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ABSTRACT

models. Areas of disagreement appear to reveal when

An aeroacoustic model test has been conducted the¢ assumed edge noise mechanism does not fully
investigate the mechanisms of sound generation d#€fine the noise production. For the different edge

high-lift wing configurations. This paper presents a
analysis of flap side-edge noise, which is often the mo

dominant source. A model of a main element Wings
section with a half-span flap was tested at low speeds QE

rconditions, extensive spectra and directivity are
resented. Significantly, for each edge configuration,
e spectra for different flow speeds, flap angles, and
rface roughness were successfully scaled by utilizing
rodynamic performance and boundary layer scaling

up to a Mach number of 0.17, corresponding to a wingnethods developed herein.

chord Reynolds number of approximately 1.7 million.
Results are presented for flat (or blunt), flanged, and
round flap-edge geometries, with and without
boundary-layer tripping, deployed at both moderate ang
high flap angles. The acoustic database is obtaine@N
from a Small Aperture Directional Arra¢SADA) of C
microphones, which was constructed to electronically, P
steer to different regions of the model and to obtain far-
field noise spectra and directivity from these regions.
The basic flap-edge aerodynamics is established b
static surface pressure data, as well as bygy)
Computational Fluid Dynamics (CFD) calculations and ¢
simplified edge flow analyses. Distributions of
unsteady pressure sensors over the flap allow the noi -
source regions to be defined and quantified via cross-
spectral diagnostics using the SADA output. Itis foundGa
that shear layer instability and related pressure scatter f&
the primary noise mechanism. For the flat edge flap,
two noise prediction methods based on unsteadyGa,s
surface-pressure measurements are evaluated and
compared to measured noise. One is a new causality
spectral approach developed here. The other is a nelv
application of an edge-noise scatter prediction methodk
The good comparisons for both approaches suggest that
much of the physics is captured by the prediction

S

l
3
*Senior Research Scientist, Aeroacoustics Branch, Associate
Fellow AIAA. L
TResearch Scientist, Advanced Measurement and Diagnostics
Branch, Senior Member AIAA. L’

Copyright © 2000 by the American Institute of Aeronautics and M
Astronautics, Inc. No copyright is asserted in the United States under

Title 17, U.S. Code. The U.S. Government has a royalty-free license

to exercise all rights under the copyright claimed herein for Mg
government purposes. All other rights are reserved by the copyright
owner.

1

SYMBOLS

medium speed of sound

flap chordlength
normal force coefficient with respect to C

static pressure coefficient

coherent output power spectrum of unsteady
surface pressure with respect to far-field noise
distance from one sensor to another
directivity factor, Eq. (13)

elemental surface area at y

frequency

one-third octave band center frequency
spectrum frequency bandwidth

auto-spectrum of noise measured by SADA
auto-spectrum of unsteady surface pressure at
sensor

cross-spectrum between outputs of SADA and

surface pressure sensor
pressure sensor location number

J-1
acoustic wave number = w/ a,

correlation length scale in chordwise edge
direction

correlation length scale in spanwise direction
from edge

length of chordwise section that a sensor
represents

lift per unit span

convective Mach number, U/ &,

average M, see Eq. (8).

tunnel Mach number, U,/ &,

normal vector to surface at y
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Reynolds number based on € and U,
acoustic pressure time history

surface pressure time history

Fourier transform of p,

Fourier transform of pg

dynamic pressure based on convective speed
UC

tunnel dynamic pressure

distance =|r|

effective source-to-observer distance for

quiescent field radiation, see Fig. 19
vector distance = X —y

small aperture directional array

time

inboard velocity along suction side

inboard velocity along pressure side

velocity at radius I, from center of vortex, see
Fig. 9(c)

convection velocity

hydrodynamic convection speed from the
pressure to suction side, see Fig. 13
hydrodynamic convection speed over the
suction side, see Fig. 13

flow velocity at edge on pressure side, Eq. (4)
flow velocity at edge on suction side, Eq. (4)
tunnel velocity

chordwise distance from the flap leading edge
noise observer location vector

effective observer location vector for radiation
in quiescent field, see Fig. (19)

spanwise distance from the flap edge

surface noise source location vector

height above surface sensor, see Fig. 8

flap angle with respect to the main element
edge convective-flow skew angle, see Fig. 8
circulation density

coherence function, see Eq. (9)

vortex circulation

boundary layer thickness

boundary layer thickness at airfoil zero angle
of attack

coherence decay factor for /4

coherence decay factor for /;

angle between n and X, see Fig. 19

angle between n and X', see Fig. 19
observer azimuth angle defined for Eq. (21)
medium density

retarded time, Eq. (12)

noise transmission time from sensor to SADA
SADA elevation (flyover) angle, see Figs. 5
and 24

2

cross-spectral phase between SADA and

Pas
sensor outputs

SADA azimuth angle, see Fig. 24
radian frequency = 271

e €

INTRODUCTION

Airframe noise can be dominant during airport
approach and landing when the engines are at low
power and the high-lift systems and landing gears are
deployed. This becomes particularly true as present-
day propulsive systems become qui]eteAs a result,
there has been an increased emphasis placed on the
measurement and modeling of non-propulsive
components such as flaps, slats, and undercarriage.

As reviewed by Crighto%:n a number of studies of
airframe noise were conducted in the1970's and early
1980's. An early evaluation was performed by Hardin
Empirical airframe noise studies and prediction
developments include those of Finand Fink and
SchlinkeP. A series of airfoil self-noise experiments
were performed by Brooks and Hodg&@md Brooks
and Marcolin{*®* for trailing edge noise and wing tip
noise. The results of these studies formed the basis of a
comprehensive self-noise prediction methbtbr
isolated airfoils. As part of a wing and flap high-lift
system, the flap is much more loaded aerodynamically
than it would be if isolated. Because of this, it has been
found capable of producing much more intense noise.
Block'! in wing, flap, and landing gear interaction
studies found flaps to contribute significantly to the
overall noise. Kendalf and Kendall and Ahty&,
using an elliptical acoustic mirror, found strong
localized flap edge noise. This was confirmed by Fink
and Schlinket in component interaction studies.
Mcinerny et al**, Ahtye et al*>, and Miller and
Meechant® performed cross-correlation studies
between unsteady surface pressures and noise field
measurements for the tip region of an isolated wing,
single slotted flap, and triple slotted flaps, respectively.
The side edges of the multiple flaps were found to
significantly exceed other airframe noise souttes

The 1990's produced an increase in airframe noise
research activit?/, particularly due to the NASA
Advanced Subsonic Technology (AST) program.
Several tests are particularly notable. A 4.7% scale
DC-10 aircraft model was tested in the NASA Ames 40
by 80 foot wind tunnel, as reported by Bent et?al.
Hayes et at? and Guo et &% Inflow microphones,

a phased-microphone array, and a parabolic mirror
directional microphone system were used along with
unsteady surface pressure sensors on inboard and
outboard flaps. The flap edge noise was found to
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dominate other noise sources. Significant correlationQ FF were presented by Meadows et34l.
were found between edge pressures and the measudéasurements included flap-edge noise-source location
noisé’. Noise reduction concepts were evalufted mapping by a large directional (phased) microphone
series of tests of a large unswept wing (2.5 ft. chordarray system, flap-edge noise spectra and directivity by
and half-span Fowler flap were conducted in the NASAa smaller array, and cross-spectra between unsteady
Ames 7 x 10 foot wind tunnel, as reported by Storms esurface pressure sensors about the flap edge. Details of
al2®, Horne et af* and Storms et &F. The tests the microphone array design and methodology used in
provided basic aerodynamic data and, although ththe testing was presented by Humphreys et.al.
tunnel was hard-walled, limited acoustics were obtainelicrophone array testing methodology was refined and
using large phased arrays of microphones. Aguantified using the QFF systems, as reported by
computational study by Khorrami et 2§I.provided Brooks et af®. The present study builds upon this
substantial agreement with the data. This was used work.

examine two possible noise source models, namely, a

. . In this study, the generation and radiation of flap
vortex-instability model and a shear layer vortex-sheet .
model. edge noise for the flat (or blunt), flanged, and round

flap edge configurations are examined. The basic flow

The present paper concerns a wing and flap mod@attern about the edge is studied using Computational
tested in the Quiet Flow Facility (QFF) at NASA Fluid Dynamic (CFD) calculations and measured static
Langley. The model is a NACA 6215 wing with a pressure distributions. Simplified flow calculations are
30% chord half-span Fowler flap. This is the same athen developed to provide key aerodynamic parameters
that used in the aforementioned 7 x 10 foot wind tunneheeded for noise prediction and scaling. Cross-spectral
test at NASA Ames, except here the model is about oreamplitude and phase between unsteady surface pressure
half the size. As reported by Macarééghis model in  sensors over the flap edge surface are analyzed to
the QFF has provided the means to closely examine theveal the character of the hydrodynamic pressure field
aerodynamic and acoustic physics for slats and flapdue to turbulent flow and the near-field flap-edge noise
Measurements of the flow field in the QFF, bygeneration. Coherent Output Power (COP) spectra
Radezrsky et &’ included hot-wire, hot film, 5-hole diagnostics using the measured pressures and the noise
probe surveys, laser light sheet, and flap surface girovide a measure of the noise source distribution along
flows. These measurements revealed a dominant fldpe flap edge. The noise source thus determined is
vortex structure resulting from the merger of twoexamined for consistency with the previously
upstream vortices one strong vortex, formed from the mentioned shear layer instability mecharfi&i=* For
pressure side to around the flap edge, and a weakie flat edge flap, separate noise prediction methods are
vortex formed at the flap side edge on the suction sideleveloped and validated from (1) a causality approach
In the vicinity of the trailing edge, the vortex is farthat connects the noise to the cross-spectra between the
removed from the flap surface. Computational effortssurface pressure and far-field noise through
by Khorrami et af® and Takallu and LaflffY using fundamental aeroacoustic formulations and (2) an edge-
Reynolds Averaged Navier-Stokes solutions (RANShoise scatter solution. Both methods utilize the surface
duplicated the key mean features of the edge flowpressure measurements on the suction and pressure
Streett® developed a computation framework for thesides near the flap edge. Next the noise spectra and
simulation of the fluctuating flowfield associated with directivity are presented for three edge configurations
this complex flap-edge vortex system. Streett'sor different surface roughness, flap angles, and flow
computations, utilizing a calculated mean flow fféld speeds. The spectra are then examined for scalability
further crystallized the shear layer instability andfor each configuration using flap mean lift and
vortex-instability disturbance modéfs for noise boundary layer thickness descriptions.
production. Linear stability analysis determined
dominant frequency ranges of unstable flow TEST SETUP AND METHOD
disturbance¥. Gud?*® in a similar time frame,
followed with a semi-analytical and semi-empirical
prediction model of this shear layer instability

The test model apparatus is shown mounted in the
Quiet Flow Facility (QFF) in Fig. 1. The QFF is a quiet

mechanism. Predictions from this model compare pen-jet facility designed for anechoic acoustic testing.

: ; : or the present airframe model testing, a 2 by 3 foot
well with flap edge noise data when certain scale . . :
fectangular open-jet nozzle is employed. The model is
parameters were used.

a NACA 63-215 main-element airfoil (16 inch chord

The initial aeroacoustic measurements for arand 36 inch span) with an attached half-span Fowler
instrumented version of the above model tested in thigap (4.8 inch chord). The flap is attached by an
3
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adjustable set of "U" brackets to minimize bracket
interference with the ideal flap flow field. The model is MAIN
held in place by vertical side plates, which areELEMENT
themselves rigidly mounted to side plate supports of the
nozzle. In the photo, the model is visible through the
Plexiglas windows located on the side plates. The maing,
element airfoil and flap are instrumented with static
pressure ports and unsteady pressure seéfisors

Flat Edge
with Grit

Round Edge

A view of the main element and flap in the vicinity
of the flap edge is sketched in Fig. 2. The flat edge fla|
is shown accompanied by edge modifications. When
attached, the flange edge produces a cavity depth of 1/8
in. The flange thickness is 0.05 in. The round edge
attachment is a half-circle cross-section shape that
matches the airfoil contour. The effect of s_urfacqzlGURE 2. Sketch of flap edge treatments.
roughness on the flap edge noise was examined by
applying grit. For the flat edges, #60 grit at a density o*
about 70 particles per square inch was applied on tt
edge and both suction and pressure side surfaces ove
2 in. span. For the round edge, #120 grit at about 80
particles per square inch was applied, but was restricte ¢ EymEnT OVERLAP
to one half of the round edge surface area - towards tt ﬂ
flap's pressure side. The intent of the grit was t(&’t }
produce thickened and well-developed turbulent _ _ - ----~ r 17" GA
boundary layers in the vicinity of the side edge. Foi
this paper, the main element angle was set atab@
two flap anglesg =29° and 39, were tested. The gap
and overlap settings for these angles are shown in Fi
3. The positions of the flush-mounted unsteady 290 39°
pressure sensors in the flap edge vicinity are shown i GAP: 0.0227 0.0231
Fig. 4. The chordwise distance from the leading edg overLAP: 0.0242 0.0132
is x and the spanwise distance from the side edge is

Round Edge
{ . .
QR with Grit
N 22

Flange

P

29°

normalized to main
element chord length

FIGURE 3. Flap and gap geometry.

As will be discussed, the sensors of present interest are
those on the pressure and suction surface. These
sensors are Kulite model LQ-34-064-5A. They are
aligned spanwise at .06, .81, and 1.81 in. (sections A, B,
and C, respectively) from the edge. Toieordwise
position for each sensor is given in Table 1.

The far-field acoustics of the model are measured
by Small Aperture Directional Array (SADA), which is
seen in Fig. 1 to be mounted on a pivotal boom
positioned by rotational stepping motors. The SADA is
always 5 ft. from the center of the main element trailing
edge. It consists of 33 B&K 1/8-inch microphones
projecting from an acoustically treated metal frame.
EA%H'TEQ%F Test apparatus with SADA mounted on pivotal  The aperture of the array is small, with a maximum

' diagonal aperture of 7.76 inches. The small size
reduces bias error by locating all the microphones in the

4
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array within approximately the same source directivity,
regardless of SADA's elevation or azimuth position
about the model. In Fig. 5, the SADA measuremen
positions are drawn in a side view (opposite side to tha
of Fig. 1) of the test setup. The SADA is shown locatec
in a plane perpendicular to and centered on the span
the model, corresponding to zero azimuthal angle (
0°). The position of SADA in the photo of Fig. 1
corresponds to an elevation angpe= -124 in the
drawing. In Fig. 5, the SADA is seen positionedpat
107, on the pressure side of the model. The open je
shear layer boundaries (defined at 10% and 90 % of th
potential core velocity) are shown as measured alon
the ¢ =0° plane. A mean shear line is shown, which is
part of a curved three-dimensional mean shear surfac
defined mathematically from the shear layer
measurements. This is used in SADA processing t
determine shear layer refraction corrections.  The
drawing illustrates the refracted noise ray path from the

f FLO\I{/

SIDE PLATE

NOZZLE

o
MEAN 90
REFRACTED O

’~ __~— RAYPATH
=~ ~
-
-

~
“g SADA
107°

[m]

124°

[m]
141°

flap edge source region to the microphone.

SUCTION EDGE PRESSURE
7/ SIDE &sv
27, 23, 18, A2 47
26, 22, 17 36 W41 .46
16, L35
21, 15, 34,40

.33
25, 14, 32,39 45
13
20, 12, .31
11| x

24, 19, 1o,i ,30
29
v |
A

C B A

B

.38 44
37 43

C

FIGURE 4. Drawing of unsteady surface pressure sensor

distribution.
Sensor Coordinates
# x(inch) # x(inch) # x(inch) # x(inch)
10 0.12 20 0.95 30 0.12 39 3.02
1 0.54 21 2.62 31 0.95 40 2.18
12 0.95 22 3.45 32 1.78 41 1.35
13 1.37 23 3.99 33 2.20 42 0.93
14 1.78 24 0.12 34 2.62 43 4.80
15 2.62 25 1.78 35 3.03 44 4.68
16 3.03 26 3.45 36 3.36 45 3.02
17 3.36 27 3.99 37 0.00 46 1.35
18 3.99 29 0.00 38 0.12 47 0.93
19 0.12 - - - - -
y, =0.06 inch Yg = 0.81 inch y.=1.81inch
TABLE 1. Pressure sensor coordinates.

FIGURE 5. Sketch of test setup. The noise ray path from the
flap edge to the SADA is illustrated.

Data acquisition and post-processing

The array microphones and surface pressure
sensors employed acquisition hardware consisting of
transient data recorders controlled by a workstation. All
35 microphone channels (including 2 reference
microhones) were recorded with a 14-bit dynamic
range, simultaneously with 32 pressure sensor channels
using a 12-bit range, at a sampling rate of 142.857 kHz.
Two million 2-byte samples were taken for each
acquisition. The microphone signals were high pass
filtered at 300 Hz. All channels had anti-aliasing filters
set at 50 kHz, which is substantially below the 71.43
kHz Nyquist frequency.

Microphone and pressure sensor calibration data
were accounted for in the post-processing. For the
SADA microphones, regular pistonphone and injection
calibrations of amplitude and phase were made.
Amplitude and phase calibrations for the pressure
sensors employed a miniature speaker-driver capable of
high frequency output. The measured outputs were
referenced to the output of a 1/8 in. B&K Model 4133
microphone. (The high frequency outputs of the
present Kulite sensors are unfortunately limited. In this
report, surface pressure spectral data is limited
generally to 13.5 kHz, where flat frequency response
and signal-to-noise are good.) Initial post processing of
the test data begins with the computation of the cross-
spectral matrix for each data set. The computation of
the individual matrix elements is performed using Fast
Fourier Transforms (FFT) of the original data
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ensemble. All data are segmented into 1000 nomhaximum Mach number of 0.17 for this model
overlapping blocks each containinngZSamples, configuration, which corresponds to a main element
yielding a frequency resolution of 34.88 Hz. Achord Reynolds number of 1.7 x 40 In order to
Hamming window is used. maintain attached flow on the flap, the boundary layer
. . . transition was fixed by serrated tape applied to the
A conventional beamforming approach, employing :

) lower surface of the main element at 30% chord and on
matrices of cross-spectra between the array . .

e leading edge of the flap. Pressure coefficient plots

6
.revealed very similar performance to the somewhat

microphone§5'3, is used to electronically “steer” the
array to chosen noise source locations. The processi z?cr)ger Reynolds number conditions of the similar
odef? tested in the Ames closed wall 7 x 10 foot

accounts for mean amplitude and phase changes due
unnel. In the QFF, the flap angle with respect to the

refracted sound transmission through the shear layer EB
the individual mlqrqphones O.f thg arrays. A MeaN ain element wasr = 29° and 39, whereas the main
refracted ray path is illustrated in Fig. 5. The correction

. , . . . element was set at 1@&nd 20 angle of attack to the
terms are calculatéd using Snell’s law in Amiet’s

method’. modified to account for a curved three- tunnel centerline. (Note that %6or the main element,

. . ' . is approximately equivalent to an angle of attack of
dimensional mean shear surface defined in the Shea[)out 5 in the closed wall tunnel.) The flap flow field

layer. A key feature of the array processing is tha\zl?vas found to be dictated almost entirely by the flap

spatial resolution (or sensing area over noise source . . !
P ( g angle, which is measured with respect to the main

regions) can be controlled independently of frequen%lement and not the main element anale
and steering-direction over broad frequency ranges. ' ge.

The microphone shading algorithms methodology used For the present QFF testing, pressure and lift
is adapted from Refs. 38 and 39 and evaluated wittlistributions for the flap are presented in Fig. 6. The
respect to the present test in Refs. 35 and 36. Note thmain element angle was 16 The gap and overlap
for each test case, the cross-spectral matrix has settings, shown in Fig. 3, differ only slightly from those
corresponding background matrix subtracted from it tef Ref. 27. Static pressure coefficient distributions at
remove extraneous system noise (measured microphotteee spanwise locations of the flap are shown in Fig. 6
and sensor noise for zero tunnel flow speed). The arrdgr the tunnel Mach numbeM,= 0.17 for the twooa
processing references levels to an equivalent singhalues. The spanwise cuts are shownyfbec = 0.027,
microphone measurement. Spectra data are determin@@®08, and 1.875. The ratig/c is the distance from
for each narrowband frequency (34.88 Hz resolutiothe flap edge compared to the flap chordlengthAt
bandwidth) of interest. Other spectral bandwidths thaty/c = 1.875, at the center of the flap section, the
are presented in this paper are formed from thexpected two-dimensional lift distribution behavior
narrowband spectra. with high suction peaks is shown for both angles. As
y/c decreases (meaning the flap side is approached),
the high suction peak at the forward (leading edge)
stations are reduced and the pressure differential
._diminishes. Near the side edge, a low-pressure region

In this section, the basic flap edge flow 'S exists at a downstream section of the chord, which is

examined with respect to parameters required t% e to a strong vortex being formed on the suction side.

ﬁ\o/glej?iteeldthe unsteady surface pressures and relatﬁ'ﬁso shown in Fig. 6 is the normal force (normal to

chordline) coefficientCy, with respect toc, versus
Basic aerodynamics y/c. An additional y/c location of 0.625 is

. . represented here. It is seen that the sectional lift is
Extensive aerodynamic measurements for the

present model have been reported by Radezrskﬂet aLQiminished as the side edge is approached except for an
The model was shown to function as a high-lift device! crease very near the edge due to the presence of the

. . . .~ ~§trong vortex on the suction surface. At the inboard
with the main element and flap properly interacting

aerodynamically. The elements are close enough ths ation y/c = 1.875,Cy =1.213 and 1.567 for =
y Y- 9 ° and 39, respectively. The ratios dy and a

the flow acceleration about the leading edge of the flae . .

L : alues show almost a linear dependence of lift to flap
significantly reduces the required pressure recovery at

i - angle.

the main element trailing edge, but the elements are
separated sufficiently so that the viscous boundary The vortex found on the suction surface near the
layers do not merge. This increases the overall liftflap edge was shown in Ref. 27 to be a result of the
especially on the main element, compared to liftstrong primary vortex and a weaker vortex merging.
obtainable separately. The QFF facility produces a

6
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4r ylc =0.0271 4 ylc =0.2083 sheared-flow velocity across the pressure surface edge

which wraps around the vortex and "feeds" it.
2k
C, -
0] 3
25 xlc = 2% — ; 0
N\
ar ) \\\\\
VALY
NN
— NRNR
I - NRTNR Y
AN
VIRN
C, . W
N \/// \\ \\
ot Al \\x
\
-2

0 x/c 1 0 Ic 7 y %

FIGURE 6. Pressure coefficient distributions and normal force
coefficient distribution for two flap angles.

The primary vortex is formed along the pressure sidt
(bottom) edge and grows in size in the streamwis
direction, and a weaker vortex is formed near the
suction surface edge. Steady RANS computations ¢
Ref. 28 found agreement with the basic measure
features of the merger of the dual vortex system and tf
general location of the resultant vortex. For both the
experiment and calculations, the vortex bursts above tt
suction side surface for the 3flap angle case. This
bursting occurs when the local flow angularity is too
high or the axial velocity component is too low. FigureF'GURE 7. CFD results of flap-edge-flow velocity vectors in

. . planes parallel to and .035 inches above the surface.
7 shows portions of the RANS solutions for the two
flap angle QFF test cases of the present study. The
contours show lines of constant static pressure on the
surface. Intervals between the lines correspond to Of primary interest for this study are flow
intervals inC, of .346. The two component vectors parameters that provide guidance in determining noise
shown are the calculated velocities over a projectegources and provide pertinent input to prediction theory.
surface defined at 0.035 in. (approximately a boundarif the flap edge noise problem is indeed an edge
layer thickness) above the suction and pressurgcattering problem, one would view the boundary layer
surfaces. Only the edge velocity vectors from theharacter and associated velocities as primary
pressure side are seen because of the oblique view prameters. One should be able to tie these to surface
Fig. 7. The flow about the side edge surface is omittegressure data to validate the noise soursemewhat
for clarity. The vector pattern clearly shows thesimilar in approach to that done in Ref. 6 for trailing
presence of the resultant vortex and its strong influencedge noise. We direct our attention to the edge pressure
on the flap edge flow field. The vortex is trailed sensors on the suction and pressure sides. These would
downstream of the model, but the vectors show thbe the only sensors in the strong edge flow field and, at
formation of the vortex is essentially attached at the tofhe same time, be in the near field of such a scattering
(suction) edge surface. The attachment is seen to penomenon. They should therefore be representative
just aft of mid-chord for the 29flap angle case, but of the source region. Note that the flap side-edge
slightly forward of mid-chord for the 39flap angle. surface, between the suction and pressure sides, has
The vortex strength is mostly defined by the strongenerally lower velocity and its sensors (#1 through #9)

7
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CFD Values (Simple Model Values) for M, = 0.17 component of velocityM Cosf3,, exceed the tunnel
a =29° a=39° value of My=.17. On the aft (downstream of mid-
Sensor | Sinch | M | Bedeg. | & inch M. | B deg. chord) suction side edge, where the attached vortex
10 010 | 21(222) | 77 (90) | 020 | .22 (237) | 82 (90) flow comes off the surface past the edge, the flow
1 010 | .21(.222) | 90 (90) .012 .27 (.237) | 82 (90) .. . . .
12 010 |.23(222) | 85 (90) | .025 | .29 (237) | 68 (90) velocities are even higher, reaching up to about twice
13 .030 .22 (.222) 73 (90) .050 .265 (.237) | 80 (90) . .
14 050 | 24(222) | 82 (90) | 050 | 33 (237) | 76 (90) the free-stream value. Forward on the suction side
15 .030 .35(.285) 54 (51) .045 .32 (.331) | 43 (46) .
16 040 | .33(285) | 48 (51) | .045 | .30 (331) | 46 (46) edge, the velocities are lower than those aft and the
17 .050 .31 (.285) 52 (51) .060 .28 (.331) | 60 (46) e .
18 120 | 25(285) | 58 (1) | .150 | .24 (331) | 65 (46) cross-flow diminishes greatly with flow skew angle
30 010 | .13(.215) 28 (34) .025 15 (.253) | 10 (24) .
31 020 | 19(215) | 38 (34) | .020 |.205(253) | 28 (24) approaching 90 An unexpected result, to the present
32 .020 .21(.215) 35 (34) .020 .205 (.253) | 26 (24) . . ..
33 025 |.22(215) | 33 (34) | .025 | .205(253) | 25 (24) authors, for the CFD flow field is the lack of anticipated
34 .030 .22 (.215) 32 (34) .030 .22 (.253) | 25 (24) . . .
35 030 | .22(215) | 31 (34) | 030 | .21 (253) | 25 (24) changes ind and M, values with changes in flap
36 .030 .20 (.215) 32 (34) .030 .205 (.253) | 27 (24) . . . .
(5=.0453) (5=0814) angle. Expected increases My, did not occur with

increased flap angle, even in regions further away from
. the surface. It should be mentioned that Ref. 28 noted
TABLE 2. Calculated edge flow boundary-layer thickness and . . .
velocity values. that the solutions, while remarkably good overall in
defining basic flow features, found disagreements with
measured velocities on the order of 10 to 15%.
Concerns about the thickness of the shear layer were

z Top View also expressed. It was suggested in Ref. 28 that
y y improvements may be needed with regard to grid
Sutace R U2) | Sensor Surface resolution and turbulence modeling. Because of the
N . \ N X importance of these parameters to the present effort,
Side Shed Wake Sheet /[’5\ U\ et . .
edge N a\‘esk\\e alternate calculations are made and are presented in the
X N following section. The CFD solution, however, is
Be Uc utilized in providing a reference for primary flow-field
Convective features_

Velocity

. Simplified edge flow calculations
FIGURE 8. Flow above a surface sensor and an idealized
shed instability wave geometry at edge of flap. Simple aerodynamic modeling is used here to take

) . into account Reynolds number and flap angle effects in
are not considered here as representative of the SOUTgR, efinition of boundary layer thickness and velocity

region (although they are in the near-field of such,5yes. This complements the description of the

scatter).  In Table 2, for the sensors indicated, valuggmpex three-dimensional flow field given by the CFD
are given for the near boundary layer thicknésshe ¢ tion.

corresponding Mach numbévl,, and flow anglef,, o 0 _ . .
determined over planes parallel to the surface and at From thin airfoil theory’, the sectional lift per unit
height z=J above the surface. The choice &fis spanL’ equals

partially subjective. It corresponds to the outer edge of c
the shear flow nearest the surface. An illustration of the |’ = pUol = pUO.[ jax = q,cCy (1)
velocity field U(z) above an edge sensor is shown in 2

Fig. 8. The top view shown defines the anflefrom  where p is the medium density anfl is the airfoil

the normal to the edge. The subscript designation cjrcylation given an incoming stream velocity 0f.

(for convective) is used to indicate the flow above therne circulation densityy of the vortex sheet defines
SENsors 1S assumed to also represent any MOVIRfe airfoil in the stream from the leading edgexat0
d|sturb§mce or flow structure that may cause noisey the trailing edge at, wherec is the chordlength (of
producing pressure scatter at the edge. Thfhe flap in the present case). The dynamic pressure is
hypothesaed convectl_ng wake sheet illustrated in Fig. %O — pU§/2 and Cy is the sectional lift coefficient
will be subsequently discussed. defined by Eq. (1). Figure 9(a) shows a sketch of an

For both flap angle cases considered, Table #nboard section of the flap where the flow is essentially
indicates thatd, M,, and B, remains generally two-dimensional. The velocity jump across the airfoil

invariant along much of the pressure side edge. The'€€t iS¥(X) = s 7 Upr Wh.ere Ug, is the velocity
flow speedM,, as well as the cross-flow (or spanwise) along the suction side angl, is that along the pressure
side. The mean or average velocity jump over the chord

8
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vortex, the bracketed term, [ ], would be unity.)
Equatingu, =u at r = ry, we obtain
u, =Uy,Cyc/8my (3)

where the strengtii is obtained from Eq. (1). Using
Egs. (2) and (3), the velocities on the edge surfaces may
be determined. For the pressure side,

(a) flap inboard section flow  (b) bound and trailed
flap vortex circulation

— | 2 2
Upr _\j(upr)n‘ean tu

I I and (4)
r — -1
r 0 B=Tan [(upr)mean/uv]
'O/ A/uv
<
7
Uy u, For the suction side, on the aft section where the vortex

crosses to the upper surfadé,, is similarly expressed
(©) frgr?gaerl dfIgepc\éi%rrgegufixua{ﬁgogﬂrzggﬁéﬁhCOUVtVng but the subscriptsu replaces pr. On the forward
section,Ug,, however, is simply taken &8y,) ., and
. N _ [=90°. In Table 2, values of these velocities (in terms
FIGURE 9. lllustrations for simplified flap edge velocity . . .
calculations. of Mach number) and angles are given in parenthesis to
compare with corresponding CFD values for the
different sensors. Thepr and su subscripts are
dropped. The values were calculated usigg =
0.4t and previously mentioned value @f,=1.213
U, andu, are thus for a= 29 andCy=1.567 fora = 3%. The maximum
_ flap thickness ig,,,=0.55 inches. The value used for
(Ug Jmean = Uo(1+Cy 74) I, appears to grin\% velocities and angles in nominal
and (2) agreement with the CFD values, but unlike the CFD
(Uny)irean = Up(1—Cyy /4) \é:lpueensderr:i\(\a/'e the physically expected flap angle

IS (Usy =Upr)mean =UoCn /2. The average values of

Also listed in Table 2 (in parenthesis) are

Along with the streamwise flow component abovecalculated approximate values of shear layer or
the cross-flow component is required to estimate theoundary layer thicknessesthat one can compare to
edge flow. For this purpose, Figure 9(b) illustrates &alues that are determined from the CFD flow field
somewhat heuristic flap vortex model, where the boungreviously discussed. The calculated values were
circulation of strength” of the flap is transitioned to a determined by equations and extrapolated equations of
trailed wake vortex of the same strength at the edg&ef. 10, as defined below. The boundary layer
Figure 9(c) shows a forward section view (cut A" in Fig.thickness at the trailing edge for amtripped
9(c)) where the vortex of core radiug, is ‘drawing’  symmetric NACA 0012 airfoil at zero degrees angle of
fluid at velocity u, from the pressure side into itself. It attack is empirically determined to be (Eq. (5) of Ref.
is assumed that the vortex does not greatly affect thk0)
edge flow on the upper suction side at this section.
(Note that any contributions from "secondary" vortices
are ignored.) For the aft section (cut B") flow, the same
basic vortex ‘draws’ fluid at the same veloaityfrom R. =cU, /v is the Reynolds number based on
both the pressure and suction sides. The maximughordiengthc and v is the medium kinematic

velocity of the vortex is_ at the core radius and equ"f"%iscosity_ At an angle of attack of (taken as flap
u,. The velocity description chosen for the vortex Sangle here) to the flow, the pressure side thickniss
the Scully modéf-**which distributes the circulation to can pe related 8, by

simulate the effects of viscosity. The velocity due to

the vortex is given in terms of the radiusfrom the 5/ &, =10700%% (6)

centeru = (I / 2m)[r?/(r? +rZ)]. (For an ideal point

- 2
5 =c [10!1-6569-0.9045LogR, +0.0596(LogR; )’ ()

9
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wherea is angle in units of degrees. Note that Eq. (6for surface pressure spectra under turbulent boundary
is newly determined here based on the data in Fig. 7 ¢2yers, an example being Ref. 6. The valuedfpiare
Ref. 10. It replaces Eq. (8) of Ref. 10 in order to bedetermined asJ,and U from Eq. (4), as was done to
more valid for large angles. The valuesdfising Egs. obtain values for Table 2. The values for are
(5) and (6), are 0.0453 in. and 0.0314 in. fof 28d obtained from Egs. (5) and (6). These values depend on
3% at My=.17. These are somewhat larger than thavelocity and flap angle, but not chordwise location. It
listed in Table 2 for the sensors on the pressure ang seen (by the degree of data coalescence) that while
suction sides. tunnel velocity dependence is partially captured, it is
not consistent between flap settings. The spectral
In this paper,d is used as a normalizing parametershapes for each sensor apparently depend greatly on the
for surface pressure and overall flap noise spectra. Algmarticular flow phenomena occurring about -t
used in normalizations aré values for roughened therefore, the local flow phenomena apparently change
surfaces. This is approximated by the result of aWwith angle and velocity variations. The parameter
interpolation of3, between the untripped (Eq. (5)) and 9rouping does not capture this. It is noted that the use of
heavily tripped boundary layer cases of Ref. 10. Th1® 0 andU values from Table 2 based on the CFD

result is a replacement for Eq. (5) for lightly trippedresults prodL_Jces no improvement in nor_mal_ization
surfaces success. It is expected that any suchmalizations

should be more successful at sensor positions more
5, = C [10ML787-0.9045LogR, +0.0596(LogR; )] (7)  inboard, away from the edge.

(a) o =29°
Another normalizing parameter is an averadg

value at the edge defined as 140 M, =0.17 a, = 29°
135} Sensor

1 2,2 130F

Cave a N U0 T, (8) dcésl;3 125

120}
115|  Suction side: # 12,15, 16,17 \""{\' TT1s
UNSTEADY SURFACE PRESSURES Pressure side: # 32, 34 s 32
AND ANALYSIS 110 . e T '1'534

Frequency f,, (kHz)
Surface pressure spectra and acoustic source (b) @ =39°

identification
Figure 10 presents the unsteady surface pressu 140 Mm,=0.17 o, = 39°
(auto-) spectraG, for four suction-side edge sensors 1351 Sensor

and two pressure-side sensors (#32 and #34) fc

Mo=.17. As previously stated, the data presented i
this paper are limited to regions of flat frequency 4B, 125
response for the sensors. It is a one-third-octave-bai

130

presentation, with the dB levels referenced p§>, 0 Suction side: # 12, 15, 16, 17

where p,= 20uPa is the standard acoustic reference 11517 Pressure:# 32,34

In Fig. 10(a), fora =29°, the levels are shown to be 110 : —
quite variable between sensors with the highest on th Frequency f,, (kHz)

suction side at sensors #12 and #16. Referring to Figs.

4 and 7, these two sensors are at opposite sides of thurE 10. Surface pressure spectra for pressure sensors at
primary flap edge vortex on the suction surface.  Atdge of flap for M= .17 for different flap angles.

a=39°, some relative level changes occur for all
sensors. Referring to Table 2, one does not see any
obvious correspondence between the velocity
definitions over the surface at the sensors and t

spectral levels. Figure 11 preseritg=.07, .11, and ) :
17 data for t lized §/6/U h sensors for both the suction and pressure sides. The
: ata for two sensors normalized g ¢ Where spectral resolution id\f = 244 Hz but the levels are

Q. = pUZ /2. This type of normalization is common referenced to a\f = 1 Hz bandwidth. For the suction

Figure 12 shows some spectral characteristics that
an provide a basis for a noise mechanism hypothesis.
he auto-spectr&, are given for edge and inboard

10
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FIGURE 12. Pressure spectra and cross-spectral phase
relationships for edge and inboard sensors on suction and

pressure sides of flap. The spectral resolution is Af = 174 Hz,
but levels are referenced to Af =1 Hz.

side, the inboard sensors #21 and #23 are comparable in
level to one another and are lower than the edge sensor
#16 levels by about 15 dB at 5 kHz. For the pressure
side, the levels of the inboard sensors #40 and #42 are
comparable, to one another, and are lower than edge
sensor #34 by over 15 dB at 5 kHz. The levels for the
farther inboard sensor #46 are even lower. This
characteristic of increased surface pressure spectral
levels, as the edge is approached from inboard is
counter to that found for the classical turbulent-
boundary-layer (TBL) trailing-edge (TE) noise scatter
problemG. (There, of course, the radiating edge is the
trailing edge rather than the present flap side edge. In
that case, the hydrodynamic (TBL) pressure field is
intense upstream of the edge. But very near the edge,
the levels decrease, because of pressure scatter (near-
field noise) that prevents a pressure differential at the
edge.) Therefore, the noise level behavior of Fig. 12
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suggests a different mechanism than that for the TBLdistance from #34 to the other sensors (that one
TE noise problem. This is correspondingly true for thaletermines from Table 1). A result of zero degrees
phase behavior to be discussed below. would show that the correlated components of the
respective sensors are the same signals that are simply
time-delayed at the speed of sound. The results shown
Un in Fig. 12 show this to be generally true, except for a
30° to 60° offset. However, note that in Ref. 6, the
Uc .
AN . g Turbulence scatter term for TE noise was found to have acftset
é \::“1 L a in scatter-pressure phase (in addition to that due to time

—4— + Noise

P delay) between the edge near-field and a point away

16
Turbulence 2 Sensor # 40, 42 25,46 from_the edge. Hence, one would expect a similar
= T — - Noise functional form for this scatter problem to that of Ref.
/Shear layer / wake & 6. Additional confirmation of the conceptional model
instability dipoles is provided in Fig. 12 by the phase of sensors on

opposite sides of the flap. The phases are not
FIGURE 13. Hypothesized flow and acoustic features affecting normalized. It is seen that for sensors away from the
unsteady surface pressures at sensors. edge, there is roughly a 18Ghift over much of

frequency range. At the edge sensors #16 and #34, an

The hypoth_esi_zed mecha_mism for the present ﬂa%pproximately 180 phase is attained near 4 kHz. At
edge problem is illustrated in Fig. 13, which shows ., frequencies, the phase is dominated by

row-ﬂeIc_i influences on _unsteady surface pressures,, drodynamic convective effects, symbolized in Fig. 13
The subject sensors of Fig. 12 are shown mounted in turbulence moving at,. The linear phase slope,

stcra]ctlon cut’, the egge sc:nFs_ors 4are_rlrc])cat((9jgjt\am#r:fghe q starting near zero frequency, suggest tbatbetween

zsfrs are ayg and y, ot 'Ig_' ) q ehe (;ge_ anThthe sensors is about .22 timag. Similar values were
Sensors are not aligned chorawise. found for Uj, using the sensors on the suction side

conceptional illustration is consistent with the Shearéurface This compares favorably with computed (CFD

. .- ,30,33 H i
layer |nstab|I|t_y moc!g_@ for noise prpduct|on. and simplified) convective velocities. It was found that
Shear layer instabilities are shown being shed 1

. drodynamic-convection-effects generally dominate
veloc!ty U at the edge's near sensors #16 and #34. que phase relations between most edge sensors, as well
velocitiedJ ., U,,, and Uy, should be of the same order

. : ) as those over the suction surface. Most of these effects
of magnitude to that of velocity, of Fig. 9(c). The

are not directly related to noise production. However,

EOW IS retlattl)v?ly tsmodoth on tthe tpressurlzdslde buEhis does not mean that the individual sensor auto-
ecomes turbulent, and convects at say velddyas oo oym is not dominated by noise related effedts

It moves e_lround the edge_towe_lrd_s the suction side. Tej st means that the hydrodynamic effects are larger
suction side turbulence is within the fringes of th

. _ scale and thus correlate better over distance. The
primary vo_rtex and convects at velochy, abo"‘? the ..present edge sensors are deemed too far apart for cross-
su_rface. Figure 1.3 represents the _shgar layer |nstal_:)|l| ectra to determine pertinent noise source information,
noise source as dipoles (that are distributed chordwise uch as scale lengths.

A portion of the noise that is radiated travels along the

surface in the spanwise direction at the speed of sound Figure 14 serves to summarize key features of the
a,. Both dipoles radiate to both sides with oppositesurface pressures. The figure preseadt®rdwise
signs (180 out of phase). Of course Fig. 13 is adistributions of integrated surface pressure levels for
sectional presentation. In reality there are a number ¢fensors, at sections A, B, and C of Fig. 4, for both
independent dipoles radiating at different sectiotie  pressure and suction sides of the flat edge flap for
effective number of which depend on disturbancea =29° and 39. The levels result from integrating the
correlation scales. spectra from 4.0 to 13.5 kHz. The low frequency limit
of 4.0 kHz was chosen in order to de-emphasize purely

The observation that the noise levels of Fig.12 ar??/drodynamic effects (see discussion above). For both
a

diminished as distance from the edge is increased ¥ p angles, the levels at the suction side edge (A)

consm_teqt with the _model O_f Fig. 13. The phas% pear peaked in the general locations of the chordwise
hehavior is also consistent as is now shown. The pha tremities of the vortex on the suction side. On the

¢ between sensor #34 and the inboard sensors, on thg,«q e side, one peak is observed near the flap mid-

same pressure side, is normalized by subtractin hord. The inboard fi B d (C) h level
(fd/ay) 360, wheref is the frequency and is the ord. The inboard sections (B) and (C) have levels
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FIGURE 15. Chordwise distribution over ROUND edge flap

region of band-limited overall surface pressure levels for
o =29°and o =39°. My=.17.

that are relatively uniform over the chord an
substantially lower than the edge levels. Section (C

depicted in Fig. 13. The higher levels on the suction
side for the inboard sensors, with respect to the edge
levels, are expected to be due to the presence of strong
turbulence on the suction side.

Figure 15 presents chordwise level distributions for
the round edge flap sketched in Fig. 2. The character of
the distributions is somewhat similar to that of the flat
edge, but the section (A) sensor levels are reduced to
nearly that of the inboard sensor levels. This is because
they are further inboard of the edge than was case for
those on the flat edge flap. The noise mechanism
details that are depicted in Fig. 13 are not directly
applicable to this round edge flap case. However, flow
shear / boundary layer instabilities still should be the
basic mechanism, but with a different scattering
geometry and correlated fluctuation length scales.

Coherent Output Power analysis

The surface pressure levels in Figs. 14 and 15 do
not necessarily indicate the local noise-source strength
distribution. The inboard levels contain substantial
contributions from hydrodynamic convection effects
and noise radiating along the surfaceot sources of
noise. (Note that strictly speaking, in terms of the
Ffowcs Williams and Hawkings equatf‘&nthe inboard
pressures are by definition part of the noise region that
should be accounted for. This is discussed in the next
section.) The edge sensors for the flat edge flap,
however, are in the near-field of the source and can
represent the source, except to the extent that it is
affected by non-radiating fluctuating pressure
components. This section is concerned with providing
some measure of the noise source distribution along the
flap edge.

The Coherent Output Power spectfiiis defined
as

2
G
X V2 <Gs (9)

a

COP, =

where, for present purposes, this is the spectrum of the
surface pressure sensor (subscsptoutput that is
coherent with the SADA array (subscrip} output
when steered to this surface sengoo( the flap. The
auto-spectra arés, and G,. The cross-spectrum

between signals i&, ¢ and the coherence yés The

OIphase associated witBOF, is the cross-spectral phase

5173,5. In the present data processing, a data-block time-

levels are generally lower than those of section (B)Shifting procedure is used to avoid serious bias and
This is consistent with the noise mechanism mode”nétansucal errors, as well as to put the data in a useful
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phase format. The microphone raw time data are time FLAT EDGE

shifted (offset) by an amount close to the value gf, 40| Suction Side 29° | Suction Side  39°
which is the time required for noise to be transmitted ;39 M M

from the sensor to the array. The array processing ,,| N A
i ; ; 7\ R N R4
shear-layer refraction correction code determings < 7N R
E 110 F ‘..“ ‘)‘; % _",,/\__.f \
(The 7,5 values were evaluated to be accurate withing ~— K" ™ R ¥ %
: AN 3 9

i i i —  Overall

less than the time it takes to acoustically travel .25% . | | — Copa Shase supressed

inches.) Final adjustment to obtain the faj ¢ shift COPS with phase

effect, for each individual microphone and sensor, iss

. . . @ . o . o
done in the frequency domain. With regard to the cross-§ ,,,| Pressure Side 29° | Pressure Side 39
spectrum, this effectively puts the source region mm130

"retarded" coordinates, where the phase related to n0|se120 \_J\/\ A

80 -

e(4to
|
|

transmission time is removed, that is o X N
a 110} U - 1 —
_ -~ WT, §  fammmn? Ve

(Ga,s)rayS - Ga,se 5 100F .7"
and (10) 90r I

(gba,s)ra,S = ¢a,s TWTy s sop . . . N . . . .
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FIGURE 17. Chordwise distribution over FLAT edge flap of
band-limited overall surface pressure levels and related COP

120 levels for o =29° and & =39°. M= .17.
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FIGURE 16. Coherent Output Power spectral processing
results, for the flat edge flap, relating the sensor #34 pressure

measurement and the SADA noise measurement for M= .17
and @ =39°. The spectral resolution is Af = 34.88 Hz, but
levels are referenced to Af =1 Hz.

FIGURE 18. Chordwise distribution over ROUND edge flap of

band-limited overall surface pressure levels and related COP
levels for o =29° and & =39°. M= .17.
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Figure 16 shows results of COP processing foare substantially eliminated. Consider the COP peak
sensor #34 (pressure side) with respect to the output obar 20% chord for the phase-suppressed distribution
the SADA when steered to the sensor for the test casae the suction side far =39°. Phase data (not shown),
listed. The SADA is positioned g = 107. The two indicate that the fluctuations which cause the high COP
auto-spectra, the cross-spectrum, and@¥, spectra levels were related to turbulence and/or noise, that are

are shown. (Note that the differences in surfacé turn correlated with noise production at another
pressure auto-spectrum smoothness are related only Rgrtion of the edge. Since the phdge ), has to be

an application of a calibration transfer-function. Asconstant for that portion of COP related to the direct
previously mentioned, the surface pressure data shouf@diation from the sensor to the microphones, the
be accurate below about 13.5 kHz.) The difference igumming of COP bands vectorially can substantially
levels betweerG, and COP, is 10Log(y§ys), which is remove (bias against) the "indirect" contributions to

shown in the figure. As is shown in the next section, ifCOP' This should make the COP more representative

.of the actual source distribution. The COP distributions
a surface element (represented here by sensor #34) is a_.

. . T in"Fig. 17 show that, for both of the flap angles, the
direct radiator to the noise field, one would expect the

phase(¢. ). to equal a constant -80 The phase is hoise is most strongly radiated near 65% chord on the
a,s/t,¢

T suction side and near 50% on the pressure side of the
shown in Fig. 16 to be generally constant, but at a phaggy, edge.

value on the order of -4or -50°. However, this is )
consistent with a 45offset expected for an edge ina  Figure 18 shows COP results for the round flap
scatter field as mentioned in the last section. Thi§dge, in the format of Fig. 17. The same comments

phase behavior will be again discussed. apply here, as for the flat edge flap, except that the edge
sensors may be not be fully in the source region, as

~ Figure 17 presents chordwise distributions ofnentioned for the auto-spectra integrated level plots of
integrated surface-pressure COP levels for the edggg 15, still, one can make the statement that the
sensors (along section A). For comparison, the autehordwise noise source appears clearly and strongly

spectra distribution from Fig. 14, for the samejgcated near 60% chord for both pressure and suction
integration frequency range, is shown. No data fromjges for both flap angles.

inboard sensors are shown because these are assumed

not to be in the noise source region. The COP

distributions represent more realistic distributions of NOISE PREDICTIONS BASED ON SURFACE

noise source strength distribution than does the auto- PRESSURE SPECTRA

spectra. The COP results eliminate that portion of

surface pressure that is not related to the noise field. So

non-radiating hydrodynamic fluctuation contributions caysality spectra prediction

are removed, which lowers the COP levels with respect . ) o
to the auto-spectra levels. Also, however, there is an A causality spectral approach is developed in this
additional cause of the lower levels for the COP result$ection that helps establish the relative and quantitative
The correlation area that each sensor represents is snifiPortance of the noise source regions of the flap.
and there are a large number of correlation areas ovErevious success has been found by Sitflarsing

the flap edge which contribute to the total noise. FoFross-correlation methods and the acoustic relationships
example, if there were uniform noise source strengtRf Curle’®, in determining surface noise source
(say with no non-radiating hydrodynamic fluctuationsd'St”bUt!O”S- This causality approach employed cross-
present) and the COP were uniformly 20 dB lower tha,qqrrelatlons between surfacg pressure sensors and
the auto-spectra, one could hypothesize that there af@icrophones. For several simple and small surface
"effectively” 100 independently radiating noise sourceSshape cases under Siddon's study, the method provided
areas across the flap edge. Figure 17 shows two CGP physical characterization of the noise source.
distributions. One is where phase is not considered ijowever, when the sources were non-compact,
the integration (straight pressure-squared typ@cousncglly or aerodyne_lmlcally,_the. phase vgnanons
summing) of the frequency bands. The Othe,gre_atly hindered correlgtlon function interpretation an.d
distribution is where the phase is used in the integratioff€ir usefulness. In this paper, we revisit the causality
(vectorial type summing). The latter is lower in levelid®a using spectral methods and for the first time
and is the preferred presentation because those portioffidate a causality prediction with measurement for a
of hydrodynamic and/or acoustic fluctuations, whichdistributed source.

are related to noise production only in an indirect way,
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The noise field is given by the Ffowcs Williams _ 1 s (y, 1) O
and Hawkings equatiéﬁ (a form similar to Curle's Pa(x,1) = 4naOrD2 ICOSQH ar ng(y) (13)

equation but generalized for arbitrary fluid and surface v
motion). For low-Mach number flows and for surfaces
with steady (or no) motion with respect to the observekynere D =1-M,@/r = 1-MyX/x and

distributed volume quadrupole and surface monopoleosg =nrr/r. The retarded time becomes
source components in the equation are negligible.
Assuming surface shear stresses are small compared to
local surface pressures, the following equation form can r'
be found, relating the acoustic pressysgx,t) at T:(t_g) (14)
location x and timetto the surface pressumg(y,7) at
p &Ly

position y and retarded time

where r' =rD?, which is shown in Fig. 19. The

distancer’, which is used in the shear layer processing

1 nit/r hs(y, 7) O codé€”® of this study, is that between the effective

ABgr (1—M0D1/r)2 H or g‘s(y) observer position and source position in an ideal
) quiescent acoustic field. In this coordinate system,
Cos@ is replaced byCos8' =n i’ /r'. Upon defining

: . the Fourier transform
Figure 19 shows the geometry of the flap in the ur

open jet tunnel flow of Mach numbevl, =U,/a,, it
where U, is the tunnel test section velocity. The HPs(y:T)F Ips(y,T)e d= R(y.w) (15)
elemental surface are@S(y), at y with normal n, is —o

seen with respect to a ray path of length|r|, where 5

r=x-y. Shear layer corrections performed in the[[E P(y. b 1/ ag)] = —jaPy(y, we 1 2 (16)

Pa(X,t) =

(10)

00

Mean
Shear ~_ so the Fourier transform of the acoustic field is
Layer (Effective

Observer

P .t. — 1 j !
osition) Py (x,w) = —2 ICOSG'F’s(yv weagy)  (17)
— X 4m0r S(y)

(Actual Observer)

wherek = w/a,. Multiplying both sides of Eq. (17) by
the complex conjugate of,(x,w) and taking the
ensemble average, we get the auto-spectrum of the
ds(y) noise field

FIGURE 19. Flap surface geometry with respect to ray path to
noise observer. — nf
G, = <Pa (X, w)Py(x, w)>

array processing code corrects the results at the actual |

SADA out-of-flow position to an 'effective’ observer :L“" J’COSG'<PaD(X,w)PS(y, w)>e‘”‘"dS(y) (18)
position x in an extended flow field without a shear ~47Bof Y

layer. The medium speed of sound is denoteddy

The retarded time is defined implicitly by Now upon evaluating this with respect to elementary

surface aready(y), the following results

T=t—|r —UgT|/ 12
| 0 | aO ( ) Ga:<PaDPa>
_ "jw /o Op \ -k’
=——— Y Cosf'(P,Pje '™ AYy) (19)
as pointed out by Gdd In the far-field limit forx, Ayt & (RP)
16
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The components, making up the sum in the right hantime shift is identified agG,¢),  of Eq. (10). The
side of Eq. (_19), are defined here as the causalityrea AS(y) has been replaced Hyr,. We takel to be
spectra associated with the surface area eled&¥{$9  he sum of correlation length scales that senisor

and represent their contribution to the total no&¢  rgpresent and, nominally, the sum of all L equals the
The auto-spectrunG, must be a positive real quantity, edge circumference. The correlation length scale

while Fhe components are complex quantities. _Equaﬂ%e flap longitudinal direction (spanwise direction in
(19) is valid under the present assumptions, itk 4)'is taken a¥), /nw. This relationship for scale

parncular that only surface .dlpole NOISE SOUrces arfength is often used in turbulent boundary layer (TBL)
important, and that the sum is taken over infinitesima

AS(y) areas over all ofS(y). Equation (19) includes pressure.scaling. I_n the present study, the.available
all the hydrodynamic pressure fluctuations (correlate ata provided no satisfactory means to determine values

i f n. In Ref. 6,n values for a TBL was found to be
or not between differem\S(y) areas), as well as related . .
. . g .14 and .19 for the cases examined. For the following
pressure scatter (near field noise). It is important t

o _?)redictions, we use the valug=.3. This choice is
note that non-radiating turbulence hydrodynamic,. . . .
. . i 7 “discussed in a following section.
effects, with their various complex phase contributions,
may greatly dominate the individual terms. The full Causality predictions and comparisons with
evaluation of the sums are needed to completely selfreasured noise is presented in Figure 20 for the flat-
cancel the non-radiating contributions. Such concernsdge flap atM, = .07, .11, and .17 witlr = 29°. The
not only apply to Eq. (19) but also to the FfowcsSADA is positioned at 107 Two causality prediction
Williams and Hawkings equatiam general. results are shown. The predictions based on Eq. (20)
are the prediction curves showing the lower levels. The
associated phase for thd, =.17 speed case is shown
plotted below the spectra. Ideally, the phaseGgf
should be zero. However, the phase is seen to be

h?;i:;zrsit)ig ((:a?tr:;lei;lijrllly'to F’?‘S 1p;ren\;:nuslc§ tt?gteris;rllj raepproximately 30to 5C¢. This is consistent with the
P 9 g. 27, y P aforementioned 45phase shift in the edge sensor

sensors of the present problem were found to be indegd ; .
: . : . ressures located in the near-field of the edge scatter. If
dominated by non-noise producing hydrodynamic an

acoustic effects, for which portions are correlated with_2 were fully evaluated over the whole surface (not

the noise. The use of the edge sensors only for the ﬂg{)ssmle with limited data) then the phasg WOUlq pe
expected to be near zero. The other causality prediction

edge_ f!ap should reduce ex.traneous noise I any.sults shown are where the phases in Eq. (20) are
prediction and data comparison. The model then L N .
. . . .suppressed for each individual contribution. Forcing
reduces to a line of dipoles along each side edge, wi -
. : ase to be zero removes additive random phase error
the presence of the inboard flap surfaces not included i :
i . o in the cross-spectra and errors related to time delay
the solution for the acoustic radiation. To account for _ . .. i
N " . . variability for each sensor. It may, however, add bias
the "half-baffle" acoustic effect of the inboard surfaces :
. - error of an unknown amount by adding correlated
the solution can be multiplied by a factor of two (2). ;
i ) . components, when they would otherwise properly
This should give an accurate presentation for sif¥all .
cancel. Still the results appear to compare well over the
For the present study, Eq. (19) is evaluated usingshole spectra range. For tlee= 39 case, the same
data from the flat-edge flap. Our attention is restricteghrediction comparisons are made. This is shown in Fig.
to the edge sensors #1-18 and #30-36 as representif) in the same format as Fig. 20. For this case, the
the source region. The following relation is evaluated predicted levels are lower than measured levels,
particularly for the causality predictions where phase is
included. Note correspondingly that substantially
G, = Z(PaDPa>- larger phase variations are seen compared to those in
, ! Fig. 20. This indicates that these predictions based on
L only the edge sensors are less representative of the total

—J
2w Cosf'e "2 i noise production. The influence of the burst vortex,
Fam 2 HReYRILL @0) b
I

In those practical application cases whé&g(y)
must be finite in size and limited in number, the validity
of Eg. (19) requires thatAS(y) be chosen and

associated with thisr = 3% flap angle case, may cause
the noise source region to be more distributed over the
surface.

where the additional factor of 2 included is discussed

above. The cross-spectral term containing the retarded

17
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FIGURE 20 Causality noise prediction comparisons for flat
edge at different tunnel speeds for @ =29°.1 =.3, Af =244 Hz.
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Causality noise prediction comparisons for flat

edge at different tunnel speeds for ' =39°. 11 =.3, Nf =244 Hz.

Scatter edge noise prediction

Brooks and Hodgsc?rused the trailing edge noise
theory of Howé&’ and measured surface pressures to
predict trailing edge noise due to the passage at the
edge of turbulent boundary layer flow. The present
edge noise problem is that of shear layer wake
instability and resultant shedding of unsteady vorticity
from the edges. Howe's theory was developed
primarily with the former case in mind. However, the
solutions should be generally valid here as long as one
restricts attention to pressures in the immediate vicinity
of the edge and that certain parameters can be properly
defined. Figure 8 is used to illustrate several parameter
choices in doing this. For the velocity field(2)
above an edge sensor, a local maximum of magnitude
U. is reached at a heigldt. These values correspond
to those listed in Table 2, along with corresponding
skew angle3.. One hydrodynamiovavenumber
component of the instability wake sheet is shown in
Fig. 8 as being shed from the edge region. It is
assumed that this sheet perturbation (shown as a
corrugation) convects at this same spge@nd angle
B after it leaves the surface. Itis also assumed that the
edge sensor is in the very near field of the edge
shedding and that the local edge thickness is much
smaller than the related acoustic wavelength.

Equation (72) from How€ (Eq. (32) from Ref. 6)
gives the noise spectrui@, at a location in the far
field due to the trailing edge (TE) noise from a thin
plate of lengthL, in terms of the TE pressure field.
This is, in the present terminology,

G, =

2 Ly LO |Cos6|Sin?(9 / 2)CosB,
2 Hag HA+ My )2 (- My,_,)7(1 ~ My, [Cosd)

ql’lte(ul,aﬂne/ao, wd Yy (21)

where 6 is the observer angle defined in Fig. (19). The
observer azimuth angle? is measured from the
negative of the y axis shown in Fig. #(equals 180
along the spanwise surface and equalsrfimal to
and above the flap surface). The Mach number terms
are My =UySnb/a;, My, =U.Cosd/a,, and

MUl =U.CosfB./a,. Equation (21) ignores one of the

Mach number terms of Ref. 47, see Ref. 6. The integral
is taken over a pressure wavenumber spectrum function
M, with respect to the wavenumbeu, for the

American Institute of Aeronautics and Astronautics



direction normal to the edge. In evaluating the integral 90

we use the definition ofl,, from Ref. 6 (Ref. 47 uses 80 | a=29°
an alternate but consistent definition), to obtain \ )
70 ———- Predicted
) Measured
60
Intedﬂl = (Goelal T (22)  10logGa
J 50F N\, ™l T M,=0.17
40
where (G,),, is the surface pressure spectrum at the 30 == Mg=o.11
edge and/; is the correlation length scale in the lateral 0 M.=0.07
(edgewise along chord) direction. The assumed form ¢
lO 1 1 1

l51s 0 5 10 15

_ U.Cosf;
(@) === (23) o
The noise is predicted as a sum of contribution: 90r 4 =390
from individual edge lengths each represented by a 80,
edge_ sensor. Similgr t_o Eq. 20 for the causality 2ok \ ———- Predicted
prediction, the total noise is Measured
60
10logG,4 i
Bob N TNo Tl M,=0.17
G, = Z [Gal; (24) 40 M,=0.11
. 30 M,=0.07
where eachG,]; is determined using Egs. (21), (22), 20r
and (23). As mentioned for the longitudinal scale facto 104 5 10 15
¢, in the last section, correlation scales for the preset Frequency (kHz)

mechanism were not determinable from the present

data. In the following predictions the value ¢f= 2.0 o
is chosen compared to a value of 0.6 (measured for gy 9739
problem of a TBL pressure field) used in Ref. 6. This

choice and other assumptions are discussed in the next

section. FIGURE 22. Scatter-theory noise prediction comparisons for
flat edge flap at different tunnel speeds for two flap angles.

The predictions are compared to measured noise =2.0. Af =244 Hz.
for the two flap angles at different tunnel speeds in Fig.

22. The measured noise spectra are the same @Re good prediction results show that the edge sensors
presented in Figs. 20 and 21. The chosen valug of can properly represent the noise source region.
results in good agreement for the’ 28p angle, as well  However, the prediction and data comparisons suggest
as the low speed conditions for the flap angle dt 39 this may not be fully true for the vortex bursting case,
The higher speeds for 38how predictions to be lower where the noise is under-predicted. It is likely that the
than measured. This general trend, of course, was alggurce is just more distributed over the surface. (At the
found for the causality prediction comparisons usingow speeds of the present test, it is unlikely that any
the same sensors. One can then suggest that forthe $8lume noise source terms contribute significantly
flap case, where the vortex is known to burst, the edggven with vortex breakdown.) The two predictions are
sensors may not fully represent the noise productiogifferent in their input requirements. The causality
region. prediction and the COP analysis can be regarded as
being related, because of their dependence on cross-
spectral processing between the noise and the surface
pressure sensors. Note that the causality predictions

The present predictions strongly support the basitequire little flow information input, with velocity

noise mechanism model of Fig.13 for the flat-edge flap €Ntering only through the definition of correlation
length. The causality prediction is primarily one of a

Discussion of prediction results
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noise-correlated force distribution definition, modeledvicinity of the flap edge should have little
here as a line-dipole taking the surface into accountontamination for frequencies above approximately 3
acoustically only through the multiplicative factor of kHz. The spectral output of the SADA should hence
two. The scatter edge noise prediction is more of aepresent only that noise which is radiated from the
"full" prediction, which more properly includes sourceflap-edge region. Noise directivity (shown in the
directivity in the solution. It requires more flow following section) is mapped by placing the SADA at a
information than the causality prediction. However, forseries of elevation and azimuthal angles, while
both predictions, the lack of knowledge about pertinenimaintaining a constant distance of 5 ft. from the flap
correlation scale lengths required assumptions. Thedge region.

values for decay factomg and ¢ were chosen to render

good overall quantitative comparisons. These

correspond to scale lengths 6f=.4 in. and /5 =.06 f s =12.5 kHz

in. at 5kHz. The ratio/, / £53 =7 is compared to a value FLAT M=0.17 29° FLAT M,=0.17 39°

of about 4 for the different scatter noise problem (TBL-
TE) of Ref. 6. Still, the ratic;/d =1.5 appears to be 50
"reasonable" for the present mechanism, although
0,15=10 may not be. Subsequent investigations 4ol
should reexamine the correlation scale issue,
particularly key parameters such as the disturbanc&
velocity magnitudeU,. and skew angleB,.  Still,

30

ation

uncertainty about correlation length presentations doeg s A WP — ¥
not undermine the basic physical understanding ang oo M=017 29° ROUND M,=0.17 39°
theoretical context gained from the present predictiorg

comparisons. 2%

40F

NOISE DIRECTIVITY AND

SPECTRA SCALING i

Noise source distribution from array scanning

10 0 10 %5
Acoustic results from the array are shown in Fig. Spanwise location (in)

23 for the flat and round flap edges. The results are

obtained from the SADA by electronically scanning aFIGURE 23.  Noise source distribution contours over the flap-

. L . edge region using the SADA for flat and round edges at the two
plane projected through the airfoil main elememﬂap angles. SADA position is 8=107° and @=0°. One-third

chordline.  The position of the SADA corresponds 10, ... |evels for f . =12.5kHz.
the model being in an "over-flight" position. An outline
of the main element is shown with the leading edge aB
24 in. and trailing edge at almost 40 in. in tunnel
coordinates. The flap is on the right and the edge is Figure 24 shows the model with the flap-edge
seen centered in the picture. The dB levels shown addrectivity contour mapped over a spherical surface,
the outputs of SADA when it is steered to the scannindefined by the SADA positions. The measurements are
locations. The contour levels are highest at the flafor the flat edge flap model foor =39° and My=0.17.
edge location. These levels at the flap edge have beEor the 6.3 kHz one-third octave frequency band
showri® to be the levels that a single microphone wouldshown, the directivity on the pressure side of the model
measure from the flap edge. The rapid roll-off in levelss most intense “underneath” the model. This is the
away from the flap edge shows the sharpness of ttede that an observer would "see" when an aircraft flies
array in rejecting unwanted extraneous noise fronoverhead. On the suction side of the model, the levels
regions other than the edge. The contours shown aage less but are seen to increase in the downstream
for 12.5 kHz one-third octave levels. Because of théirection. Figure 25 are pressure-side directivity maps
microphone shading algorithm methodolSiﬁf’, other for a=29° and 39 and selected frequencies ranging
frequencies from 10 to 40 kHz show similar spatiallyfrom 3.2kHz to 40 kHz. These maps are flattened
invariant patterns. At lower frequencies, the resolutioversions of the spherical surfaces shown in Fig. 24.
decreases (patterns widen) and the array rejection dhe positive azimuthal anglgsare on the flap side of
extraneous noise is reduced. Still the levels from théhe model. The elevation angleswith the smaller
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values (at the top of the plots) are in theSpectra and scaling
dow.nstre.am d|re.ct|0|.'1.“For this -flat f"f"p'ed.ge One-third octave spectra for the three flap
configuration, the directivities have a simple dipole-like

shape at lower frequencies with the dipole axis orientefionﬁgurationS are shown in Fig. 29 for the SADA
inline with angle @ at 90 to 107 and y=0°. For ocated atd=107 and ¢=0°. The round edge is seen

. . o to be the loudest configuration at low frequencies but is
higher frequencies (>12.5 kHz), the directivity has %he quieter at higher frequencies than both the flat and

more “baffled” dipole character with stronger levels Onﬂanged edge flap. For the flanged edge flap, the broad

the flap side ) negative). The directivity for the flange : . .
) A ._spectral peak at higher frequencies is particularly strong
edge is shown in Fig. 26, where at lower frequencie .
. and thus troublesome). Figure 30 shows spectra for
the levels and patterns are similar to the flat edg

results. However, at higher frequencies, the directivit¥ ifferent tunnel speeds for all three configurations, plus

. e flat and round edge configurations with grit applied.
patterns are somewhat more complicated and the lev '
: e spectral level dependence on tunnel speed is seen
are higher. Results for the round edge flap are even

more complicated with generally higher levels and be the most important, followed by flap angle and
P 9 y g hen by the application of grit. The grit serves to trip the

multiple Q|rect|onal peaks; suggesting a more compleé undary layers causing them (and thus the off-the-
edge noise source (pressure scatter region of surfaceg
ge shear layers) to become more turbulent and

than that found for the flat edge. With the applicatiorfhicker Noise levels are reduced

of grit to the pressure side of the round edge flap, the

levels decrease to approximately those seen for the flat The spectra of Fig. 30 are scaled by normalizing
edge flap. However as Fig. 28 shows, the directivitythe levels and frequencies wit;, _ from Eg. (8) and
remains just as complex as the round edge without grit.5 from Eqs. (5) and (6) for the basic configurations,
but from Eqgs. (7) and (6) where grit is applied. Figure
31 presents this scaling. The levels are referenced to
the fifth power of the Mach number term. The levels
are not taken to depend @ This normalization thus
ignores a slight decrease in low frequency noise found
for the flat edge when grit is used, but is consistent with
negligible change in low frequency noise for the round
edge when grit is used (see Fig. 30). The primary effect
of thickness ¢ is (taken as) to simply shift the noise
levels to a lower frequency based on the Strouhal
number f,,36/U; . Note that the normalization

Pressure Side

brings the spectra for the flat edge, with and without
grit, into good general agreement. However, there
appears to be some speed or Reynolds number
dependence in spectral shape not accounted for. The
normalization for the round edge is quite successful.
The spectra data for the with- and without-grit cases
appear well matched and coalesced. The spectral
normalization for the flanged edge is also generally
good. A lack of coalescence is seen over the broad
high-frequency peak, likely related to the flange cavity.
For all configurations, significant success is found in
capturing the flap angle dependence through the use
of velocity U, . Because this velocity depends on the
FIGURE 24. Flap edge noise directivity over 3D "surface" flap CN, it provides the appealing connection between
defined by the SADA measurements. One-third octave levels noise and flap Ioading.
for f3=6.3kHz

Main
Element

Directivity
Surface

21

American Institute of Aeronautics and Astronautics



FLAT EDGE FLANGE

56

561 56 3.2 kHz 56

73 6 73 73

90 Go 90 90

¢
(deg)

07| 107 107 107

124 68 124 124

141E .
-30 -15 0 15 30

56| 6.3 kHz

141 41k . 1
-3 0 -15 0 15 30 -3

Y1I\70 6.3 kHz
72
73
7
\—  ——

1k — 141k
0 -15 0 15 30 -30 -15 0 15 30

12.5 kHz 56 56 2.5 kHz

69

56

73] 73
[0) 90 90|
(deg) 107 107

141k , 141k | 41 '
30 -15 0 15 30 -30 -15 0 15 30 : 15 30
56} < 56 = 20 kHz 20 kHz
\55
73] 57 73
58 90
d(p 90|
( eg)m 107
66
124 57) 124 6 6
65 \

L , 141k . L , 141k ,
M5 6 15 30 3015 0 15 30 M55 6 15 30 -30 15 0 15 30
56 ER 56 40 kHz 56 56 N, 40 kHz
73 73 73 73 5

(d(p) 90, 90, (d(p) 90| 90|
e e
9,07 107 D07 107
124 124 124{} 124
141 , 141 S\ , 141 , 1414 - ,
30 -15 0 15 30 -30 -15 0 15 30 30 -15 0 15 30 -30 -15 0 15 30
Y (deg) Y (deg) Y (deg) Y (deg)

FIGURE 25. Flap edge noise directivity over projected surface
for FLAT edge flap. Mg= .17 and two flap angles (& =29° and FIGURE 26. Flap edge noise directivity for FLANGE edge flap
39°) for different one-third octave frequencies. for conditions of Fig. 25.
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ROUND EDGE ROUND EDGE W/ GRIT
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FIGURE 27. Flap edge noise directivity for ROUND edge flap FIGURE 28. Flap edge noise directivity for ROUND edge flap
for conditions of Fig. 25. with GRIT on surface for conditions of Fig. 25.
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FIGURE 29. Noise spectra for the FLAT, FLANGE, and s
ROUND edges for two flap angles at M0= 17. 70 F
65;
CONCLUSIONS sPLF
55 F
The flat (or blunt), flanged, and round geometries s0F
are flap edge configurations in actual use on aircraft F
today. Spectra and directivity are presented for each to 43 3
form the basis for semi-empirical predictions. New 40F
scaling methods are given. Significantly, with some sk
exceptions noted, the noise spectra for each edge i . . .
configuration are very successfully scaled for flow 30 10° 10° 10°
speed, flap angles, and surface roughness, using the Frequency f,, (kHz)
simplified flow and boundary layer calculation methods (c) 80ROUND
developed herein. . :Mo:O'l\T -
. . . ST 29°
This study also provides an experimental and = N a—-- — 29°W/GRIT

theoretical validation that, for the flat flap edge, shear 70
layer instability and related pressure scatter is the 65
dominant noise mechanism. For a higher flap angle,
measured noise levels exceed predictions, whichSPL,;
suggest additional contributions from surface sources 55
that are not localized to just the immediate edge region. 50
Such a source is likely related to the vortex bursting
that occurs at the higher angle. As with the flat edge,
shear-layer instability effects should be responsible for 40
noise for the rounded flap edge, but the geometric 35
features for the mechanism are different, producing ] o
different pressure scatter patterns and noise directivity. 30 10° 10 10°
The flanged edge flap has an additional (and Frequency f,; (kHz)
troublesome) high frequency noise contribution, likely

due to cavity-type effects. FIGURE 30. Flap edge noise spectra for (a) FLAT edge
with/without GRIT, (b) FLANGE edge, and (c) ROUND edge

Several newly applied diagnostic tools based omith/without GRIT.
cross-spectra are used to determine the character of the
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FIGURE 31. Scaled flap edge noise spectra for (a) FLAT edge,
(b) FLAT edge with GRIT, (c) FLANGE edge, (d) ROUND
edge, and (e) ROUND edge with GRIT.

hydrodynamic flow pressure field and the near-field
noise. The noise generation distribution along the flap
edge is determined. Two different noise prediction
methods are developed and successfully validated from
(1) a causality approach, utilizing cross-spectra between
noise and surface pressures, and (2) an edge-noise
scatter solution. Both methods use unsteady pressure
data taken by sensors at the flat flap edge. A CFD flow
solution is used as a guide for the basic flow pattern
description, but simplified flow calculations provide the
necessary boundary layer flow parameter inputs for the
noise predictions and scaling. The predictions provide
different but consistent theoretical bases for
understanding the noise production at the edge.
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