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ABSTRACT

An experimental study was performed on a 30P30N three-element high-lift airfoil “tted with different types of slat “nlets and its noise reduction
capabilities were assessed. To develop a better understanding of the noise reduction mechanism, simultaneous measurements of the unsteady
surface pressure were taken at various locations at the vicinity of the slat cove and at far-“eld locations. While there was a small reduction in far-
“eld noise for the fundamental peak, the use of slat “nlets showed a substantial reduction in surface pressure ”uctuations. The reduction of vortex
shedding energy by the slat “nlets also resulted in the reduction of nonpropagating hydrodynamic “eld between the slat and the main-element
substantially reducing the near-“eld pressure spectra. Fourier and wavelet-based analysis along with high-order spectral analysis were provided
for further con“rmation of the observations and hypothesis. Finally, the wavelet coef“cient “ndings showed spectral peaks as well as amplitudes
modulated in time in the baseline case; however, these peaks were substantially reduced for the “nlet con“guration with larger spacing.

VC 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0061367

I. INTRODUCTION

The noise produced by aircraft engines has been greatly reduced
since the invention and widespread use of engines with high bypass
ratio; however, the noise created by the airframe has not changed. It is
well known that during landing, high-lift devices and landing gears
dominate the airframe noise. High-lift components, such as slats con-
sisting of broadband and narrowband features in particular, contribute
greatly to the airframe noise. Several passive and active ”ow control
methods, such as morphing structures,1…8porous materials,9…13surface
treatments,14 serrations,15…19and transverse jets,20,21are being investi-
gated to minimize the overall airframe noise. Despite this, the noise
related to the conventional slat and wing con“gurations remains unre-
solved. Slat noise is primarily made up of broadband (Sts ¼ 0:5 � 1)
and narrowband (Sts ¼ 1 � 5) components, where the slat-based
Strouhal number is de“ned asSts ¼ fcs=U1 , f is frequency,U1 is the
freestream velocity, andcs is the slat chord. Moreover, several studies
have revealed many distinct tones for slat noise in the frequency range
of Sts ¼ 1 � 522…35often only seen in small scales studies and are not
so common in real ”ight conditions.

Aeroacoustic properties of slat noise have caught the attention
of several researchers in recent years. Among the effective slat
noise reduction mechanisms36 is the slat cove cover,37 slat hook

extensions,38 slat cove “ller (SCF),39…41slat gap “ller,44 slat acoustic
liners,45 slat hook tripping,46 slat hook serrations,47 slat trailing-edge
with porous treatments,48,49and slat wavy wall.61 Among these slat
noise treatments, one of the most effective methods is to “ll the recir-
culation region within the slat cove in order to reduce the broadband
noise produced by the slat.39…41,50…58The slat•s tonal peaks are a prod-
uct of a self-sustaining acoustic feedback loop resulting from the inter-
action between the unsteady shear layer of the slat cusp and the
impingement on the lower surface of the slat, as described by Kamliya
Jawaharet al.41 Both the tonal noise and broadband noise produced
by the shear layer impingement are removed by “lling the slat cavity.
To remove the unsteady recirculation area inside the slat cove, Horne
et al.39 placed a slat cove “ller (SCF) on a Boeing 777…200 semi-span
model using the slat cove “ller pro“les derived from a computational
study. The results showed that a slat cove “ller could reduce the broad-
band noise by up to 4…5 dB; however, this research did not provide
any aerodynamic measurements.

Streettet al.50 used a trapezoidal wing swept model to investigate
the aerodynamic and noise reduction capabilities of the SCF con“gu-
ration, demonstrating that noise is in”uenced by the angle of attack
and the SCF con“guration. The SCF had a signi“cantly greater aerody-
namic ef“ciency ath < 20� , with a 2� earlier stall. Regardless of its
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noise reduction abilities, the high-lift airfoil•s lift characteristics were
susceptible to the SCF pro“le, according to Imamuraet al.53 and Ura
et al.54 Although the results indicated that noise reduction of up to
5 dB can be achieved for the SCF pro“les, the lift characteristics
remained unaffected. In addition, Tao and Sun58 succeeded in opti-
mizing the SCF pro“les to maximize lift while reducing noise at a “xed
angle of attack. Furthermore, in a recent experimental study, Kamliya
Jawaharet al.41documented the effect of slat cove “llers on the aerody-
namic and aeroacoustic performance of the high-lift airfoil. The results
showed that slat cove “llers had no negative impact on the airfoil•s
aerodynamic behavior. Slat cove “llers further reduced the primary
vortex shedding peak up to 3 and 10 dB in the broadband and narrow-
band regions, respectively. Recently, Kamliya Jawaharet al.42 show-
cased a detailed study on the intermittent characteristics of slat tones
revealing their dynamic characteristics. The study also revealed that
the fundamental tone often observed as a spectral hump in slat noise
does not only contain signatures of the Rossiter modes associated with
the slat cusp shear ”ow instabilities but also possessed noise signatures
arising from ”ow interactions with the main-element at the vicinity of
the slat gap. Kopievet al.47conducted a benchmark analysis using differ-
ent slat serrations with various serration wavelengths. Serrations with
shorter wavelengths were shown to be effective in reducing the far-“eld
noise by up to 8dB in the case of narrowband peaks. The results revealed
that the slat serrations with a shorter wavelength had no effect on the
aerodynamic performance and their use eliminated the characteristic
narrowband peaks. Following that, in a recent study Kamliya Jawahar
et al.43 used two different types of slat cusp serrations for slat noise
reduction. The study revealed that the aerodynamic characteristics of the
high-lift devices remain unaffected by the use of both 2D and highly 3D
slat cusp serrations. The use of 3D serrations were shown to better break
the shear ”ow instabilities and the feedback mechanism that leads to slat
tones, thus reducing the tone intensity and overall noise levels.

There is a signi“cant gap in the literature when it comes to slat
“nlets. Clarket al.59 investigated the utilization of “nlets, or different
surface treatments, for a tripped DU96-W180 airfoil to minimize the
trailing-edge noise. The “nlet treatments were mounted upstream of
the trailing-edge in order to modify the boundary layer before reaching
the trailing-edge. These treatments were found to be successful when
compared to the untreated airfoil, offering up to 10 dB of broadband
trailing-edge noise attenuation. Clarket al.59 also investigated the
effects of prolonging the “nlet treatments exceeding the trailing-edge,
concluding that “nlets minimize the trailing-edge noise by changing
the turbulence structures of the boundary layer at the vicinity of the
trailing-edge. Furthermore, the treatment appeared to have a negligible
aerodynamic effect. Their research, however, was restricted to noise
measurements in the far-“eld, and physical phenomenon of the noise-
control techniques was not adequately discussed.

Previous studies have shown that trailing-edge noise reduction
can be achieved by the use of strategically placed “nlets. The novelty of

the present study is the use of “nlets for slat noise reduction, which
falls under the scope of cavity noise. This paper aims to present a com-
prehensive experimental analysis on the aeroacoustic characteristics of
slat “nlets with different spacings. Unsteady surface pressure measure-
ments and far-“eld noise measurements are thoroughly analyzed to
understand the aeroacoustic modi“cation by the slat “nlets. To better
understand the slat “nlets• noise reduction mechanism, Fourier analy-
sis, coherence analysis, correlation analysis, higher spectral order anal-
ysis, and wavelet-based analysis coupled with stochastic analysis were
used to advance the study.

II. EXPERIMENTAL METHODOLOGY

A. Wind tunnel and airfoil setup

Aeroacoustic tests were performed in the closed-circuit open-jet
anechoic wind tunnel at the University of Bristol. The wind tunnel has
a contraction ratio of 8.4:1 and a nozzle exit of 0.5� 0.775 m2. The
anechoic wind tunnel can reach speeds up to 40 m/s and has a free-
stream turbulence intensity of 0.25%.60

The 30P30N three-element high-lift airfoil used in the present
study was built with a retracted chord length ofc¼0.35 m and a span
length ofl ¼0.53 m. In order to retain the ”ow•s two-dimensionality
within the slat and ”ap cove regions, the airfoil was designed without
brackets within the test-section span. The slat was made using a span-
wise slot to ease the installation of the interchangeable slat “nlets. The
airfoil model was tripped using a zigzag turbulator tape. The serrated
trip has a thickness of aboutht ¼ 0:5 mm, a width ofwt ¼3 mm, and
an angle of 70� . To ensure fully formed turbulence in the slat shear
layer,24 the trip was placed atx=c ¼ � 0:055 on the pressure side of
the slat surface, upstream from the slat cusp. Thex, y, andzaxes in the
Cartesian coordinates represent the streamwise, cross-wise, and span-
wise directions, respectively. The 30P30N three-element high-lift air-
foil schematic and the airfoil•s geometrical parameters are presented in
Fig. 1andTable I, respectively. In the present study, the effects of slat
“nlet spacing were investigated using two different types of inter-
changeable slat “nlet con“gurations with a self-thickness of 0.5 mm.
Preliminary tests were carried out for a wide range of slat “nlet spac-
ings (s¼4, 8, 12, and 16 mm), and the results showed that “nlet spac-
ings larger than s¼8 mm did not modify the aeroacoustic
characteristics of the slat for the tested high-lift con“guration.
Therefore, for the “nal tests presented here, the slat “nlet spacings
were chosen to bes¼4 and 8 mm. In the following sections, the slat
“nlet con“gurations will be referred to as “nlet-1 (s¼4 mm) and
“nlet-2 (s¼8 mm), respectively. The general schematic of the slat “n-
let con“guration used in the present study is provided inFig. 2.

1. Acoustic measurements setup

A schematic diagram of the experimental setup with the 30P30N
three-element high-lift airfoil placed in the anechoic chamber is shown

FIG. 1.Geometric parameters of the
30P30N three-element high-lift airfoil.
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in Fig. 3. A Panasonic WM-61A electret microphone was used to test
the far-“eld noise, positioned 1 m perpendicular from the slat trailing-
edge. The microphone has a dynamic range of over 62 dB, with ”at
frequency response ranging from 50 Hz to 10 kHz. The far-“eld acous-
tic data were collected at a freestream velocity ofU1 ¼ 30 m/s, which
corresponds to a chord-based Reynolds number ofRec ¼ 7:0 � 105

(Rec ¼ qU1 c=l , whereq is the density,U1 is the freestream velocity,
c is the retracted high-lift airfoil chord, andl is the dynamic viscosity
of air). The measurements were performed at a sampling frequency of
f ¼ 215 Hz and for a sampling duration of 120 s. The results of the
power spectrum were calculated by averaging the acquired data 220
times with a frequency resolution ofDf ¼ 2 Hz. The excitation of the
side frequencies was reduced by applying the Hanning window on the
power spectral density. Sound pressure level (SPL) was calculated
using SPL¼20� log10ðprms=prefÞ, whereprms refers to the acoustic
pressure•s root mean square andpref ¼ 20l Pa represents the refer-
ence pressure. Acoustic pressure signal•s sound pressure levels pre-
sented herein were corrected to a 1 m reference distance.

2. Unsteady surface pressure measurement setup

To measure the unsteady surface pressure in the slat cove region,
electret condenser omnidirectional FG-23329-P07 pressure trans-
ducers (PTs) and remote sensors (RSs) were “tted over the slat and
main-element of the 30P30N three-element high-lift airfoil, as shown
in Fig. 4. The FG-23329-P07 pressure transducers are 2.5 mm in diam-
eter and 2.5 mm in height, and circular sensing holes with a diameter
of 0.8 mm were made on the main-element of the wing, as can be seen

in Fig. 5(a). In order to reduce attenuation errors at high frequencies
because of the signal•s spatial integration, a surface fairing made with a
smaller sensing area of 0.4 mm was used [seeFig. 5(b)]. The trans-
ducers have a sensitivity of 22.4 mV/Pa in the ”at frequency domain
between 100 Hz and 10 kHz. Thein situ calibration on the FG-
transducers was done using a G.R.A.S 40PL microphone having an
uncertainty level of6 1 dB in the current study. The sensitivity of the
transducers was found to have a voltage range of 20.2…23.5 mV/Pa.

Additionally, the remote sensors developed using the Panasonic
WM-61A miniature microphones were used within the slat cove
region where there were space constraints to place the pressure trans-
ducers. The remote sensors were installed on the slat and the main-
element of the wing, seeTable II. They consist of a brass pipe “tted in
a slot of a metal base holder as shown inFig. 6. The microphone is
installed in between the metal sections. The middle of the micro-
phone•s pinhole was connected with the center of another drilled pin-
hole attaching to the surface of the brass tubing. A ”exible tube
extension of 2 m was attached to one end of the brass pipe for anechoic
termination to minimize the in”uence of standing waves. The remote
sensors were calibratedin situ using the G.R.A.S 40PL piezoelectric
microphone, which produced the transfer functions needed to com-
pensate for high-frequency dissipation within the narrow tubes and
the lag induced by the remote sensor extensions. The ”at frequency

FIG. 2.Slat “nlet schematic used in the present study: (a) side view and (b)
geometrical parameters.

FIG. 3.Schematic of the experimental setup in the aeroacoustic wind tunnel.

FIG. 4.The remote sensors (blue) and surface pressure transducers (red) locations
on the slat and main-element of the 30P30N three-element high-lift airfoil.

TABLE I.Geometrical parameters in percentage of retracted airfoil chord,
c¼0.35 m.

Slat chord cs 0:15c
Main-element chord cme 0:83c
Flap chord cf 0:3c
Slat de”ection angle ds 30�

Flap de”ection angle df 30�

Slat gap gs 2.95%
Flap gap gf 1.27%
Slat overhang os � 2.5%
Flap overhang of 0.25%
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response was found to have a range of up to 6 kHz (Sts¼10) for the
current remote sensor con“guration. It is important to note that all
the near-“eld measurements using pressure transducers and remote
sensors, and the far-“eld measurements were carried out simulta-
neously with a sampling frequency off ¼ 215 Hz for 120 s.

III. RESULTS AND DISCUSSION
A. Far-field spectral levels

Noise levels in the far-“eld were measured for the baseline,
“nlet-1, and “nlet-2 con“gurations at a free-stream velocity ofU1

¼ 30 m/s. The sound pressure level results measured using a far-“eld
microphone at 1 m perpendicular from the slat trailing-edge at the
angles of attacka ¼ 14� and 18� are shown inFig. 7. Sound pressure
levels (SPL) are demonstrated as a function of slat-based Strouhal
number (Sts ¼ f � cs=U1 ). Sound pressure levels for the baseline,
“nlet-1, and “nlet-2 con“gurations have distinct narrowband peaks,
especially atSts � 1:6, which are typical in high-lift devices at geo-
metric angles of attacka ¼ 14� and 18� . In the case of “nlet-1, there
is a clear reduction in noise levels atSts � 1:6 at the angle of attack
a ¼ 14� and 18� , but an increase in noise levels atSts � 2:3 for the
angle of attacka ¼ 18� . In contrast to the baseline and “nlet-1 cases,
there is a marginal decrease in noise at the fundamental peak
(Sts ¼ 1:6) for “nlet-2 con“guration at the angles of attacka ¼ 14�

and 18� . For both the “nlet con“gurations, a small change in the peak
frequency value toSts ¼ 1:5 andSts ¼ 1:7 (i.e., a lower and higherSts
number) is observed compared to the primary peak seen atSts ¼ 1:6
for the baseline con“guration for both the presented angles of attack.
Furthermore, for the “nlet-1 and “nlet-2 con“gurations, the SPL
decreases from low- to mid-frequencies (Sts < 2) and remains con-
stant at high frequencies (Sts > 2) at the angles of attacka ¼ 14� and
18� . Particularly, a noticeable noise reduction can be seen at the spec-
tral humpSts ¼ 0:88 at the angle of attacka ¼ 18� , with both “nlet-1
and “nlet-2 con“gurations exhibiting a decrease of up to 3 dB.

B. Near-field spectral levels

The effect of slat “nlets and their noise generating mechanism
was further investigated using the near-“eld unsteady pressure mea-
surements. The surface pressure data were collected using pressure
transducers and remote sensors on the surface of the slat (S1) and the
main-element (FG1…FG5, M1…M4) of the airfoil at various streamwise
and spanwise locations. The exact positions of the transducers are
detailed inTable II.

The effects of the unsteady surface pressure measurements obtained
by the pressure transducer FG1 at the leading-edge of the main-element
are shown inFig. 8. For the baseline case, the near-“eld noise spectra
shows several distinct narrowband peaks with varying intensities for both
the tested angles of attack, indicating the existence of cavity oscillation.41

The results also clearly show the tonal peaks previously recorded in
Fig. 7, especially the two dominant peaks atSts ¼ 1:6 and 3.2 for both
angles of attack, as expected. Finlet-1 and “nlet-2 con“gurations exhibit a

FIG. 5.Schematic view of the FG-23329-P07 pressure transducer “tted with the
surface fairing.

TABLE II.Streamwise (x axis) and spanwise (z axis) unsteady pressure measurement
locations on the slat and main-element for the 30P30N three-element high-lift airfoil.

No. Typea x (mm) y(mm) z(mm)

S1 RS � 6.918 � 11.622 265
M1 RS 17.347 � 10.019 265
M2 RS 15.126 � 5.839 265
M3 RS 17.622 0 265
M4 RS 23.520 5.485 265
FG1 PT 22.414 � 11.356 277
FG2 PT 22.414 � 11.356 280.6
FG3 PT 22.414 � 11.356 288.4
FG4 PT 22.414 � 11.356 301.4
FG5 PT 22.414 � 11.356 319.6

aRS: remote sensor, PT: pressure transducer.

FIG. 6.Remote sensor con“guration schematic view.
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