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Control of Wake-Airfoil Interaction Noise Using
Slotted-sawtooth Trailing-edge Serrations

Xiao Liu’ B. Zang! Mahdi Azarpeyvand?
Faculty of Engineering, University of Bristol, BS8 1TR, United Kingdom.

This paper presents a study on the effectiveness of the application of a trailing-edge
serration as a passive control method for reducing the wake-airfoil interaction noise from
two airfoils in tandem. Two chambered airfoils, a NACA 65-(12)10 and a NACA 65-710
airfoil have been set up in tandem configuration in this study. To better understand the
aerodynamic and aeroacoustic effects of wake interaction noise, an adjustment mechanism
has been designed to allow free vertical movement of the rear airfoil. A slotted-sawtooth
serration has been applied on the trailing-edge of the front airfoil as it has proven to be
effective from our previous studies.! The rear airfoil was equipped with several pressure
taps and surface pressure transducers. Far-field and near-field noise have been measured
using the far-field microphone array and remote sensing probe technique. The results
show that the use of slotted-sawtooth serration at the angle of incidence 10° can lead to a
significant reduction of the far-field noise as the rear airfoil starts to interact with the wake
of the front airfoil. The overall noise reduction level is up to 10dB, which is believed to be
due to a faster turbulence kinetic energy decay of the wake from the serrated trailing-edge.
Results have also shown that a significant reduction of surface pressure fluctuation and the
near-field and far-field coherence can be achieved over the leading-edge area of the rear
airfoil.

Nomenclature

c chord length of the airfoil, mm

2h amplitude of serration, mm

H serration slot depth, mm

d serration slot width, mm
serration wavelength, mm

Up free-stream wind speed, m/s

Re, chord-based Reynolds number

Zg gap distance between the front and rear airfoils in x direction, mm
Yg gap distance between the front and rear airfoils in y direction, mm
@ angle of incidence of the airfoil, deg

ke non-dimensionalized frequency, 27 fc/cq

co speed of sound, m/s

f frequency, Hz

SPL Sound Pressure Level, dB

PSD Power spectral density, dB/Hz
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I. Introduction

The noise produced by rotating blades is known to arise from the wake turbulent flow of the front-blade
interacting with the rear-blade. Based on the findings of Boorks et al.,> this mechanism can be broadly
categorized into trailing-edge, early separation and stall noise respectively. Over the past decades, the
studies of the aerodynamic noise produced by the rotating blades have become a challenging task from both
theoretical perspective and practical point of view. Many studies on the aerodynamic noise produced by
the rotating blades has been carried out over the past decades. The mechanism of the noise generation
by contra-rotating open rotor (CROR) propulsion systems were first investigated and analyzed in 1948 by
Hubbard.? His study identified the dominant interference mechanisms and their associated noise production.
Later, Hanson et al. reproduced and expanded Hubbard’s findings by using turbofan theory.* For the contra-
rotating open rotor (CROR) propulsion systems, the major source of noise is caused by the interaction of
the tip and wake flow of the front propeller with the rear blades. Therefore, minimizing wake turbulence
intensity of the front-blade should significantly affect the overall noise level of the CROR system. To reduce
trailing-edge noise, several passive methods have been investigated extensively over the past decade, such as,
trailing-edge serrations,” 7 porous treatments,'®22 surface treatments,?® 24 brushes?® 2% and morphing.?”> 28
Serrated trailing-edges, in particular, have received significant interest due to its simple yet efficient noise
reduction performance.

The efficiency of applying trailing-edge serrations for reducing noise have been investigated by Howe
extensively. Howe provided detailed analytical studies which showed that adding sawtooth and sinusoidal ser-
rations on the trailing-edge of an airfoil will lead to the destructive sound interference which can significantly
reduce the trailing-edge noise. However, Howe’s mathematical model does not match the absolute noise re-
duction with the experimental data. More recently, Lyu et al.3*3% improved Howe’s existing analytical
model by taking into account the existence of constructive sound interference in addition to the destructive
sound interference predicted by Howe. A better agreement with the experimental data has then be observed
from the results from the improved model. The implementation of trailing-edge serrations, such as sawtooth
and slotted-sawtooth serrations, have studied by Gruber et al. and the results have shown that the use
of sawtooth and slotted-sawtooth have superior noise reduction efficiency.'® Later, The implementation of
sawtooth and slotted-sawtooth serrated trailing-edge by Liu et al. have shown to be effective in reducing
the wake turbulence intensity and the corresponding noise generation, especially at high angles of attack
where maximum aerodynamic performance is obtained."?'! The ability of trailing-edge serration to reduce
the turbulent energy content within the wake region can be associated with the highly three-dimensional
flow originating from the tip- and root of the serration, making it an attractive solution to mitigate such
wake-airfoil interaction noise for contra-rotating propellers and many other rotor-stator configurations.

Compared to the aeroacoustic studies of a single airfoil, fewer measurements have been reported on
two airfoils aligned in tandem configurations. To expand the existing knowledge and better understand
the effect of using trailing-edge serrations on the aerodynamic and aeroacoustic performance of wake-airfoil
interaction, detailed of the near- and far-field noise measurements have been carried out and presented in this
paper. By studying the dynamic pressure results on the rear airfoil from the remote sensing probe method,
the effectiveness of a slotted-sawtooth trailing-edge serration on the wake-airfoil interaction noise has been
investigated and compared with the straight (Baseline) trailing-edge airfoil. The experimental setup for the
present study and the measurement techniques are discussed in section II. The results and discussions are
provided in section III.

29-31

II. Experimental Setup

The present experiments were carried out using a cambered NACA 65(12)-10 airfoil and a NACA 65-710
airfoil in the aeroacoustic facility at the University of Bristol. The nozzle size of the tunnel is 0.775 mx0.5 m
and capable of reaching reliable speeds of up to 40 m/s. The inflow velocity used for this study is Uy = 25 m/s.

A. Airfoil and Serration Model Design Setup

The schematic of the tandem airfoils configuration set up with the trailing-edge serration is shown in Fig. 1(a).
The front NACA 65-(12)10 airfoil were manufactured from aluminium-7075 and the rear NACA 65-710 airfoil
is made by RAKU-TOOL WB-1222 polyurethane board. Both of the airfoils are machined using a computer
numerical control (CNC) machine. At the trailing-edge of the front airfoil, a 2.3 mm blunt with a 15 mm

2 of 13

American Institute of Aeronautics and Astronautics



(hy) depth and 0.8 mm thick slot along the span of the airfoil has been cut in order to install the flat
plate (baseline case) and the slotted-sawtooth serration. In the previous experimental studies, the use of
slotted-sawtooth serrations show clear noise and turbulent kinetic energy reduction.’ '™ The slotted-
sawtooth serration used in this study with geometrical parameters of the amplitude 2h = 30 mm, periodicity
wavelength A = 9 mm, the slot width d = 0.5 mm and slot depth H = 15 mm (Fig. 1(b)). The rear airfoil,
was equipped with a total number of 34 ports on both the pressure and suction sides of the airfoil for the
static and dynamic pressure measurement, see Fig. 1(a).

(@)

Static and dynamic
pressure ports

Front airfoil Ve 2h

o hy
Rear airfoil

()

Slotted sawtooth

Figure 1: Tandem airfoil set up, (a) Tandem airfoil configuration (b) geometrical parameters of the slotted
sawtooth serration.

© far-field microphone array

il

c=150 mm a=10°

Figure 2: Side view of the tandem airfoil configuration.

A total number of 20 remote sensors, 15 on the suction side and 5 on the pressure side were populated on
the rear airofoil. These remote sensors were use to capture the unsteady surface pressure fluctuation with
a frequency range from 50Hz to 15kHz. All the remote sensing microphones were calibrated by a G.R.A.S.
40PL microphone according to the procedures described by Mish et al. and Elsahhar et al.>43% This remote
sensing technique and the calibration procedures have also been used by Mayer et al.?®:37 to study the airfoil
trailing-edge noise in static and dynamic conditions. A far-field microphone array with a total number of
23 G.R.A.S. microphone has been set up around 1.75 m above the leading-edge of the rear airfoil. The
synchronous remote sensor and far filed measurements were acquired with National Instruments PXIe-4499
data acquisition modules at a sampling rate of 216 Hz for 16 seconds. The power spectral density (PSD) and
sound pressure level (SPL) of the near-field pressure fluctuations and farfield noise were later post-processed
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by applying Welch function with a window size of 2'3 and 50% overlap. The frequency resolution, i.e. bin
size, was kept constant at 8Hz.

Both airfoils have been set to angles of insicidence of 10° (Fig. 2) which the serration produces better
TKE decay in the airfoil wake.n 191138 The two airfoils are placed parallel to each other, in a uniform flow,
and rectangular end-plates are fixed on the side of the nozzle to maintain a nearly two-dimensional flow
over the two airfoils. Adjustment mechanism has been designed to allow placement of the rear airfoil in two
horizontal locations (z, = 0.3¢ and 0.5¢) and free vertical movement (y, = +0.4c). Note that, z, and y,
were defined based on the trailing-edge of the front airfoil with A = 15 mm flat plate(Baseline case).

ITI. Results and Discussion

A. Far-field acoustic Measurements

As presented in the previous study by Liu et. al, placing a rear airfoil in tandem will lead to significant
changes to the wake of the front airfoil.>® In order to further investigate the effectiveness of trailing-edge
serration treatments for reducing the wake-airfoil interaction noise, detailed far-field measurement has been
carried out using far-field microphone array. The rear airfoil while fixed at either x4, = 0.3¢ or 0.5¢ in
horizontal distance, is traversed in the vertical direction with a step size of dy, = 2 mm to cover the entire
front airfoil wake (from y, = —0.1c to 0.4c).

Frequency (Hz) Frequency (Hz)
i 10 10 10
0.3 | 10
0.2 . i
025} 6
| 4
0.15 |
0.2 2
e e |
T T r """ 0
N | I RER
2
N -
0.05 | i | &
‘ 0.05 | it
ot (@)x~03c (b) x,=0.5¢ io
10 10! 10" 10
ke ke

Figure 3: Contour maps of the PSD difference between serrated and unserrated case (APSD) for tandem
airfoil with horizontal gap distance (a)z, = 0.3¢ and (b)zy = 0.5¢ and wide range of vertical gap distance
1g- Notes that the red line allocate the vertical gap location where maximum noise reduction observed.

Far-field noise difference between the serrated case and the Baseline case(APSD) have been calculated
(APSD = PSDscrrated — PSDpasciine) and plotted in the contour maps in Fig. 3, while the y,/c represents
the vertical locations of the rear airfoil. Noted that a negative difference (in blue) represents noise reduction
and vice versa. In Figs. 3(a) and (b), for two horizontal locations, z, = 0.3c and 0.5¢, noise reduction can be
observed from frequencies of approximately f = 200Hz to 1000Hz as the rear airfoil moves through the wake.
This corresponds to the non-dimensional frequency number range of 0.5 > kc > 3, where kc = 27 fc/co with
co refers to the speed of sound. As the rear airfoil gradually moved into the wake region of the front airfoil
from around y, = 0.02¢ and y4 = 0.03c for x4 = 0.3c and 0.5¢, the noise reduction becomes more significant
in both the magnitude and the frequencies range. As shown in Figs. 3(a), a maximum noise reduction of
above 10dB can be observed over 0.5 <kc< 3 (200Hz < f < 1000Hz) at z4/c = 0.3 and y,/c = 0.13. For
zg/c = 0.5 in Fig. 3(b), a even greater noise reduction (above 12dB) can be observed over 0.5 <kc< 4
(200Hz < f < 1000Hz) at y,/c = 0.17. From ealier study by Gruber et al.,'® kc range (0.5 > ke > 5), has
been identified as the region dominated by turbulence interaction noise and kc > 5.5 has been identified as
trailing-edge self-noise for tandem airfoil configurations, at similar Reynolds number.

The far-field noise results at vertical gap location where maximum noise reduction observed (in red line
in Fig. 3) have then been presented in Fig. 4. For reference, the background noise is shown in grey in the
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Figure 4: Fairfield power spectral density of the interrelation noise with airfoil gap distance of (a) 2, = 0.3c,
yg = 0.26c and (b) z, = 0.5¢, y4 = 0.67¢, black solid line: Baseline, blue dash line: Slotted-sawtooth
serrated, black dot line: background.

figures. In Fig. 4(a), when compared with the Baseline case, the far-field PSD demonstrates that the use
of trailing-edge serration on front airfoil can lead to a clear decrease (up to 11 dB/Hz) in the far-field noise
within the frequency range of 0.5 < kc < 3. At a higher frequency range (k¢ > 3) the far-field PSD for the
serrated case resulted in a similar magnitude and trend, as the Baseline case. When increasing the horizontal
distance between two airfoils x, to 0.5¢ (see Fig. 4(b)), the result show similar behaviour as the case for
zg = 0.3c with the maximum noise reduction up to around 12 dB/Hz.

Baseline
= = Slotted-sawtooth
------- background
100 80 100 80
120 60 120 60

140 40 140

160 60 20 160 60 20
40 40

180 0 0 180 0 0

(a)x,=0.3¢ OASPL(dB) (b) x,=0.5¢ OASPL(dB)

Figure 5: Overall sound pressure levels and directivity of the interaction noise with airfoil gap distance of
(a)zy = 0.3¢c and (b)zy = 0.5¢, black solid line: Baseline, blue dash line: Slotted-sawtooth serrated, black
dot line: background.

Figure 5 presents the overall sound-pressure-level (OASPL) and its directivity pattern for the Baseline
and slotted-sawtooth serrated cases for two different horizontal gap distances (r4 = 0.3¢ in Fig. 5(a) and
0.5¢ in Fig. 5(b)) at the vertical gap distances, y4, where the maximum far-field noise reduction is attained.
As shown in the figures, substantial overall noise reduction can be obtained with the use of slotted-sawtooth
case with approximately 7dB at all polar angles for z, = 0.3c, and the reduction improves further to 10dB
for the larger z.

Based on the result in Fig. 4, four different kc values, at the low frequency (beginning of the reduction
region k¢ = 0.7), the mid-frequencies (the frequency within the reduction region k¢ = 1.4 and 2.5) and
the high frequency (higher than the reduction region kc = 4.4) have been chosen to examine the frequency-
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Figure 6: One-third octave band sound pressure levels and directivity of the interactions with airfoil gap
distance of x4 = 0.3c and y, = 0.26¢, black solid line: Baseline, blue dash line: Slotted-sawtooth serrated,
black dot line: background.

Baseline
= == Slotted-sawtooth
"""" background
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120 60 120 60
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40
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Figure 7: One-third octave band sound pressure levels and directivity of the interactions with airfoil gap
distance of x4 = 0.5¢ and y, = 0.67c, black solid line: Baseline, blue dash line: Slotted-sawtooth serrated,
black dot line: background.

dependent changes in both far-field noise level and directivity. As shown in Figs. 6 and 7, for both z,/c = 0.3
and 0.5 cases, it is clear that the directivity of the radiated far-field noise for the serrated cases shows similar
pattern to that of the Baseline cases for all selected kc values. In the result of low to middle kc values,
ke = 0.7, 1.4 and 2.5 in Figs. 6(a) to (¢) and Figs. 7(a) to (c), for both two horizontal gap distances, clear
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reduction of the sound pressure level in all directions can be observed when the slotted-sawtooth serration is
applied to the front airfoil trailing-edge in the results of the serrated cases. Moreover, the difference between
the Baseline and the serrated airfoils gradually increases while the polar angle increases, i.e. moving from
upstream to downstream.

B. Nearfield Measurements

Knowing that the use of slotted-sawtooth can resulting substantial reduction of the far-field noise, it is now
useful to examine the near-field unsteady loading on the rear airfoil since it provides a measurement of the
turbulent flow impinging directly upon the rear airfoil. The surface pressure fluctuation measurements have
been performed on the rear airfoil and correlate it with the far-field noise results. A flat plate (Baseline)
and a slotted-sawtooth serration was applied on the trailing-edge of the front airfoil and the surface pressure
fluctuation on the rear airfoil have been acquired using remote sensor microphones. The rear airfoils were
placed at the vertical locations where the rear airfoil interact most notably with the wake of the front airfoil,
which is y4 = 0.13c and 0.17¢ for gap distance between two airfoil z, = 0.3c and 0.5¢, respectively. Figures 8
and 9 depict the surface pressure fluctuation PSD along both the suction sides of the rear airfoil at 4, = 0.3c
and 0.5¢. Note that figures are arranged in a way that it starts from the pressure measurement locations
at the pressure side and follow a clockwise sense of rotation with reference to the quarter chord of the rear
airfoil, all the way to the last measurement point on the suction side.

As shown in Fig. 8, a broadband hump in the non-dimensional frequency range of around 0.55 < k¢ < 2.75
can be observed in the result for the Baseline case (in black solid line), especially close to the leading-
edge on both the pressures side (Fig. 8(a) to (d)) and suction side (Fig. 8(e) to (k)). However, when the
slotted-sawtooth serration is applied on the trailing-edge of the front airfoil (in blue dash line), a significant
surface pressure fluctuation PSD reduction can be found in the hump region. The maximum PSD reduction
magnitude is about 9 dB/Hz. For higher frequency range, k¢ > 2.75, the result for serrated case on the
pressure side show a slight increase in the PSD level in the Fig. 8(a), while close to the leading-edge of the
airfoil 8(b) to (d), surface pressure fluctuation PSD of the serrated case resulted in a small reduction. On the
suction side of the airfoil, it is almost negligible and minor decrease in the higher frequency range, especially
close to the leading-edge of the airfoil can be observed. For the result at larger z, in Fig 9, it is shown that
the use of the trailing-edge serration can lead to a clear reduction of the surface pressure fluctuation PSD,
especially around the leading-edge of the rear airfoil with the kc range between 0.55 to 2.75, similar the that
of smaller x,. The result for serrated case for higher frequency also show an approximate of 2 dB/Hz lower
than that of the Baseline case at most of the locations around the leading-edge of the rear airfoil.

It is interesting that the frequency range observed with most significant reduction in the surface pressure
PSD, 0.55 < ke < 2.75, agrees very well with the frequency range of far-field noise reduction. In the previous
study, applying a slotted-sawtooth serration on the trailing-edge of an airfoil has proven to be able to lead
to a wake velocity deficit as well as a great reduction of the turbulent kinetic energy level in the downstream
wake region as compared to the Baseline case.™!'! Since the wake-airfoil intereaction noise is directly related
to the surface pressure fluctuations due to the wake turbulence of the front airofil hitting on the leading-edge
of the rear airfoil, therefore, a lower wake turbulence can possibly lead to a smaller unsteady aerodynamic
loading on the leading-edge area of the rear airfoil, and hence the overall noise reduction across the range of
frequencies.3?
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Figure 8: Power spectral density of surface pressure fluctuation on the rear airfoil at « = 10° and location
x4 = 0.3c and y, = 0.26¢, black solid line: Baseline, blue dash line: Slotted-sawtooth serrated
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Figure 9: Power spectral density of surface pressure fluctuation on the rear airfoil at o = 10° and location
x4 = 0.5¢c and y, = 0.67c, black solid line: Baseline, blue dash line: Slotted-sawtooth serrated
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C. Near-field and Far-field Coherence

Based on the study by Lacagnina et al.,*° simultaneous measurement of unsteady pressure fluctuation for
near- and far-field proves to be effective and useful to directly relate the near-field surface pressure fluctuation
and far-field radiated noise. In order to better illustrate the effect of trailing-edge serration on the wake
turbulence interaction with the leading-edge of the rear airfoil, the coherence between the unsteady pressure
from all surface pressure measurement points on the suction side of the rear airfoil and the 90° far-field
microphone has been determined as:

2 o | Ppipi (N2
()= Dpipi (F)Ppjpi ()

where ¢, is the Fourier-transformed pressure fluctuation spectra. The coherence contour maps are presented
in Figs. 10 and 11 for 2, = 0.3c and 0.5¢. The positive x/c represents the coherence results along the suction
side of the rear airfoil (z/c = 0 is leading-edge of the airfoil).

(1)

Frequency (Hz) Frequency (Hz)
10° 10t 10 10*

(a) Baseline (b) Slotted-sawtooth

10" 10’ 10° 10
ke ke

Figure 10: Contour map of coherence (7?) between the near-field microphones on suction side of the rear
airfoil with the 90° far-field microphone at horizontal gap distance x4, = 0.3c.

The coherence map for the Baseline case for both two z, locations (Fig.10(a) and 11(a))show a high co-
herence region in the frequency range (0.9 < k¢ < 2) and this high coherence region occurs from leading-edge
to till 0.7¢ of the suction side of the rear airfoil. This region also agree approximately with the broadband
hump which is believed due to the wake-airfoil interaction in both the near-field surface pressure fluctuation
(see Figs. 8 and 9) and far-field noise spectra (see Fig. 4) in previous sections. In Figs.10(b) and 11(b), when
applying slotted-sawtooth serration on the trailing-edge of the front airfoil, a clear loss of coherence can be
observed between the near- and far-field pressure fluctuations compared with the baseline case. Also the
frequency range of the near- and far-field coherence expend to a wider frequency range, 0.7 < kc < 4 for the
case with smaller gap distance x4 = 0.3c and 0.7 < kc < 2.5 for the case of x, = 0.5¢c. This possible suggests
that a wider range of turbulent structure correlated with the far-field noise with the use of slotted-sawtooth
serration. Similar reduction trend again can be found in the near-field surface pressure fluctuation and far-
field noise spectra. More importantly, this agreement again show a hint that the interaction noise between
the wake turbulence and leading-edge of the rear airfoil is indeed can be seen as a primary source of the
far-field radiated noise, furthermore, the near-field surface pressure fluctuation at the leading-edge locations
is directly related to the generation of wake- airfoil interaction noise.
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Figure 11: Contour map of coherence (y?) between the near-field microphones on suction side of the rear
airfoil with the 90 far-field microphone at horizontal gap distance z, = 0.5c.

IV. Conclusion

Effects on the passive control of wake-airfoil interaction noise with the application of a slotted-sawtooth
serration on the trailing-edge of a NACA 65-(12)10 airfoil which has been set up in tandem configurations
with another NACA 65-710 has been examined in this study. Adjustment mechanism on the rear airfoil
for a free vertical movement was used to facilitate the detailed aerodynamic and aeroacoustic measurement
of the rear airfoil moving from outside of the front arifoil wake to inside of the front airfoil wake position.
The results show that, at the angle of incidence 10°, a significant reduction of the far-field noise can be
observed for the slotted-sawtooth serration case when the rear airfoil starts to interact with the wake of
the front airfoil. The overall noise reduction level is up to more than 10 dB for both horizontal distances
tested, over the frequency range of 0.5 < kc < 2.74. The near-field measurements also demonstrate a clear
reduction of surface pressure fluctuation PSD over a comparable frequency range. The near-field to far-field
coherence show that comparing to the Baseline case, the slotted-sawtooth serration both reduces the extent
of coherence between the near-field and far-field pressure fluctuations and expends the frequency range of
the coherence. This present results show that the wake-airfoil interaction noise can be seen as a primary
source of the far-field radiated noise for tandem airfoils configuration and give a hint that the reduction in
near-field unsteady loading of the rear airfoil can lead to reduction of the radiated noise.
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