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Effect of streamwise vane treatments on the noise reduction
performance of trailing edge serrations under aerodynamic
loading conditions

Shivam Sundeep,1 Peng Zhou,1,a) and Siyang Zhong2
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ABSTRACT:
Trailing edge serrations have shown remarkable ability to reduce noise, but their effectiveness can be significantly

impacted by flow misalignment, particularly under aerodynamic loading conditions. This paper presents a

comprehensive study on the effect of incorporating streamwise vane treatments at the root of the trailing edge

serrations on its noise reduction performance. Experiments were performed on a 100 mm chord NACA 0012 wing

model with sawtooth type trailing edge serration. The aeroacoustic performance was investigated for serrations with

non-zero flap angle at various angles of attack between �5� and 8.5�. The findings reveal that streamwise vanes

can reduce the high-frequency noise by over 5 dB when placed at the root. Furthermore, particle image velocimetry

measurements in the wall-normal plane demonstrate a significant decrease in cross-flow and turbulence generation

when the treatment was placed near the root of serrations. In addition, the load measurements indicate no noticeable

variation in the lift coefficient and up to 6% increase in the drag coefficients in the pre-stall region.
VC 2023 Acoustical Society of America. https://doi.org/10.1121/10.0022579

(Received 28 July 2023; revised 3 November 2023; accepted 13 November 2023; published online 7 December 2023)

[Editor: Xun Huang] Pages: 3684–3695

I. INTRODUCTION

Over the past two decades, there has been a notable

increase in the size of wind turbines, with their height and

blade lengths growing significantly, to enhance their energy

generation capabilities. Larger blade diameter enables wind

turbine to sweep more area, capture more wind, and produce

more electricity. However, the wind turbine blades also

cause high noise pollution, leading to development of high-

loading, low-noise blades. Researchers have drawn inspira-

tion from the exceptional low-noise flight abilities of owls

to investigate noise reduction techniques such as trailing

edge serrations,1 porous membranes and airfoils,2,3 finlets,4,5

and canopies.6

Presently, sawtooth type trailing edge serration is a pre-

ferred method for reducing the wind turbine trailing edge

turbulent boundary layer interaction noise.7 The wind tunnel

experiments by Gruber et al.1 and Oerlemans et al.8 have

illustrated that the serrated trailing edge inserts can achieve

a noise reduction of up to 6 dB. However, they also reported

an increase in noise at relatively higher frequencies. Gruber

et al.1 suggested that this increase in noise at higher frequen-

cies might be attributed to heightened turbulence activity

occurring between the serration teeth. Avallone et al.9

employed time-resolved tomographic particle image

velocimetry (PIV) to directly visualise the three-

dimensional (3D) flow patterns over the suction side of a

NACA 0018 airfoil equipped with trailing-edge serrations.

Their findings revealed the presence of pairs of counter-

rotating vortices aligned along the streamwise direction

within the spaces between the serrations. These vortical

structures were driven by the mean pressure difference

between the suction and pressure sides of the airfoil. Based

on the flow visualisation using active liquid crystals and sur-

face pressure sensors, Chong and Vathylakis10 suggested

that the reduction in noise in serrations is attributed to a

decline in scattering efficiency caused by oblique edges,

rather than a reduction in the strength of the noise source.

Recent experimental and numerical studies11–15 have

found that the noise reduction performance of serrations is

sensitive to the installation and loading conditions. It has

been shown that even minor changes in incidence can make

the flow more complex and three-dimensional and, hence,

deduce the noise reduction capability of serration. Arce

Le�on et al.11 used PIV measurements to examine the effects

of loading and flap angle on the cross-flow across the serra-

tion roots. They observed pairs of counter-rotating vortices

between the serrations as a result of the pressure imbalance

across the serration edges. These vortices significantly alter

the streamline pattern and affect the surface pressure fluctu-

ations and acoustic scattering efficiency. They concluded

that the formulation presented by Howe,16 which onlya)Email: pengzhou@ust.hk
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considers the sideward deviation of streamlines relative to

the serration edge, is insufficient to account for the observed

variations in noise reduction.

Later, Vathylakis et al.12 and Woodhead et al.15

expanded upon the study and investigated the impact of both

flap-up and flap-down serrations. Their research revealed

that while the flap-up position is more favourable for broad-

band noise reduction, it has a negative impact on lift.

Conversely, the flap-down configuration has the opposite

effect. Recently, Pereira et al.17 provided a comprehensive

analysis of the surface pressure fluctuations over serrations

impacted by the cross-flow around the serrated trailing edge

subjected to aerodynamic loading. Their findings revealed

that the streamwise vortices cause the flow to steer towards

the centre of the serration on the suction side and towards the

gap on the pressure side, resulting in amplified pressure fluc-

tuations around the edges on the pressure side.

Although numerous studies have examined the adverse

effects of cross-flow on noise reduction, there has been rela-

tively little research focused on minimizing it. In a previous

study,18 the authors successfully reduced the cross-flow by

shifting the serrations downstream of the airfoil trailing

edge. Shi and Kollmann19 numerically investigated the com-

bination of trailing edge serrations and upstream finlet struc-

tures, which were originally used to mitigate broadband

trailing edge noise.4,20 Their results showed a significant

noise reduction in the entire frequency range. However, the

highly separated flow in their baseline case was not a repre-

sentative condition from a practical perspective. This study

aims to improve the noise reduction performance of trailing

edge serrations by suppressing the cross-flow across trailing

edge serration by placing streamwise vanes upstream of the

root of the serrations in a staggered arrangement. While this

arrangement has similarities to the staggered finlets used by

Afshari et al.,20 they differ in placement, coverage, and

function. Specifically, unlike finlets, the vanes are intermit-

tently placed around the edge of serrations and cover only

20% of the total span. The design purpose of the vanes is to

block the cross-flow and reduce the strength of streamwise

vortices from the serration roots, instead of elevating the

boundary layer, which is a key function of finlets.20 This

study includes comprehensive anechoic wind tunnel mea-

surements to provide better understanding of the aerody-

namic and aeroacoustic effects of the streamwise vane

treatments across a broad range of angles of attack.

The remainder of this paper is structured as follows.

Section II outlines the experimental setup and the instru-

mentations used in this study. In Sec. III, the results of the

aeroacoustic and aerodynamic measurements are presented,

with an insight into the noise reduction mechanism. Finally,

Sec. IV provides concluding remarks on the study.

II. EXPERIMENTAL SETUP

A. Wind tunnel and flow conditions

Experiments were carried out in a low-speed wind tunnel

the Ultra-quiet Noise Injection Test and Evaluation Device

(UNITED),21 at the Hong Kong University of Science and

Technology (HKUST). The wind tunnel has an open-jet test

section with a square nozzle of 0.4 m each side at the exit.

The test section was enclosed by an anechoic chamber with a

cut-off frequency of around 200 Hz. The wind tunnel has a

turbulent intensity of less than 0.25% over the whole operat-

ing range. A NACA 0012 wing model22 with a span of 0.4 m

and a chord (c) of 0.1 m was used for the study. The wing was

positioned between two end plates in an open-jet test section,

as shown in Fig. 1. The boundary layer transition was forced

at 0.15c on both the pressure and suction sides of the wing by

means of a 0.2 mm thick zig-zag trip. The experiments were

conducted at free stream velocities ranging from 20 m/s to 50

m/s, corresponding to chord-based Reynolds numbers rang-

ing from 1.38� 105 to 3.45� 105.

The wing model was attached to a turntable (Fig. 1)

with a stepper motor and an optical encoder to precisely con-

trol the angle of attack, with an accuracy of 0.01�. Acoustic

measurements were conducted at four different geometric

angles of attack: ag¼�7�; 0�; 7�, and 12�. To determine the

effective angle of attack, the correction methodology pro-

posed by Brooks et al.23 was utilised: a¼ agð1þ 2rÞ=g,

where g ¼ (1 þ 2r)2
ffiffiffiffiffiffiffiffi

12r
p

, r ¼ (p2/48)(c/L)2, and L¼ 0.4 m;

is the height of the nozzle. The corresponding effective

angles of attack are a¼�5�; 0�; 5�, and 8:5�, respectively.

1. Trailing edge serration and streamwise vane
treatment

The serrations have a sawtooth profile with a wavelength

of k ¼ 10 mm and a root-to-tip distance of 2h ¼ 20 mm. The

serrations were treated by streamwise vanes at its roots. Both

the serrations and the streamwise vanes were 3D printed as a

single entity from Nylon PA12 material. The streamwise

vanes and the substrate have thicknesses of 0:3 mm and

0:2 mm, respectively, with a dimensional accuracy of 65%.

Following fabrication, these serrations along with the

FIG. 1. (Color online) An overview of the experimental setup.
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streamwise vanes were placed at the trailing edge of the wing

using trailing edge attachments, as shown in Fig. 2. These

attachments are 0:1 mm thin stainless steel strips attached to

the wing using magnets to allow easy replaceability. After

assembly, the thickness of the trailing edge adds up to

0:4 mm, corresponding to t=d� ¼ 1.33, where d� is the dis-

placement thickness at the trailing edge. Although this value

falls in the vortex shedding limit of t=d� > 0:25 suggested by

Blake,24 the vortex shedding effect was too small to be

observed in the acoustic spectra, as shown in Sec. III A 1.

Moreover, the trailing edge add-ons offer the flexibility of

placing serrations at either a 0� or 7� flap angle (/), as shown

in Fig. 2. For a 0� flap angle, the serrations can be inserted into

the slots between the add-ons, whereas for a 7� flap angle, the

serrations are affixed on top of the add-ons using adhesive.

Due to the design constraints, it was only possible to test the

treatments on the suction side and at a 7� flap angle.

The streamwise vanes were arranged in a staggered

configuration at the root of the serration such that they make

contact with its edges, as depicted in Fig. 3. The root of the

serration was set as the origin. The x axis is aligned along

the direction of the main flow, the y axis is aligned in the

chord-normal direction, and the z axis represents the span-

wise direction. Through a parametric study, optimal treat-

ment parameters for minimising serration noise were

determined and were chosen as a baseline for the detailed

investigation. The outcome of this parametric study is pro-

vided in the Appendix. The nomenclature and parameters of

various streamwise vanes used in the study are given in

Table I. Furthermore, the optimal location for the vanes’

placement was also tested by placing them at different posi-

tions along the serration edges, as shown in Fig. 4. Four dif-

ferent test cases with vanes placed at root, mid, tip and full

serration were compared for this study. For the treatment at

root case, the rear vane’s leading edge is positioned 0:5 mm

behind the serration’s root. In the case of the treatment at

mid, the leading edge of the rear vanes is located at 25% of

the root-to-tip distance (2h) from the root of the serration.

Similarly, in the case of treatment at tip, the leading edge of

the rear vanes is situated at 50% of the root-to-tip distance

(2h) from the root of the serration. The full serration case

represents a combination of the other three cases.

B. Acoustic measurements

Acoustic measurements were conducted using a phased

microphone array consisting of 56 1
4

in. Br€uel & Kjaer

(Naerum, Denmark) type 4957 microphones, positioned

0:75 m away from the wing and parallel to the flow. The

array acquired 100 blocks of 4096 samples at a sampling

frequency of 48 kHz, which were then divided into 199

Hanning windows with a window size of 4096 and a 50%

overlap, providing a frequency resolution of 11:72 Hz. The

conventional frequency-domain beamforming technique25

was used to obtain source maps. The sound source intensi-

ties were integrated within a 1
4

span� 3
2

chord area centred

around the trailing edge to obtain the sound pressure lev-

els.26 This approach was found to perform well for distrib-

uted sound sources, such as trailing edge noise.27 An array

FIG. 2. Trailing edge attachment of

the wing model to obtain different ser-

ration flap angles.

FIG. 3. (Color online) Schematic of the serrated trailing edge with the base-

line C0 treatment.

TABLE I. List of streamwise vanes cases used for the parametric study,

where d is the boundary layer thickness at the trailing edge at 20 m/s.

Description Config. hv (mm) hV=d lv (mm) sv (mm) Position

Baseline C0 2 0.46 15 0.6 Root

Variation in height C1 1 0.23 15 0.6 Root

C2 4 0.92 15 0.6 Root

Variation in length C3 2 0.46 10 0.6 Root

C4 2 0.46 12.5 0.6 Root

Variation in spacing C5 2 0.46 15 0.8 Root

C6 2 0.46 15 1.2 Root

Variation in position C7 2 0.46 10 0.6 Mid

C8 2 0.46 10 0.6 Tip

C9 2 0.46 10 0.6 Full
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calibration function based on simulated incoherent point

sources was applied to convert the integrated result to equiv-

alent far-field noise at the array centre. The final outcome

was an equivalent sound spectrum measured by a single

microphone located at the centre of the array. The analysis

is explained in detail in Zhou et al.28

C. Flow measurements

1. Hotwire measurements

A Dantec (Moreton, United Kingdom) 55P61 X-wire

probe was used to simultaneously measure two velocity compo-

nents in the cross-flow plane, as shown in Fig. 5. The probe

was positioned at a distance of 1 mm downstream of the serra-

tion tip (x=2h ¼ 1:05) and traversed in the cross-flow plane,

covering a width of 6 mm (0:6k) and span of 22 mm (2:2k).

The measurement array was discretised into 368 measurement

points, with a spacing of 0:5 mm in both directions. At each

location, the streamwise and wall-normal component of veloc-

ity was measured at a sampling frequency of 20 kHz for 10 s.

The flow field was measured for the serrated trailing edge with

and without treatment C0 at 30 m/s and ag ¼ 0�.

2. PIV measurements

In addition to the cross-flow measurements using the

hotwire, measurements of the flow from the root the serration

were taken using two-component particle image velocimetry

(2D-2C PIV). The flow was seeded with diethylhexyl-

sebacate (DEHS) droplets with a mean diameter of 1 lm. A

dual cavity Nd-YLF laser sheet with a wavelength of 527 nm

and energy output of 20 mJ was used to illuminate the flow.

The laser sheet was 1 mm thick and was positioned along the

root of the serration, as shown in Fig. 5. A charge-coupled

device (CCD) camera equipped with a Nikon (Tokyo, Japan)

Micro-Nikkor 200 mm prime lens and a sensor resolution of

1280� 800 pixels was used to capture the images, resulting

in a pixel resolution of 0:04 mm/pixel. The PIV images were

processed using a multi-pass FFT cross correlation algo-

rithm29 with a final interrogation window of 32� 32 pixels

and 50% overlap to determine the displacement of the aver-

age particle within the interrogation window.

D. Lift and drag measurements

The aerodynamic lift and drag by the wing were mea-

sured using load cells located at each end of the wing, as

illustrated in Fig. 1. The top load cell was connected to a

bearing, which allowed the wing to rotate freely, while the

lower load cell was affixed to the turntable, which was used

to vary the angle of attack. The load cells had a range of

40 N and a resolution of 0:01 N in both the chordwise and

normal directions to the wing. The forces were recorded at a

sampling frequency of 5 kHz for 10 s. Based on the five

repeated measurements, the mean levels of uncertainty in

the lift and drag coefficients are estimated as 0.005 and

0.001, respectively, which are equivalent to 1.25% and 2%

of the respective values at a ¼ 5�, with a 95% confidence

level using the t distribution.

III. RESULTS AND DISCUSSION

A. Acoustics

The sound source spectra for various trailing edge con-

figurations were obtained using beamforming. In Fig. 6, a

comparison is made between the one-third octave trailing

edge noise spectra for the serrated and straight trailing edge

configurations at a ¼ 0�. The flow aligned (/ ¼ 0�) serra-

tion effectively reduces the high-frequency noise by up to

10 dB. At / ¼ 7� flap angle, the serration performance dete-

riorates substantially, to the extent that the serrated trailing

FIG. 4. (Color online) Schematic of treatments covering various extent of

the serration.

FIG. 5. (Color online) A side image of the streamwise vanes placed at the

root of the serration along with the hotwire and PIV probe area.

J. Acoust. Soc. Am. 154 (6), December 2023 Sundeep et al. 3687

https://doi.org/10.1121/10.0022579

 25 February 2025 04:04:10

https://doi.org/10.1121/10.0022579


edge noise becomes higher than the straight edge noise at

higher frequencies. This observation is consistent with pre-

vious findings by Gruber et al.1 and is attributed to the flow

modifications induced by the serrations under flow-

misalignment.

1. Baseline treatment, C0

This section highlights the effect of the baseline stream-

wise vanes placed at the root of the flapped serration

(/ ¼ 7�). Acoustic source imaging results for the serrated

trailing edge with and without streamwise vanes at 4 kHz

and 8 kHz frequencies are shown in Fig. 7. The source imag-

ing results suggest that the noise is mainly emitted from the

trailing edge of the wings. When serration is treated with

streamwise vanes, they produce levels that are 3–4 dB lower

than those of untreated serration at both frequencies.

The effectiveness of streamwise vanes in reducing ser-

ration noise at different angles of attack is illustrated in Fig.

8. It is noteworthy that the spectra below 800 Hz are

impacted by unwanted background noise generated by the

wind tunnel. Despite this, the results clearly demonstrate the

effect of streamwise vanes in mitigating the high frequen-

cies’ broadband noise at zero and positive angles of attack.

Notably, at a negative angle of attack of a ¼ �5�, the

untreated flapped serration is just 2:5 dB noisier than the

corresponding non-flapped case, as shown in Fig. 8(a). This

refers to a weaker cross-flow across serration since the posi-

tive flap angle counters the adverse flow generated due to

negative angle of attack. Interestingly, the streamwise vanes

are ineffective in reducing noise in this case.

At a ¼ 0�, the non-flapped untreated serration demon-

strates a significant reduction in trailing edge noise, with a

reduction of up to 7 dB at high frequencies. However, the

effectiveness of the serration noise reduction diminishes

notably when the serration is at a flap angle of / ¼ 7�, as

shown in Fig. 8(b). The observed increase in high-frequency

noise with an increase in flap angle can be attributed to the

FIG. 6. (Color online) One-third octave trailing edge noise spectra at a ¼ 0�

for different configurations: straight (solid line), serrated with flap angle of

/ ¼ 0� (dashed-dotted line) and / ¼ 7� (dashed line), and the background

noise (dotted line).

FIG. 7. (Color online) Source imaging

results of the serrated trailing edge

without (a), (c) and with C0 treatment

(b), (d) at 40 m/s and a ¼ 0�. The black

rectangle in the center represents the

wing. The two thick black horizontal

lines represent the end plates. The

black dashed-dotted rectangle in the

center represents the source integration

region.
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cross-flow interacting with the serrations, as explained by

Arce Le�on et al.11 The streamwise vane treatment when

applied at the root of the flapped serration effectively

reduces the broadband noise up to 3 dB at frequencies above

2 kHz. Additionally, the treatment remains equally effective

at higher angle of attack. The treatment consistently

achieves a significant broadband noise reduction of 5 dB

above 3 kHz at both a ¼ 5� and a ¼ 8:5�.
If the treatment reduces the cross-flow, it will be rea-

sonable to infer that the frequency range where the treat-

ment is effective coincides with the range where cross-flow

is most prominent. Figure 9 compares the acoustic benefits

of the treatment DSPLtreat.¼ SPLw/o treat. – SPLtreat. with the

contribution of the cross-flow, expressed as DSPLcross-flow

¼SPL/¼ 7� �SPL/¼ 0� at different speeds, where DSPLtreat.

is the change in sound pressure level (SPL) with treatment

and SPLw/o treat. is the SPL without treatment. The frequency

is normalised by the boundary layer thickness measured at

the trailing edge, d, and the free stream velocity, U1. As

shown in the figure, the profiles of DSPLcross-flow at various

speeds collapse well, indicating that the cross-flow has a

dominant impact on noise in the frequency range where

f d=U1 > 0:15. Notably, the treatment’s effectiveness is

observed in the same frequency range, which supports the

hypothesis that it works by reducing cross-flow. The

deviation of DSPLcross-flow and DSPLtreat. at fd=U1 > 0:7 is

possibly caused by the extra noise related to the small-scale

turbulent structures emerging from the streamwise vanes.

However, further investigation is necessary to quantify this

effect. To visualise the impact of the treatment on the cross-

flow and understand the noise reduction mechanism, the flow

results are presented in Sec. III B.

2. Effect of treatment position

To better understand the mechanism of noise reduction,

a study was conducted in which the treatment was applied

at various locations along the serration edges. Specifically,

four different positions were tested: the root (configuration

[config.] C3), middle (config. C7), tip (config. C8), and full

serration (config. C9). The DSPLs between the treated and

untreated serrations for each of these cases are plotted in

Fig. 10. The results show that the treatment yields the high-

est noise reduction effectiveness when applied at the root of

the serration. Applying the treatment at the middle position

did not yield a substantial change in the noise level.

However, when the treatment is applied near the tip, an

undesired increase in noise is observed, indicating that

treatments further away from the serration root may be less

effective. Finally, the combination of all three treatments in

FIG. 8. (Color online) One-third octave trailing edge noise spectra showing the effect of the streamwise vane treatment (config. C0) on the flapped serration at 30 m/s.
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the fourth treatment configuration shows negligible reduc-

tion in noise.

Given that the cross-flow is most prominent near the ser-

ration root, as noted in Romani et al.,14 it is logical to posi-

tion the treatment at the root of the serration to effectively

counter the cross-flow. When the treatment is located away

from the roots, it has diminished effect on the cross-flow. In

addition, the wake from the treatment is expected to interact

with the serration edges, resulting in an increase in noise. In

case of the full serration, the positive impact of decreasing

cross-flow is countered by the adverse interaction between

the wake of the treatment and the serration edges. Thus, the

full serration is observed to be ineffective in reducing noise.

B. Flow measurement

This section provides both hotwire and PIV results to

better understand the noise reduction mechanism of the

streamwise vanes. The hotwire measurements provide an

overall flow field in the cross-flow plane downstream of the

serration, whereas the PIV data focus on the flow from the

root of serration. The results for the serration cases with and

without C0 treatment are compared.

First, the streamwise mean flow along the serration roots

obtained from the PIV data is plotted in conjunction with

streamlines in Fig. 11. Without treatment, the flapped serration

exhibits a downward cross-flow through the serration valley,

caused by the pressure gradient between the pressure and suc-

tion side. In contrast, with treatment, the flow becomes more

aligned with the chord, indicating that the treatment helps to

negate the adverse flow deflection observed with the cross-

flow. Also, as the flow passes through these vanes, �u=U1 is

reduced downstream of the treatment.

Furthermore, in order to examine the influence of the

treatment on the overall serration flow, the mean flow in the

cross-flow plane at x=2h ¼ 1:05 measured by the hotwire is

plotted in Fig. 12. In the figure, round symbols mark the tip of

the serration, while the cross symbols mark the root of the ser-

ration. In the case of the untreated serration, there is an

observable downward shift of the mean flow along the roots

due to cross-flow. However, treatment results in a decrease in

magnitude of the mean flow and an upward shift towards the

roots, effectively counteracting the impact of the cross-flow.

The presence of cross-flow can be noticed in the wall-

normal mean velocity (normal to the airfoil), as it induces

streamwise counter-rotating vortex pairs across the serration,

resulting in a strong upwash motion within the serration val-

ley.11 In Fig. 13, the contour of the �v=U1 along the serration

root is plotted. For the untreated serration, a region of strong

negative �v=U1 is visible on the suction side, originating

downstream of the serration root. This indicates the presence

of the cross-flow across the serration. After treatment, a nota-

ble decrease in �v=U1 is apparent on the suction side, sugges-

ting a reduction in the cross-flow. Here, the streamwise

vanes operate on a mechanism similar to winglets, which are

commonly used to mitigate wing tip vortices. The vanes act

as a barrier to reduce the airflow from the pressure side to the

suction side through the gaps near the root of serrations.

Arce Le�on et al.11 found that a strong cross-flow results

in a significant increase in the turbulent fluctuations down-

stream of the serration root. In order to establish a correlation

between the observed high-frequency noise reduction above

the Strauhal number, Std ¼ 0:15, and the velocity fluctua-

tions, the velocity fluctuations obtained from both PIV and

hotwire measurements were high-pass filtered to exclude

values below this Strauhal number. Figure 14 presents the

contours of the filtered normalised streamwise velocity fluc-

tuations, u0RMS=U1, for both treated and untreated cases. The

untreated serration exhibits enhanced fluctuations down-

stream of the root on the suction side, indicating a region of

strong turbulence due to cross-flow. After treatment, these

fluctuations are diminished, resulting in a more favourable

flow field. The measurements obtained from the hotwire on

the cross-flow plane confirm this observation, indicating that

the treatment slightly diminishes the fluctuations in the vicin-

ity of the root, while also causing an observable upward shift

in the flow, as shown in Fig. 15. However, the fluctuations

near the tip remain unaffected by the treatment.

FIG. 9. (Color online) Comparison of DSPLtreat.¼SPLw/o treat. � SPLtreat.

(red line) and DSPLcross-flow¼SPL/¼ 7� � SPL/¼ 0� (black line) at a ¼ 0�.
A positive DSPL refers to noise reduction.

FIG. 10. (Color online) Comparison of DSPL between the treated and

untreated serrations for different configurations: C3-root, C7-mid, C8-tip,

and C9-full representing various treatment positions at a ¼ 0�. A positive

DSPL refers to noise reduction.
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FIG. 11. (Color online) Contours of the mean streamwise velocity along with the streamlines obtained from PIV in the wall normal plane at z=k ¼ 0 for the

flapped serration with and without C0 treatment at a ¼ 0� and 30 m/s.

FIG. 12. (Color online) Contours of the mean streamwise velocity measured by hotwire in the cross-flow plane at x=2h ¼ 1:05 for the flapped serration with

and without C0 treatment at a ¼ 0� and 30 m/s.

FIG. 13. (Color online) Contours of the mean velocity normal to the inflow obtained from PIV in the wall-normal plane at z=k ¼ 0 for the flapped serration

(/ ¼ 7�) with and without C0 treatment at a ¼ 0� and 30 m/s.
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FIG. 14. (Color online) u0RMS=U1 distributions on wall-normal plane at z=k ¼ 0 obtained from PIV for the flapped serration (/ ¼ 7�) with and without C0

treatment at a ¼ 0� and 30 m/s.

FIG. 15. (Color online) u0RMS=U1 distributions on the cross-flow plane at x=2h ¼ 1:05 obtained from hotwire for the flapped serration / ¼ 7� with and with-

out C0 treatment at a ¼ 0� and 30 m/s.

FIG. 16. (Color online) v0RMS=U1 distributions on the wall-normal plane at z=k ¼ 0 for the flapped serration (/ ¼ 7�) with and without C0 treatment at a ¼
0� and 30 m/s.
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Furthermore, the contours of the normalised high-pass

filtered wall-normal velocity fluctuations v0RMS=U1 at z=k ¼
0 are shown in Fig. 16. Similar to the results for streamwise

fluctuations, the v0RMS=U1 values for the untreated serration

are enhanced at the suction side due to the cross-flow.

However, with the treatment, a substantial reduction in

v0RMS=U1 can be observed downstream of the root on the suc-

tion side. The presence of v0RMS=U1 near the serrations and

their proximity to the sharp edge indicates their contribution

to the far-field noise.16,30 Thus, the observed decrease in noise

emissions resulting from the treated serrations aligns well

with the lower values of v0RMS=U1 detected in these cases.

The analysis above has deepened our understanding of

how to effectively address cross-flow and improve the noise

reduction performance of the trailing edge serrations using

streamwise vane treatments. For the untreated serrations, the

noise reduction performance is highly sensitive to the mis-

alignment with the flow.11,31 The variation in angles of

attack or manufacturing errors makes it hard to avoid flow

misalignment under all conditions. Fortunately, adding

streamwise vanes at the root of the serration is a promising

practical solution.

C. Load measurement

The practical implementation of the streamwise vane

treatment requires careful consideration of its impact on the

aerodynamic performance. In this section, the effect of

streamwise vanes on the aerodynamic loading of the /
¼ 7� serrated wing model is analyzed. For all cases, the

planform area of the wing model without serrations was

used for the calculation of lift coefficients (Cl) and drag

coefficients (Cd). Figure 17(a) shows the lift and drag coef-

ficients of different configurations as a function of angle of

attack, and the changes in Cl and Cd caused by streamwise

vanes are shown in Fig. 17(b). In the pre-stall region, the

streamwise vanes did not cause noticeable variation in the

lift coefficient, but led to consistent increase in the drag

coefficient, which can be attributed to the additional skin

friction drag and pressure drag caused by the vanes. The

drag increase is less than 6% for positive angles of attack,

and the relative drag penalty reduces as the angle of attack

increases. Furthermore, Fig. 17(c) indicates that the stream-

wise vanes lead to a less than 5% reduction in the lift-to-

drag ratio.

FIG. 17. The aerodynamic performance

of the baseline wing model and the

model with different treatments: (a) lift

and drag coefficients, (b) the change in

the lift and drag coefficients by the

streamwise vanes (i.e., the difference

between “Serrated TE with treatment”

and “Serrated TE w/o treatment,”

respectively), and (c) the lift-to-drag

ratio. Measurements were taken at

U1 ¼ 30 m/s.
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IV. CONCLUSION

The study aims to enhance the performance of the trailing

edge serration at incidence by adding streamwise vane treat-

ment. A NACA 0012 wing model attached with sawtooth type

serrations was used for the study. Acoustic measurements were

conducted using a phased microphone array. The results reveal

that the streamwise vane treatment is effective in reducing

aerodynamic noise in the mid- to high-frequency range for the

flapped serrations when placed at the root. However, relocating

the treatment towards the tip of the serration showed an adverse

impact on noise. The PIV results of the treatment at the root

reveal a substantial reduction in cross-flow after treatment. The

treatment successfully reduces the root flow turbulence kinetic

energy (TKE) and the streamwise and wall-normal fluctuations

in the serration valley. Importantly, the treatment did not com-

promise the aerodynamic performance of the wing model.

Overall, this study provides compelling evidence of the poten-

tial of streamwise treatments applied at the root of serrations

for enhancing their noise-reducing capabilities, particularly in

the presence of flow misalignment. The implications of the

treatments and connection between the flow and noise measure-

ments are comprehensively investigated.
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APPENDIX: PARAMETRIC STUDY
OF THE STREAMWISE VANES

A parametric study was conducted to determine the

optimal height, length, and spacing of streamwise vanes for

maximum noise reduction. The results of this study are pre-

sented in this section. Figure 18(a) shows a comparison of

the noise reduction observed by the streamwise vanes of dif-

ferent heights (configurations C0, C1, and C2).

FIG. 18. (Color online) Effect of various streamwise vanes parameters on the noise reduction at flow speeds of 20 m/s (w), 30 m/s (�), 40 m/s (�), and

50 m/s (�). Positive DSPL denotes noise reduction.
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The height is varied from hv¼ 1–4 mm, corresponding

to hv/d � 0.25–1. As shown in the figure, the noise reduction

increases with height up to 2 mm (hV=d � 0:5). With further

increase in height to 4 mm (hV=d � 1), no further improve-

ment in the noise reduction is observed.

Furthermore, Fig. 18(b) illustrates the impact of varying

streamwise vane length on noise reduction performance by

comparing configurations C0, C3, and C4. The results dem-

onstrate a clear correlation between vane length and noise

reduction, with longer vanes providing greater noise reduc-

tion. The optimal length for maximum noise reduction is

lV¼ 15 mm, corresponding to lV=hV ¼ 7:5. Increasing the

length allows for greater flow development through the

vanes, thus slowing down the flow as it passes through

them.

Finally, the impact of streamwise vane spacing on noise

reduction performance is presented in Fig. 18(c). Three differ-

ent configurations, C0, C5, and C6, with vane spacings of

sV ¼ 0:6 mm, 0.8 mm, and 1.2 mm, respectively are consid-

ered for the study. The results indicate that noise reduction

improves as spacing is decreased. The minimum spacing of

sV ¼ 0:6 mm provides the best noise reduction performance.

The parametric analysis reveals that vane spacing has a

greater impact on noise reduction than vane height and length.
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