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In this research, the relationship between the parameters of a large-scale flap model and
the physics responsible for flap side-edge noise generation, one of the most dominant sources of
the airframe noise was investigated by performing experimental tests in a wind-tunnel. Flow-
field measurements conducted with a multi-hole pitot probe located behind the flap tip were
complemented by phased microphone array techniques to increase the understanding of flap
side-edge noise sources and their correlations to unsteady vorticity fluctuations. Conventional
beamforming and CLEAN-SC and DAMAS methodologies were used to obtain far-field acous-
tic spectra estimations and noise source mapping. The model used for the tests consists of
an unswept isolated flap element with representative tip details presented in a medium range
transport aircraft. The model instrumentation includes 106 steady pressure taps distributed
chord-wise and span-wise and a trip tape that eliminates laminar boundary layer effects. Noise
reduction devices were also assessed and compared to the baseline configuration regarding
noise reduction. Aerodynamic and aeroacoustic tests were conducted in the LAE-1 closed cir-
cuit wind tunnel at the Sao Carlos School of Engineering - University of Sao Paulo (EESC-USP)
in flow speeds up to 38 m/s. The results provided specific information about the aeroacoustic
and aerodynamic characterization of the flap model dominant acoustic source mechanisms.

I. Nomenclature
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a = Angle of attack [“]

a = Speed of sound [m/s]

b = Span [m]

c = Chord [m]

Cp = Pressure coeflicient [—]

f = Frequency [Hz]

M = Mach number (= U/a) [—]

N = Mach scale factor [—]

OASLP = Filtered Overall Sound Pressure Level [dB]

PSD = Power spectral density [dB(Pa’/Hz)]

Re = Reynolds number based on the flap chord length and free-stream velocity (=Uc/v) [—]

St = Strouhal number based on the flap chord length and free-stream velocity (=fc/U) [—]

U = Free-stream velocity [m/s]

\%& = Non-dimensional velocity magnitude (= V/U) [-]

v = Kinematic viscosity [m?/s]

w* = Non-dimensional vorticity [—]

u*,v',w* = Non-dimensional cartesian component of velocity in X,Y and Z direction (= u/U, =v/U, = w/U)[—]
X,Y,Z = Cartesian coordinates, X positive downstream, Y positive up, Z positive to flap suction side [—]
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I1. Introduction
AIRCRAFT noise mainly refers to propulsion system noise and airframe noise [1]], also known as "Non-propulsive
noise of an aircraft in flight" [2]]. In the 1970’s aircraft noise became a subject of exhaustive research interest, after
the initial studies of ultra-quiet military surveillance aircrafts in the late 1960’s. Aircraft noise has increased due to the
growth of aircraft operations and expansion of airport facilities close to populated areas [3]]. As stated by Smith, M.,
(1989) [lL]], airframe noise is the ultimate aircraft noise barrier. In 2020 and 2025, respectively, U.S [4] and European
[5,16] governments expect to achieve aircraft noise reductions of 10 dB and 20 dB relative to the year 2000 technology.

Airframe noise research began as a consequence of noise reduction in propulsion systems resulting from the increase
in the high-bypass ratio engines in 1970’s, which made airframe noise a prominent component of the overall aircraft
noise. From 1980 to 1990, the interest in airframe noise decreased due to the first fuel crisis. Intense airframe noise
research began in the 1990’s with NASA programs, such as Advance Subsonic Technology (AST) and Quiet Aircraft
Technology research (QAT) [[7, 18] and since then, it has been a topic of interest in aviation [9]. NASA has also developed
new research programs in airframe noise under the Advanced Concepts to Test (ASCOT) and Futuristic Airframe
Concepts and Technologies (FACT) Programs. All of them involve partners in both industry and academia, as NASA
Langley Research Center (LaRC), to investigate and determine fundamental noise source mechanisms by relating
fundamental fluid mechanics to sound generation mechanisms [7]. Many experimental, analytical, and numerical
investigations have been carried out towards the understanding of the flow dynamics around aircraft and their noise
sources.

Engine noise is the major contributor to the overall aircraft noise during take-off, once the engines are set to their
maximum power to provide the necessary thrust. The contribution of the airframe noise is more significant during
the approach operation, because the aircraft demands less thrust and the generation of engine noise is reduced. Both
high-lift devices (flap and slat) and landing gear are the main sources of overall aircraft noise during approach and
take-off. All of them are retracted in the cruise phase [10]. The current major detailed contributions to airframe noise
for commercial aircraft are parasitic noise sources, landing gears, high-lift devices (slotted slats, flap and slat side-edges,
flap and slat tracks, and spoilers) and component interaction noise sources, e.g., gear-wake/flap interaction [4, [11} [12].

The noise generated from flap side-edge and trailing-edge is recognized as one of the major noise sources of airframe
noise [4} 18} 9} [13] because of two noise generation mechanisms, described by Rossignol, K., (2013) [14]], The first is a
direct interaction between the shear layer unsteadiness and the sharp edge, whereas the second is the induction of vortex
unsteadiness interacting with the surfaces and edges. The pressure differential between the upper and lower surfaces
produces an oscillating vortical system, which results in a strong broadband noise. Such a system is characterized by the
generation of two separate vortices in the upstream region of the flap, i.e., one at the upper flap side contour and the
other at the lower flap side contour [[15]. As stated by Molin, R. and Barre, S., (2003) [[16], in general, any vortical
pattern in a flow generates sound as soon as its inertia has been modified, once the corresponding change in the pressure
gradients also induces density fluctuations that propagate as sound. At commonly subsonic Mach numbers, sound
generation occurs because convected vortical patterns interact with solid surfaces.

According to Reichenberger, J., (2016) [[15] and Filippone, A., (2014) [IL7], flap local flow-field comprises the
following noise generation mechanisms described by Rossignol, K., (2013) [14] (Fig. [I).
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Fig. 1 Simplified scheme of the flap side-edge local flow field [18].
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The flap side-edge local flow-field noise generation mechanisms are: I. Trailing-edge noise and flow separation at
the tip edges. (I.a). The turbulent boundary layer on the pressure side of the flap moves across the lower flap side-edge.
This mechanism is present in the entire flap chord region. (I.b). The turbulent boundary layer on the side of the flap
moves across and separates at the upper flap side-edge. II. Fluctuations on the side-edge vortex pressure interacting
with the flap side surface and upper side-edge. The vortex is fed by shear instabilities from lower side-edge in the
mid-chord region. III. Merging of the two vortices. I'V. Fluctuations in the merged vortex pressure interacting with
the flap suction and the upper side-edge. (IV.a). The merged vortex moves upwards; this mechanism is limited to a
small region slightly downstream of the merging location. (IV.b). The vortex breakdown is a noise source. (IV.c). The
merged vortex remains close to the upper surface and interacts with the flap suction side and the upper side-edge. (IV.d).
The merged vortex passes the trailing-edge and interacts with the trailing-edge corner.

A schematic representation of the spectra of flap side-edge noise and its two main contributors is provided at the
bottom left corner of Fig. 2] The section cutting planes show an instantaneous photography of the vorticity field near
the flap side-edge, where blue and red denote negative and positive vorticities, respectively. The vortex path is shown by
the dashed line. Mid-to-high frequency vortex-edge interaction noise is detected at locations 1 and 2. The low-to-mid
frequency noise production results from vortex-edge/surface interactions and is detected at locations 3 and 4.
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Fig.2 Scheme of the flap side-edge local flow and vorticity field [14].

According to Drobietz, R. and Borchers, 1., (2006) [[18] flap side-edge noise is considered a broadband component.
The post-merged vortex interacting with the flap suction side and the trailing edge; and the shear layer originating at the
lower ridge of the flap tip produce most of the audible noise. The unstable merged vortex generates noise in low to mid
frequencies, whereas the mid- to high-frequency noise is radiated by turbulent shear layer instabilities.

Different flow control solutions have been proposed to reduce the flap side-edge noise. The flap side-edge
modifications described in the literature alter the flow-field around the flap tip by either displacing the vortex away from
the flap surface, or reducing lift loading in the flap side-edge region and its strength. Although both passive control
devices and active control techniques mitigate the flap side-edge noise, an aerodynamic and aeroacoustic comprehensive
technological evaluation of the different real-scale devices is still a hard task.

This investigation provides a much deeper understanding of the mechanisms responsible for the flap noise generation
on the subject of large-scale flap side-edge noise for the correct quantification of the noise parameters modeled in
Reynolds number at take-off and landing conditions. Experimental aeroacoustic and aerodynamic measurements were
conducted by a large-scale flap model, with representative tip details presented in a twin-engine short/medium range
transport aircraft to provide a further step in the better understanding of the relationship between airframe noise and the
phenomena of flow-field around flap side-edge. The relative contribution of each noise source to the overall airframe
noise (at first with baseline flap model configuration and then the flap model with different flap side-edge geometries)
is shown in the experimental measurement results of phased array microphones, static pressure taps, and flow and
wake mapping. The experiments were performed in a closed wind-tunnel test section at different deflection angles and
Reynolds number of approximately 1.5 x 10°.
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II1. Test Facilities and Measurements

A. Wind Tunnel Facility

Experiments and analyses were performed in the LAE-1 wind tunnel facility at the Laboratory of Aerodynamics of
the Aeronautical Engineering Department from Sao Carlos School of Engineering - University of Sdo Paulo (EESC-USP).
The closed circuit wind-tunnel is a low-speed facility with a closed test section of 1.3 m high, 1.7 m wide and 3.0 m
long. It has an eight-blade fan, driven by a 110 Ap electric motor with seven straighteners located downstream the fan,
and two 54% porosity screens located before the contraction cone for turbulence reduction, which results in turbulence
levels lower than 0.25%. Its maximum free flow speed is 45 m/s [19]. shows the plan and 3D view of the
closed wind tunnel.
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(a) LAE-1 wind tunnel plan View[20]. (b) LAE-1 wind tunnel 3D view.

Fig. 3 LAE-1 wind tunnel facility.

The LAE-1 wind-tunnel was designed originally for automotive tests, however, it has become a multi-task facility
used mainly for aeronautical tests. A background noise reduction process for aeroacoustic measurements has been
recently implemented due to the stringent aircraft noise regulations for aircraft certification and operations that require
aeroacoustic improvements. The noise treatment processes reduced up to 5 dB of the background noise and the
turbulence level decreased from the original 0.25% to 0.21%. [20].

B. Flap Model

The flap model designed for investigating the phenomena of airframe noise from side-edge was representative of a
detailed flap of a conventional twin-engine short/medium range transport aircraft. A 0.7 m chord (c) flap was used for
increasing both Strouhal and Reynolds number during the tests and the fidelity of results. The unswept model had also
0.7 m span (b) to match the flap side-edge and the microphone array center. The wood-aluminum model was fixed to
a turn-table mounted at the wind-tunnel test section through a simplified iron body-pod formed by two spars and a
circular-base (side-plate). The isolated flap model was vertically positioned in the closed test section of the wind-tunnel
by only one supporting side-plate. A 12 mm length and 0.1 mm thick trip tape was used on the suction side of the flap at
x/c = 0.02 and on its pressure side at x/c¢ = 0.06 to ensure the development of fully turbulent boundary layers and
avoid a premature separation of the boundary layers at the trailing-edge.

A removable flap side-edge, with the tested geometries and approximately 0.08 m span, was used at the tip of the
model to facilitate the reproduction of the model details and the noise-reduction devices tested. The initial concept of
flap model in the wind tunnel test section is illustrated in Fig. ff] The tests were performed for three main different
configurations, i.e., baseline, which represents a common flap side-edge, the seal flap side-edge, which has real details
on the flap tip and the seal flap side-edge with a tab. The last two configurations were also tested with a 22% perforated
flap side-edge.
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Fig. 4 Flap model view in the wind tunnel test section.

C. Test Conditions

LAE-1 wind-tunnel was operated at velocities from 26 m/s to 38 m/s and correspond to Reynolds numbers
between 1.02 x 10° and 1.48 x 10°, respectively. The test flow conditions were assumed at the wind tunnels
location. The atmospheric conditions measured were density p = 1.067 Kg/m?>, temperature T = 20 °C and pressure
P =91.45 K Pa. This implies a kinematic viscosity v = 1.746 x 107 m? /s, dynamic viscosity u = 1.863 x 107 Pa.s
and speed of sound a = 337 m/s. The flap model chord measures ¢ = 0.7 m and Reynolds Number based on
the chord length of the model is up to approximately 1.5 x 10°. The flap model was tested for deflection angles
a =0° 59 10° 15°, 20°, 22°, 24°, 26°, 28° and 30°. The corresponding ranges of Mach and Reynolds numbers

are given in[Table 1]

Table 1 Non-dimensional flow parameters for different tests.

Ulm/s] M [-] Re [-]
26 0.075 1.02x10°
29 0.084 1.14x10°
32 0.092 1.27x10°
35 0.100 1.38x10°
38 0.109 1.48 x 10°

D. Aeroacoustic Measurements
Aeroacoustic measurements were performed in the experimental phase through phased array beamforming techniques
for providing acoustic source localization and an estimation of the far-field noise spectrum.

1. Microphone Array

The measurements were taken with an array of 61 microphones flush-mounted on the test section side-wall of the
wind-tunnel, facing the pressure surface of the flap model. The G.R.A.S. 46BD microphone set consists of a microphone
cartridge with a pressure transducer (40BD) and a preamplifier (26C B) combination, calibrated as one unit. It provides
a flat response for source localization from 4 Hz to 70 kHz (+2 dB) frequencies. Microphone array acquisition is
performed through an IEPE PXI system composed of 4 NI PXIe-4497 boards that hold simultaneously 64 analog inputs
with 24-bits resolution at maximum of 204.8 k.S /s sample rate and 20 seconds of data recording. The microphone array
was designed with a modified and optimized spiral geometry (Fig. [5) for measurements in a large frequency band [21]).
Each microphone was calibrated by a model NC — 74 sound calibrator prior to noise measurements. The microphones
were distributed in a 0.85 m diameter region with the flap side-edge located in the microphone array center, as shown in

Fig.
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Fig.5 Microphone array design. Fig. 6 Microphone array position.

E. Aerodynamic Measurements

Aerodynamic measurements demand steady experiments in the flap model. The wind tunnel was prepared for
several aerodynamic tests that involved pressure distribution measurements, flow-field mapping and flow visualization
techniques.

1. Free Stream Conditions

Atmospheric conditions were measured at the beginning of each test for the establishment of non-dimensional
parameters and then comparisons. The atmospheric pressure was measured by a calibrated mercury barometer of
1 mmH g precision and the temperature was measured inside the wind tunnel by a 0.1¢ precision thermocouple. Relative
humidity was measured in percentage by a 1% precision hygrometer and was used to correct the calculation of air
density. The free-stream velocity was computed from the dynamic pressure measured by a pitot-static probe located at
the working section wall. The probe measures both total and static pressure and is connected to a manometer, whose
digital output is the difference between both pressures, which is the dynamic pressure. The precision of this instrument
is 0.1 Pa and it is connected to the computer to automatically acquire data prior to each test.

2. Static Pressure Measurements

Static pressure taps were located along different model positions for the observation of the tip effects and the location
of the tip vortices along the chord, observed as a local pressure difference between the flap suction and pressure sides.

The model instrumentation includes 106 steady pressure taps distributed chord-wise (57 taps along the flap chord)
and span-wise (49 taps along the flap span at seven different heights) on both upper and lower sides of the flap model.
Measurements were performed by a ScaniValve ZOC33/64PxX2 in the wind tunnel, which works in a +0.72 psi range
and has 0.15% accuracy. The ScaniValve model is an extremely compact electronic pressure scanning module designed
specifically for use in wind tunnels. Data are acquired by the ScaniValve connected to a local computer via FTP protocol.
The procedure involves calibration of zeros and measurement of each channel of the multiplexed system.

3. Flow-Field Measurements

Flow-field measurements were taken by an L-shape 7-hole pitot probe. Such a transducer was mounted in an
automatic traverse system that maps the flow behind the model, close to the flap side-edge and downstream of the
trailing-edge, for obtaining the wake characteristics.

The multi-hole pitot probe is composed of a conventional cylindrical body with seven holes at its tip. The stainless
steel 3.2 mm diameter probe enables high-accuracy measurements of the magnitude and direction of the flow vectors
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along with static and total pressure. The acceptance angle is up to +30° with an error lower than +1°. The velocity
error is lower than +1% or £1 m/s. The high-accuracy probe calibrations define the relationship between the probe
pressures measured and the actual velocity vector sensed by the probe and the pressure transducers. To obtain correct
data acquisition, pneumatic tubing was connected from the ports of the multi-hole probe to the pressure measurement
system. A Dantec® three-axis traverse system was used for the probe positioning and flow mappings. Each axis
movement has 0.0125 mm maximum accuracy and was operated by serial communication. Calibrations were performed
with dedicated modules from Dantec®.

4. Flow Visualization

Flow visualizations were conducted over the flap model surface according to the oil-flow technique for the
visualization of separation points, reattachment points, recirculation zones and flow direction. Oil-flow was applied
for the flap tripped configuration with different side-edge tips. The entire flap model was painted black for a better
visualization of the product applied.

IV. Post-Processing Analysis

A. Aeroacoustic Measurements

The post-processing analysis for aeroacoustic measurements was based on phased array microphones and beamform-
ing techniques to map the location of the noise sources and their intensity, and generate acoustic spectrum information.
Beamforming calculations were performed through Conventional beamforming [22] and CLEAN-SC methodologies
[23] for all data and DAMAS [24] deconvolution methodology for selected cases.

Six Regions of Interest (ROI) were created for the beamforming integration regions (Fig. [7). The contribution
measured by each part of the model and the total noise measured were studied. The ROIs were created for the total
model (ROI 1), total flap side-edge (ROI 2), first flap side-edge region until 30% of the chord (ROI 3), middle flap
side-edge region between 30% and 70% of the chord (ROI 4), last flap side-edge region from 70% of the chord (ROI 5),
and lower part of the flap span (ROI 6). The last ROI was created for the verification of the wind-tunnel wall effect
noise, which may affect results.

— — FLAP

—ROI'1
—ROI2
ROI 3
ROI' 4
—ROI'5
ROI 6

Fig. 7 Regions of interest for beamforming calculation

B. Aerodynamic Measurements

Static pressure data were obtained and used in the calculation of the pressure coeflicient, a non-dimensional parameter
that considers the flow over the flap model immersed in a free-stream with pressure and velocity. The reference pressure
is taken at the wind tunnel test section and post-processed to produce C,, data.

Wake and flow mapping measurements were performed by a 7-hole probe and data were stored in Tecplot® data
format, which enables efficient plotting and comparisons between flap side-edge geometries. The three velocity
components («,v and w) were obtained by the probe.
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V. Results

A. Aerodynamic Measurement

1. Pressure Distribution

Static pressure measurements were simultaneously taken for the entire chord and span direction. shows
the expected behavior for a pressure distribution around the flap chord of the baseline and seal flap side-edge in the
closer side-edge region. The effect of the transition trip was also evaluated in terms of static pressure in the model. The
comparison between the tripped and untripped cases, for several angles of attack and velocities, showed the trip device
exerts a small effect on the suction peak.

—Ww— Baseline without trip —w— Seal without trip
—A— Baseline with trip —A— Seal with trip

0 0.2 0.4 06 0.8 1 0 0.2 04 0.6 0.8 1
X/c [-] x/c[]

(a) Baseline flap side-edge (b) Seal flap side-edge
Fig. 8 Pressure distribution around tripped and untripped flap model at ¢ = 26° and M = 0.109.

As shown in Fig. 0] the side-edge vortex in the baseline flap side-edge influences the pressure distribution in both
pressure and suction side from the flap tip (y/b = 1) until y/b = 0.77, whereas the seal flap side-edge configurations
move away the side-edge vortex system and increase the suction peak. The Suction peak is also affected by the vortex
along the span of the model. Seal and seal with tab tips on the flap side-edge increase the span-wise uniformity.

—&— Baseline
—»— Seal
—¥— Seal with tab <&\
_"Q.
(@]
0
0
0.5
1 1 1 1 05
0 0.2 0.4 0.6 0.8 1 x/c [_] 1 1 y/b [_]
x/c [-]
(a) Chord-wise pressure distribution (b) Span-wise pressure distribution

Fig. 9 Comparison of pressure distribution. Span-wise taps were located on the suction side from x/c = 0.02
to x/c = 0.65 and for y/b = 0.95, 0.88, 0.77, 0.65, 0.51, 0.35 and 0.18 at @ = 26° and M = 0.109.
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Steady pressure measurements over the seal flap side-edge in chord-wise direction are shown in Fig. [T0]at different
flap deflection angles. The distribution shows an overall raise in the suction peak and circulation with the increase in the
angle of attack until @ = 28°. The suction peak decreased from @ = 28° to @ = 30° and such delayed decrease was
associated with the rounded leading-edge format. The suction peak also moved from the pressure side at @ = 0° to the
suction side at @ = 5?; from a = 5 it begins to move to the leading-edge. The suction side of the element was affected
by a separation that starts at x/c ~ 0.3 for high angles of attack. For @ = 30° separation grow and start at x/c =~ 0.1.

x/c []

Fig. 10 Pressure distribution over the seal flap side-edge at y/b = 1, M = 0.109 and different angles of attack.

The application of a perforated flap side-edge strongly affects the pressure distribution of the flap. As shown in Fig.
[TT] for the two perforated side-edge configurations, the suction peak decreased and, consequently, the lift coefficient was
affected, which indicates an influence of a perforated tip on the aerodynamic performance. Perforated flap side-edge tips
show 10% less flap circulation in comparison with the non-perforated configurations.

—W¥— Seal

—&— Seal (Perforated)

—»— Seal with tab 4
Seal with tab (Perforated)

24
I
\’ ’_,/_».—»r*-—’\—'n—’f
&, 2
0 0.2 0.4 0.6 0.8 1

x/c [-]

Fig. 11 Effect of perforated tips in pressure distribution at « = 26° and M = 0.109.

2. Wake Mapping

The wake of the flap model was mapped at several horizontal planes by a 7-hole probe. The three non-dimensional
velocity components u*, v* and w* were measured at different constant heights from Y = —300 mm to Y = 200 mm
(being the flap tip face Y = 0 mm), 850 mm away from the trailing-edge of the model.
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VU]

—A—Y =-300 mm
—»—Y =-200 mm
v —Y=-100mm| T
—4—Y=0mm

—8—Y =100 mm
—#—Y =200 mm

-2560 -200 -150 -100 -50 0 50 100 150 200
Z [mm]

(a) Baseline flap side-edge

VUL

—&—Y =-300 mm
—»—Y =-200 mm
—%—Y=-100 mm
—4—Y=0mm

—®—Y =100 mm
— Y =200 mm |

-2560 -200 -150 -100 -50 0 50 100 150 200

Z [mm]
(b) Seal flap side-edge

—A—Y =-300 mm
—»—Y =-200 mm
—%—Y=-100 mm
—<4—Y=0mm

VU [

—A&—Y =-300 mm
—»—Y =-200 mm
—¥—Y=-100 mm
—4—Y=0mm

—®—Y =100 mm
— Y =200 mm | 1

-250

-200

-150 -100 -50 0 50 100 150 200
Z [mm]

(c) Seal flap side-edge (Perforated)

—A—Y =-300 mm
—»—Y =-100 mm
—¥—Y=-200 mm
—<4—Y=0mm

VU]

—®—Y =100 mm
—#—Y =200 mm | r

VU [

-250 -200

-150

(d) Seal flap side-edge with tab

-100  -50 0 50 100 150 200 -250 -200 -150 -100

Z [mm]

—®—Y =100 mm
—#—Y =200 mm | 1

-50 0 50 100 150 200
Z [mm]

(e) Seal flap side-edge with tab (Perforated)

Fig. 12  Profiles of velocity magnitude in Y axis at @ = 5°, M = 0.076 and X = 850 mm.

10
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The most immediate effect of the seal tip configurations was the conversion of the “jet-like” vortex of the baseline
flap tip into a “wake-like” vortex, i.e., a vortex core of higher velocity into a vortex core of lower velocity. The plots
shown in Fig. [I2]contain the profiles of the velocity magnitude for different planes.

In all side-edge configurations from ¥ = =300 mm to Y = 0 mm between Z = —200 mm and Z = —100 mm, the
velocity decrease was related to the wake produced by the trailing-edge of the flap. In the baseline flap side-edge at
Y = 0 mm, the vortex exerts an effect that is not present for the other flap tips. For seal tips, the wake profiles show
the minimum velocity regions occur behind the trailing-edge of the flap at Z = 0 mm. For such tip configurations, the
minimum velocities were displaced to the right in the transition from Y = 100 mm to Y = 200 mm, which indicates the
vortex was shifted resulting from the variations in the tip of the model.

shows the wake profile of velocity v* and w* across the vortex core of each configuration. The maximum
values were not the same for the negative and positive sides. The asymmetry in the profile is visible for velocity v* and
w*. Figure[I3]a) shows a slower decrease on the right side, whereas such slower decrease is shown on the left side in
Fig. [I3|b), which corresponds to the areas of lower axial velocity for each velocity component. The perforated tips also
displaced the vortex away (up and right to the pressure side) from the flap surface and reduced its intensity.

—A— Baseline
—»— Seal
Seal (Perforated)
—<— Seal with tab
—®— Seal with tab (Perforated)

v[]

wiU [

—#A— Baseline

—>»— Seal
Seal (Perforated)

—&— Seal with tab

—®— Seal with tab (Perforated)

-2560 -200 -150 -100 -50 0 50 100 150 200 -300 -200 -100 0 100 200

Z [mm] Y [mm]
(a) Velocity v* (b) Velocity w*

Fig. 13  Profiles of maximum velocity v* in Y axis and maximum velocity w* in Z axis at o = 5°, M = 0.076
and X = 850 mm. For velocity v*: baseline (Y = 25mm), seal (Y = 150mm), seal (perforated) (Y = 100mm), seal
with tab (Y = 125mm) and seal with tab (perforated) (Y = 75mm). For velocity w*: Baseline (Z = 50mm), seal
(Z = 25mm), seal (perforated) (Z = 25mm), seal with tab (Z = Omm) and seal with tab (perforated) (Z = Omm).

Fig 4| shows the 7-hold pitot probe mounted in the traverse system behind the flap model in the wind-tunnel test
section.

Fig. 14 7-hold pitot probe behind the flap model.
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3. Flow Mapping

A 7-hole probe investigated the flow-field downstream of the flap model. The measurements were taken in a vertical
plane, 850 mm from the trailing-edge of the model. The axial velocity and vorticity were the most relevant flow
measurements in the study of the flow-field. The flow-field maps of velocity «* and the vorticity are shown in Fig.
and Fig. [T6] respectively.

The velocity maps for velocity u* show a region of reduced velocity at approximately Z = 0 mm position, near the
flap side-edge generated by the presence of the vortex. A small region of reduced flow speed downstream the pressure
side of the model is probably caused by the presence of the wake formed at the trailing-edge, as shown in Fig. The
lowest velocity value reaches approximately u* = 0.95. The velocity maps in Figs. [I5[b) to[I3[e) revealed the flow was
moving up from the tip surface with the use of the seal flap side-edge tips.

Finally, the vorticity mapping indicates the presence of a large vortex downstream the flap tip. As illustrated in Fig.
[T3] the vortex seems to be weakened for the perforated tips that significantly reduced its intensity. As addressed in
the wake mapping analysis, the vortex system was displaced up and right to the pressure side. The maps of the seal
side-edge with the tab tip indicate the tab reduced the vorticity movement to the suction side of the flap model.
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y
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0.94
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0.84

-

(a) Baseline flap side-edge (b) Seal flap side-edge (c) Seal flap side-edge (Perforated)
u*[-]
1
0.98
0.96
0.94
0.92
0.9
0.88
0.86
0.84
Y
.
(d) Seal flap side-edge with tab (e) Seal flap side-edge with tab (Perforated)

Fig. 15 Velocity u* in the X axis at @ = 5°, M = 0.076 and X = 850 mm.

12



Downloaded by UNIVERSIDADE DE SAO PAULO on May 15, 2019 | http://arc.aiaa.org | DOI: 10.2514/6.2018-3799

0% [-] 0% [-] 0% [-]
0.04 0.04 0.04
0.035 0.035 0.035
0.03 0.03 0.03
0.025 0.025 0.025
0.02 0.02 0.02
0.015 0.015 0.015
0.01 0.01 0.01
0.005 0.005 0.005
0 0 0

Y

-

Y

o

Y

]

(a) Baseline flap side-edge (b) Seal flap side-edge (c) Seal flap side-edge (Perforated)

o* [-] o* [-]
0.04 0.04
0.035 0.035
0.03 0.03
0.025 0.025
0.02 0.02
0.015 0.015
0.01 0.01
0.005 0.005
0 0

Y Y

] o

(d) Seal flap side-edge with tab (e) Seal flap side-edge with tab (Perforated)

Fig. 16 Vorticity in the X axis at « = 5°, M = 0.076 and X = 850 mm.

4. Flow Visualization

The oil-flow visualization technique was applied at the flap tip surface to investigate the flow behavior around the
flap model, particularly, the pathlines and the three-dimensional effects near the flap side-edge. [Figure 17]displays the
results of the oil-flow visualization for the baseline and perforated flap tips. Additionally, the flow visualizations were
analyzed and the flow pattern on the side-edge tips are sketched out. The visualizations clearly show the pathlines
created by the primary tip vortex moving from the pressure to the suction side on the tip face. The most visible line is
the vortex secondary attachment line induced by the reattachment of the shear layer separated from the pressure side
of the flap. The vortex grew in size in the free-stream direction, as indicated by the primary attachment line moving
towards the suction surface of the flap side-edge. The results are in agreement with those of Rossignol, K., (2013) [14],
who sketched the streamlines of the flow visualization on a flap tip face. The main differences between baseline and seal
flap side-edge tips are the recirculation zone produced by the vortex near the pressure side with the presence of the
seal and a discontinuity on the leading-edge lines produced by the three-dimensional interaction of the vortex with the
turbulence caused by the seal.
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(a) Flow visualization of baseline flap side-edge

— Flap side-edge contour —— Primary attachment line — Flap side-edge contour Primary attachment line
—— Flowpath o Secondary attachment line —— Flowpath o Secondary attachment line
(b) Flow-field sketch of baseline flap side-edge (c) Flow-field sketch of of seal flap side-edge (Perforated)

— Flap side-edge contour

Primary attachment line

—— Flowpath Secondary attachment line

(d) Flow-field sketch of of seal flap side-edge with tab (Perforated)

Fig. 17 Flow visualization and flow-field sketches on the flap tip face at « = 26° and M = 0.076.

B. Far-Field Measurement

1. Background Wind Tunnel Noise

The LAE-1 wind tunnel generates a significant amount of noise itself. The analysis of the background noise aims

at assessing its influence on the measurements, regarding spectra, beamforming maps, and Mach scale factor. The
sources of wind tunnel background noise are the fan system (the variables that contribute to fan noise are the hub and tip
diameter, rotational speed, number of blades and blade-pitch angle), wall boundary layer, test-dependent hardware, and
microphone self noise (boundary layer effect over the microphones, screen or cavity perturbations, electronic noise, and
free-stream turbulence) [22]].

Several measurements were performed for the obtaining of a measure of the background noise observable in the

LAE-1 wind-tunnel test section where the phased array microphones are located. Wind tunnel noise was measured for
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free-stream velocities of 26, 29, 32, 35 and 38 m/s. The sound pressure levels measured are shown in Fig.
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Fig. 18 LAE-1 background wind tunnel noise.

2. Beamforming Methodology Effects

Besides the Conventional and CLEAN-SC beamforming analyses for all flap tip geometries, DAMAS methodology
was also employed for the selected cases. Results for measurements with the three different methodologies are shown in
Fig. [I9 Broadband noise follows the same shape for all methodologies. Nevertheless, the noise spectra calculated with
conventional beamforming and DAMAS methodology preserve the same behavior.

Conventional 4
CLEAN-SC
DAMAS 4
L e NIV Background noise
3
[m]
[%p]
o
gl
2
©
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>
Q
pL
£
10! 10°

St[]

Fig. 19 Effect of the beamforming methodology (Conventional, CLEAN-SC and DAMAS) on the seal flap
side-edge tip at @ = 26° and M = 0.109.

The following aeroacoustic results were obtained using conventional beamforming.

3. Beamforming Maps Analysis

Beamforming maps of the three main configurations at @ = 26° and M = 0.109 are shown in Fig. 20 The array of
microphones evidently identifies a strong noise source from the flap side-edge located at x/c ~ 0.15, which corresponds
to the first part of the flap side-edge (leading-edge region) local flow-field noise described by Dobrietz, R. and Borchers,
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1., (2006) [18]. Noise source maps clearly revealed the way the acoustical radiated noise decreased from low to high
frequency spectra.
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(g) Seal flap side-edge with tab at St = 115.9 (h) Seal flap side-edge with tab at St = 187.8 (i) Seal flap side-edge with tab at St = 263.8

Fig. 20 Beamforming maps of noise source localization at o = 26° and M = 0.109. The flap model is shown in
black and the integration region is shown in red.

4. ROIs Analysis

According to the results in Fig. 2T} the predominant noise comes from the side-edge region (ROI 2). The strongest
noise level of ROI 2 was produced by the leading-edge region (ROI 3), where the vortex of the turbulent boundary layer
on the pressure side moved across the lower flap side-edge. At this point, the vortex was interacting with the surface of
the flap side and pressure fluctuations were converted into acoustically radiated noise. Low-frequency noise also was
radiated from ROI 4 corresponding to the middle flap side-edge region.

The similarity between the spectra curves does not necessarily mean all different ROIs of the model produce noise
in a similar spectrum; it may be related to the integration of side lobes of a higher source in a single place.
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Fig. 21 Effect of ROIs analysis on the acoustic spectrum at o = 26° and M = 0.109.

5. Trip Tape Effects
Acoustic measurements were performed with and without the sand trip tape. shows results of their
comparison. No significant differences were observed.
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(a) Baseline flap side-edge (b) Seal flap side-edge

Fig. 22  Effect of trip tape on the acoustic spectrum for the flap model at & = 26° and M = 0.109.

6. Angle of Attack Effects

shows results for the acoustic spectrum variation with six different flap deflection angles for the three main
flap tips. For the baseline flap side-edge, small variations were detected for low to mid frequencies; in high frequencies,
an increase in the angle of attack caused a small increase in the broadband noise. It was also observed that noise pressure
level for seal tips was affected by the higher angles of attack as perceived for @ = 26, 28 and 30°. The seal side-edge
tips show a greater impact on reducing the vortex at higher angles of attack, which causes the baseline trend to reverse.
For such cases, an increase in the angle of attack decreased the spectrum.
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Fig. 23 Effect of angle of attack on the acoustic spectrum at M = 0.109.

7. Strouhal and Mach Number Scale Effects

Effects of Strouhal and Mach scale are an important issue for the assessment of noise mechanisms for the flap model.
An analysis was performed through tests with five different Mach numbers for the evaluation of the effect of the wind
tunnel speed variation on the noise produced by the flap model. The results in Figs. [24{a) and 24{b) show the flap noise
with baseline tip scales with Strouhal number, whereas with seal tip does not scale.

The Overall Sound Pressure Level progression with the Mach number, shown in Figs. 24(c) and 24(d), clearly
demonstrates that scale factor between 6 and 8 is presented. The baseline configuration shows a higher Mach scaling for
the Overall Sound Pressure Levels that may be caused by the highest oscillations in low to mid strouhal numbers that
increased the overall scale factor locally, as shown in Fig. 24]e).

Figures[24(e) and 24[f) show the way the Mach scale factor changes in function of the strouhal number. A progression
is observed between scale with the 4tk power for low strouhal numbers up to St ~ 20 and with 6¢4 power. Higher
Strouhal number fluctuations were influenced by the shear-layer over the edges of the model for both baseline and seal
configurations. The scaling factor is higher than the background noise factor shown in Fig. [I8] which indicates the
higher the flow speed, the higher the signal to noise ratio (SNR).
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8. Perforation Effects

The comparison in Fig. 25| provides new understanding about the high broadband noise reduction achieved with the
use of both seal and seal with tab tips. For non-perforated seal side-edge tips, an important noise reduction in mid
to high frequencies was perceived. The tips produced 3.9 dB and 6.7 dB less noise than the baseline flap
side-edge, respectively. Additionally, the effect of the perforation on the tips was also more productive for the seal flap
side-edge with 6.1 dB (56% less noisy than non-perforated tip) than for the perforated seal with tab flap side-edge with
7.1 dB (6% less noisy than non-perforated tip), however, the last configuration was the most efficient flap side-edge tip
for noise reduction.

o
o, ]
[m]
n
o 4
ko]
L
® ]
g Baseline
E Seal .

r Seal (Perforated) i b

Seal with tab :
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Fig. 25 Effect of perforation on the seal flap side-edge tips at « = 26° and M = 0.109.

As stated by [8]], the slight noise increase in high frequencies for the two tab configurations was associated with the
small-scale fluctuations adding to the flow by the tab. The noise spectra increase in perforated tips at high frequencies
was related to the sound produced by the perforations at those frequencies.

Table 2 Noise reduction for different flap side-edge tips at @ = 26° and M = 0.109.

Flap side-edge tip Reduction [dB]
Baseline 0
Seal 3.9
Seal (Perforated) 6.7
Seal with tab 6.1
Seal with tab (Perforated) 7.1

VI. Concluding Remarks

Detailed flow measurements were performed in a large-scale flap model with three main different side-edge tips,
in the LAE-1 wind tunnel at the Sdo Carlos School of Engineering - University of Sao Paulo (EESC-USP), for the
evaluation of the noise reduction from flap side-edge. The characteristics of the flow-field in the vicinity of flap tip
edges were prominent in relation to the most important sources of airframe aeroacoustic noise. Flap acoustic noise was
investigated by a phased array of microphones and beamforming techniques. Steady aerodynamic characterizations
were carried out with chord-wise and span-wise pressure measurements distributed along the model and off-surface
measurements, by a 7-hole pitot probe. The analyses revealed a clear connection between the far-field noise and the
aerodynamic behavior of the vortex system generated at the lower and upper edges of the flap tip.

The aerodynamic flow measurements confirmed the existence of a side-edge vortex which limits aerodynamic
performance. The near-field characteristics of the merged vortex were visualized through the oil-flow visualization
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technique applied at the flap side-edge face. The aeroacoustic measurements provided information about one of the
most dominant source mechanisms of flap side-edge noise. The interaction between the flap pressure side vortex and the
side-edge surface plays a major role in noise generation.

In general, the noise spectra of the model are dominated predominantly by a broadband component with no tonal
peaks. According to the analysis of the most prominent noise source per ROI, the spectrum results indicated the
side-edge region exerts a strong influence on the total noise, which is in agreement with the quantitative beamforming
source location maps that showed the main source of noise was located in the leading-edge region. The trip tape
used improved the aerodynamic characteristics with a fully developed turbulent boundary layer over the model and no
significant effects on the acoustic measurements were observed. Variations in the angle of attack slightly increased the
broadband noise at high frequencies for baseline flap tip, whereas seal tips reversed the behavior decreasing acoustic
spectrum for higher angles of attack (¢ = 26, 28° and 30°). Scaling analyses also revealed all tips configurations were
consistent with Mach scale factor N = 6 corresponding to a dipole noise source.

Modifications to the flap side-edge can essentially reduce the noise radiated from the vortex system. The wake
and flow mapping evidenced the behavior of the vortex and the effectiveness of the tested devices to move it and
reduced their intensity, which were related to the decrease in noise broadband level. Although seal and seal with tab tips
decrease acoustic noise in 3.9 dB and 6.1 dB, respectively, perforated tips drastically reduce the broadband noise in
comparison with the baseline side-edge tip; perforated seal and seal with tab tips reduce 6.7 dB and 7.1 dB, respectively,
of the overall sound pressure level of the flap model. In addition, large-scale perforated noise reduction devices are in
agreement with the implementation of real-scale devices without the necessity of scaling tip perforations.
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