an airfoil with leading-edge
serration. (b) Cross section view of NACA 0012 airfoil with leading-edge serration, (c) Cross section view
of NACA 65(12)-10 airfoil with leading-edge serration.

Table 2. Geometrical parameters of leading-edge serrations

Airfoil h/c Alc
Model 1 NACA 0012 0 0
Model 2 NACA 0012 5% 6%
Model 3 NACA 0012 10% 6%
Model 4 NACA 0012 5% 15%
Model 5 NACA 0012 10% 15%
Model 6 NACA 65(12)-10 0 0
Model 7 NACA 65(12)-10 5% 6%
Model 8 NACA 65(12)-10 10% 6%
Model 9 NACA 65(12)-10 5% 15%
Model 10 NACA 65(12)-10 10% 15%

3. Results and Discussion

In this section, we shall provide results for lift and drag of NACA 0012 and NACA 65(12)-10
airfoils with trailing- and leading-edge serrations. Wind tunnel experiments have been carried out
over a wide range of flow speeds, U = 20 m/s to 60 m/s. The NACA 0012 and NACA 65(12)-10
airfoils have been tested over an angle of attack (AoA) range of 0° to 20°and —5° to 20°, respec-
tively, covering small AoAs (relevant to prior research on trailing- and leading edge noise [3-5, 8-
11]) and stall regions.

3.1 Airfoils with trailing-edge serration

Figures 5 through 7 present the results of lift and drag coefficients for a NACA 65(12)-10 airfoil
with and without (baseline) trailing-edge serration, over angle of attack range of —5° to 20°. Wind
tunnel tests have been carried out between 20 m/s to 60 m/s, but we only present the results for 30
m/s, and 50m/s here. Figure 5 presents the lift and drag results for three sawtooth serrations with
wavelengths of A = 3 mm, 9 mun and 22 mm and amplitude of 2h = 30mm. Results have also been
compared with 155 mm chord (effective chord length) and 140 mm chord baselines (no trailing-
edge insert, see Fig. 2).
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The results of sawtooth serrations have shown that for all wind speeds considered in this study,
the lift coefficient of the airfoils fitted with A = 9 mm and 22.5 mm serrations reduces up to 15%
compared with the 150mm chord baseline over the AoA range of —5 to about 10°. Results have also
shown that the trailing-edge serrations increase the lift coefficient in the pre-stall region but do not
particularly change the stall behavior (C, — a curves) of the airfoil. Furthermore, it has been observed
that serrations do not significantly change the drag coefficient of the airfoil between AoAs of
—5°t0 10°. For angles of attack larger than 10°, the drag coefficient of serrated trailing-edge is gen-
erally higher than the baseline and it can also be seen that serrations with large wavelengths produce
more drag. The results for sinusoidal serrations, Fig. 6, show very similar trends to that of sawtooth
serration (Fig. 5). The lift and drag results for a NACA 65(12)-10 airfoil fitted with slotted-sawtooth
serrations are presented in Fig. 7. The base sawtooth has a wavelength of 2 = 9 mm and amplitude
of 2h = 30mm and has slot cuts of H = 5 mm and 15 mm (see Fig. 3-c). Results have shown that
the use of slotted-sawtooth serrations can result in up to 30% reduction in the lift coefficient over the
entire AoA range. The maximum reduction has been observed at small angle of attack region. It is
worth mentioning here that based on analytical and experimental results in [1-5], sharp sawtooth
(small a5) and slotted-sawtooth serrations are expected to provide large and robust noise reduction
over a wide frequency range. The aerodynamic results, however, have revealed that such treated air-
foils (effective in term of noise) can also be prone to aerodynamic losses.
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Figure 5. Lift and drag coefficients for a NACA 65(12)-10 airfoil fitted with different sawtooth serrations
(2h = 30mm). Triangles: A = 22.5 mm ; squares: A = 9 mm, pluses: 1 = 3 mm.

| U=30 mis | U=50 m/s:

AoA (%) AoA(°)
Figure 6. Lift and drag coefficients for a NACA 65(12)-10 airfoil fitted with different sinusoidal serrations
(2h = 30mm). Triangles: A = 22.5 mm; squares: 1 = 9 mm.
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Figure 7. Lift and drag coefficients for a NACA 65(12)-10 airfoil fitted with different slotted-sawtooth ser-
rations (A = 9 mm, 2h = 30mm, d = 0.5 mm). Triangles: H= 5 mm; squares: H= 15 mm.

Figure 8 presents the results of lift and drag coefficients of a NACA 0012 fitted with different
sawtooth serrations (A = 3 mm and 9 mm; amplitude of 2h = 30mm) and slotted sawtooth serra-
tions (A = 9 mm, 2h = 30mm, d = 0.5 mm H = 5 mm and 15 mm), at wind speeds of 30 m/s and
50m/s over the angle of attack range of 0°to 20°. The lift coefficient results for NACAO0012 at small
A0As is very different from those observed in Figs. 5-7 for NACA 65(12)-10. The effect of serration
on the lift coefficient is less significant that those observed for NACA 65(12)-10, particularly at low
speeds. Over the critical AoA region, 12" to 15°, serrations can lead to significant reduction of the
maximum lift coefficient (C;, max), but can also improve the lift performance in deep stall region (17°
to 20°). It has also been observed that the drag of NACA 0012 airfoils fitted with serrations is gener-
ally lower than the NACA 00112 with straight trailing edge (155 mm chord).

Baseline (2h=15mm) | | : ; ”]iase]jné (2h=15 mm) |
' U=50 m/s : Ny

AoA (%) AoA (%)
Figure 8. Lift and drag coefficients for a NACA 0012 airfoil fitted with different serrations (2h = 30mm).
Triangles: A = 9 mm; squares: sawtooth serration with A = 3 mun wavelength; pluses: slotted-sawtooth ser-
ration with A = 9 mm, d = 0.5 mm and H = 5 mm; stars: slotted-sawtooth serration with A = 9 mm, d =
0.5mmand H = 15 mm.

3.2 Airfoils with leading-edge serration

Figure 9 presents the results of lift and drag coefficients for a NACA 65(12)-10 airfoil with lead-
ing-edge serrations (Table 2) over the AoA range of —5° to 20°, and wind speeds of 30 m/s, and
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50m/s. Results are presented for serrations with different wavelengths (0.05¢ and 0.15c) and ampli-
tudes (0.06¢ and 0.10c), as listed in Table 2. The lift coefficient results for all four serration cases
show a significant reduction, up to 40% in the pre-stall region. Results have also shown that the
leading-edge serrations significantly change the stall behavior of the airfoil. An untreated NACA
65(12)-10 (baseline) has an almost constant lift coefficient over 8° to 19°, while serrated NACA
65(12)-10 airfoils experience a sharp stall in the AoA range of 12° to 15°, depending on the serration
type. Results have also shown that leading-edge serrations can significantly reduce the drag coeffi-
cient at low AoAs. Figure 10 presents the aerodynamic performance of serrated and unserrated NACA
0012 airfoils over the AoA range of 0°to 20°. The effect of leading-edge serrations for NACA0012
is very different from that of NACA 65(12)-10. Results have shown slight improvement in the lift
coefficient of serrated NACA 0012 airfoils over 0°to 8°. The sharp stall behavior of NACA 0012 also
changes significantly, leading to a flat C;, over AoA range of 10° to 17°. It is evident from Fig. 9 and
10 that leading-edge serrations can significantly reduce the maximum lift (C;, ,,4,) and lift-to-drag
ratio (C,/Cp) over the stall region. Results have also shown that in the case of NACA 0012 the use
of leading-edge serrations does not have a noticeable effect on the drag coefficient at small AoAs,
but it generally increases Cj, near the stall region (10" to 15°).

4 |
U=30 m/s
Bassline

o
L] IR ‘

o] i f: remreat earome Il
-5 0 5 10 15 20-5 0 5 10 15 20

AoA () AoA (*)
Figure 9. Lift and drag coefficients for a NACA 65(12)-10 airfoil with leading-edge serration. Triangles:
AJc = 0.15and h/c = 0.05; squares: A/c = 0.15 and h/c = 0.10; pluses: A/c = 0.06 and h/c = 0.05;
stars: A/c = 0.06 and h/c = 0.10.

i Baseline gl

AoA (%) AoA (%)
Figure 10. Lift and drag coefficients for a NACA 0012 airfoil with leading-edge serration. Triangles:
A/c =0.15and h/c = 0.05; squares: A/c = 0.15and h/c = 0.10; pluses: 1/c = 0.06 and h/c = 0.05; star
marker: A/c = 0.06 and h/c = 0.10.
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4. Conclusions

The aerodynamic performance of airfoils with leading and trailing-edge serrations has been stud-
ied. Prior studies had shown that such treatments can significantly reduce the noise from airfoils.
However, the results in this paper show that the trailing- and leading-edge serrations can also signif-
icantly change the aerodynamic performance of the airfoil. It has also been shown that the level of
the changes depends greatly on the type of the airfoil as well as the geometrical details of the serra-
tions. In the case of trailing-edge serrations it has been observed that serrations can significantly
reduce the aerodynamic lift of airfoils but the overall shape of ¢, — a curves and the stall properties
of the airfoil do not change considerably. Leading-edge serrations, on the other hand, can alter the
shape of C;, — a curves and the stall properties of the airfoil, besides its lift and drag performance.
From the results presented above, it is evident that more in depth studies are needed if trailing- and
leading-edge treatments are to be used as a solution for airfoil noise.
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