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PREDICTION OF EXTERNALLY BLOWN FLAP NOISE
AND TURBOMACHINERY STRUT NOISE

By Martin R. Fink

United Technologies Research Center
SUMMARY

Methods were developed for predicting externally blown flap (EBF) noise
and turbomachinery strut noise. The method for under-the-wing EBF includes
separately calculated contributions from (1) lift dipoles perpendicular to
each wing and flap segment and caused by large-scale vortex structure of the
exhaust jet, (2) trailing edge noise from exhaust jet turbulence convected
past the last trailing edge, (3) direct and reflected quadrupole jet noise
from the initial undistorted portion of the exhaust jet, and (4) direct and
reflected quadrupole jet noise from the deflected distorted portion of the
exhaust jet. Resulting predictions. of amplitudes and spectra were in good
agreement with data from small-scale models over the available range of
exhaust velocity, flap deflection, exhaust nozzle position relative to the
wing, and ratio of exhaust nozzle diameter to wing chord. Measured changes
of directivity shape with exhaust veloecity and of spectrum shape with flap
. deflection were predictedAtQ'be,caused;by deflected-jet quadrupole noise.

Noise from upper-surface-blowing EBF was calculated as the sum of (1)
1ift dipoles perpendicular to each flap segment, (2) trailing edge noise,
(3) quadrupole jet noise from the portion of the exhaust jet downstream of
the wing trailing edge, (4) quadrupole noise from a deflected distorted jet
if a canted nozzle was used, and (5) measured deflector noise if & jet
deflector plate was used. Because upper-surface~blowing flaps are deflected
away from the exhaust jet rather than into the jet, calculated 1ift dipole
noise is decreased rather than increased by flap deflection. Resulting
calculated directivities are relatively omnidirectional rather than being
dominated by a dipole lobe perpendicular to the deflected flaps. Predicted
amplitudes and‘spectra are in good agreement with data for small-scale models
having circular or D-nozzle exhaust jets with deflectors. Slot nozzle con-
figurations with 5:1 aspect ratio were louder, end those with 10:1 aspect

. " ratio were quieter, then was calculated for area-equivalent circular nozzles.

A semi-empirical method for: predicting dipole noise radiation from a
strut with incident turbulence was in good agreement with data. It pre-
dicted a more rapid high-frequency spectrum decay than that given by other ~
analyses. Tests of numerous leading and trailing-edge modifications intended 5
to reduce noise from struts and splitters with incident turbulence showed
' that most were ineffective, However, up to 7dB noise reduction over a limited




- frequency range was achieved by replacing the forward 9% chord with perforated

plate backed by a bulk acoustic absorber.

Radial turbulence in a turbofan exit duct was found to have an amplitude
of about five percent that corresponded to mean velocity defects in the
rotor viscous wake. Duct turbulence was not isotropic, and radial turbulence
spectra had more high-frequency content than would be predicted from the
measured radial integral scale lengths. Use of these spectra and a dipole

~noise radiation equation from NASA SP-346 gave general prediction of measured

aft-radiated sound power caused by a splitter ring in a full-scale fan exit
duct. The semi-empirical method developed herein greatly underestimated this
noise. ' -

SYMBOLS

Values of dimensional quantities are given in both SI ande;S. Customary Units.

a‘ speed bf sound, m/sec (ft/sec)

Aj nozzle exit area; m2 (fta)

b strut span, m (ft)

¢ airfoil chord,‘m (£t)

c, 1ift coefficient, F/(1/200°bec)

D nozzle exit diametef, m (£t)

E | - spectral dehsity of turbulence intensity,,m?/sec (ftz/sec)
£ . | frequency, Hz | |

F ' lift‘force, n (1b)

h height from vortex trajectofy to sciﬁbbed surface, m (£t)
H¢i" héight of ﬁSB nozzle- lower 1i§ above wing trailing'edge, m (ft)‘
I | | acoustic intensity,kw,'/m2 (w/ft25 |

K nondimensional empirical constant for scrubbing noise




Co

w

turbulence integral scale length, m (ft)
ratio of unsteédy 1lift coefficient to quasi-steady lift coefficient
Mech number, U/a

. S, 2 2
acoustic pressure, n/m”~ (1b/ft )
far-field radius, m (ft)
Strouhal number, £D/U

°. /0
static temperature, C (°F)
fiow veloeity, m/sec (ft/sec)
2 2, 2, 2

mean square turbulence upwash velocity, m /sec (£t /sec )
acoustic power, w
streamwise distance from nozzle exit plane to trailing edge, m (ft)

impingement angle of nozzle exit flow relative to last flap segment,
deg ‘

ratio of turbulence integral scale length to half-chord,ez/c

measurement direction angle in plane containing nozzle centerline,
deg :

2
density, kg/m3f(,lb sec /ftl*)
angular reduced frequency, wc/2U

angular frequency, 2nf

Subscrigts

a

ISA

ambient

convective
1

impingemehﬁ’

, InternatiOnai Standard Atmosphere

Jet



n segment number for wing and flap panels

N nozzle exhaust

ref reference value

T trailing edge

® ambient atmospheric condition

INTRODUCTION

Noise generated by solid bodies in the presence of engine airflow
determines the inherent minimum noise of installed aircraft engines. For
example, acoustically treated splitters within the engine inlet and exhaust
duets can attenuate turbomachinery noise but produce noise at their outer
edges. Internal struts, necessary for structural support of the engine
and splitters, are likely to be immersed in hHigh-velocity turbulent engine
airflows. Externally blown flaps utilize engine exit airflow to generate
wing supercirculation lift force at low flight speeds while impingzing the
high turbulence levels of a jet mixing region onto the wing surface. In all
these cases, a solid surface of finite extent is scrubbed by airflow con=-
taining velocity and pressure fluctuations generated upstream, within the
boundary layer and within the near wake. The same relatively small number
of basic aeroacoustic mechanisms should be present for all of these examples;
the magnitude of noise generated by each mechanism should be predictable if
the airstream mean velocity, rms turbulence intensity, integral scale lengths,
and turbulence spectrum shape are known.

The first portion of this investigation had examined the processes by
which noise is generated by an airfoil in a turbulent airstream, turbulence
convected past a trailing edge, and an exhaust jet passing near an airfoil.
Results of those experimental studies of simplified configurations, and
comparisons with theories, were reported in references 1 through 3. An addi-
tional type of noise, quadrupole noise generated by an exhaust jet impinging
against and deflected by a large solid surface, was also found to be important,
A next step in this investigation would be to determine whether a combination
of recommended analyses for these noise mechanisms would be a useful noise
prediction design tool. These predictions could be tested by comparing with
available far-field data for practical strut, splitter plate, and externally .
blown flap (EBF) installations. Small-scale EBF data are available for a
much larger range of geometric parameters than those from relatively large
or full-scale models. Therefore, the EBF prediction method was evaluated by
comparisons with data for small-scale configurations selected and tested at NASA
Lewis Research Center. : ' -




EXTERNALLY BLOWN FLAP NOISE PREDICTION METHOD

Basic Concepts

Noise radiation from externally blown flap configurations is assumed to
be the sum of noise radiation generated by each of three aeroacoustic mechan-
isms. Typical directivity patterns and relative amplitudes are sketched in
figure 1 for each noise mechanism as it occurs for under-the-wing (UTW) and ;
upper-surface~-blowing (USB) configurations. Additional processes such as re- 1
fraction are neglected. Serubbing noise, sketched in the upper part of this
figure, is defined as an acoustically compact 1lift dipole noise oriented per-
pendicular to each chordwise segment of the wing. Such noise has also been
called fluctuating-lift noise and inflow noise. As shown experimentally in
references 1 and 3, large-scale vortex instabilities of the exhaust jet were )
found to generate local fluctuations of airfoil loading., These fluctuations ;
were coherent along the width of the region scrubbed by the exhaust jet. They |
moved downstream along the surface at the eddy convection velocity of about
80 percent of local maximum velocity. Iocal pressure fluctuations -induced by
this process resemble those caused by discrete vortices convected = past an
isolated airfoil. Amplitudes of these pressure fluctuations are small come~
pared with pressure fluctuations generated by the shear-layer mixing process
and impressed onto the scrubbed surface., Thus the regions having strongest
surface pressure fluctuations generally do not have strongest local dipole
source strength. This result that local dipole source strength is not nec-
© essarily proportional to local surface pressure fluctuation has been found in
other studies (e.g., reference 4) of noise generation processes investigated
by cross-correlation techniques.

As sketched in the upper part of this figure, far-field scrubbing noise
from the undeflected portion of a wing and from each separately deflected vane
and flap was represented by a separate dipole. Because a UTW flap (upper left . -
sketch) is deflected into the jet exhaust and therefore closer to the vortices
at the outer edge of the jet, the dipole associated with the aft flap segment
is relatively strong. In contrast, an USB flap (upper right sketch) is de-
flected away from the jet exhaust. Its strongest dipole tends to be that from .
the undeflected part of the wing. '

Trailing edge noise, sketched in the second row from the top, has a direc~
tivity pattern that is_strongest directly upstream from the deflected trailing
edge. Other properties of trailing edge noise are discussed in references 1
end 2. Noise generated at intermediate trailing edges such as that of the un-
deflected forward part of the wing are assumed to be canceled by leading edge

noise from the immediately adjacent vane or flap. Thus the calculation method
" developed here does not predict more trailing edge noise for multiple slotted
flaps than for single slotted or unslotted flaps. Note that the directivity
pattern of tralling edge‘noisé tends to £ill the gap in the upper forward
quadrant between lobes of scrubbing noise. " o . '




Quadrupole noise, sketched in the third row, is represented as a sum of
two components for both UTW and USB installations. One component is the jet
mixing noise from undistorted, undeflected parts of the exhaust jet. This
noise can be calculated ci measured as that for the isolated exhaust nozzle,
plus 3 dB to account for reflection of noise by the wing surface. BSuch noise
is radiated beneath an UTW and above an USB configuration. UTW installations
also generate a quadrupole noise from the region where the jet is deflected
by the flap. This type of noise was called impact noise in reference 5. For
conventional UTW installations, this quadrupole noise generated by deflection
of the jet is stronger than that from the undeflected jet. This noise is
radiated both above and below a slotted flap. USB configurations generate
downward-radiated quadrupole noise from the shear layer that forms beneath the
deflected exhaust jet downstream of the trailing edge. Finally, as sketched
in the lower right portion of the figure, the flow deflection ‘device which
produces attached flow of the USB exhaust jet to the deflected flap can pro-
duce noise, TFlow deflectors can generate dipole noise, and canted nozzles
viot sketched) can generate quadrupole impact noise. Such noise is generally
shielded by the wing but is radiated above the wing and deflected flap.

The major new feature of this analysis is the attribution of scrubbing
noise to formation of large-scale vortex instabilities in the exhaust jet.
Instabilities of this type have been modeled analytically as random trains of
ring vortices. Impingement of these vortices against a rigid surface has been
shown to merge part of each ring into the surface boundary layer. The remain-
der of each ring is stretched as it is convected downstream near the edge of
the attached jet. Discrete vortices convected along an airfoil are known to
induce local loadings concentrated near the vortex. The loading strength is
a function of vortex chordwise position and varies approximately inversely
with distance between the vortex and surface at constant chord. Too small a
spacing will cause viscous dissipation of the vortex, reducing the scrubbing
noise, . Amplitude of this noise is calculated by an empirical process. If the
spectrum of vortex strength is that for jet turbulence and the lift force re-
sponse is that for a discrete vortex in subsonic compressible flow, power
gspectral density of an acoustically compact source should vary as frequency
squared at low reduced frequencies and freguency to the -7/3 power at high
reduced frequencies. The resulting one-third-octave slopes of 9 dB/octave
and -4 dB/octave for low and high reduced frequencies, dipole directivity, and
dependence on local velcéity to the sixth power are typical properties of ob-
served scrubbing noise. '

The concept of scrubbing noise as a lift dlpole noise radiated on both
sides of a wing and deflected flap, but generated by large-scale coherent
vortices in the exhaust jet on one side of the wing and flap, is fundamental
to the prediction method. This explanation was validated by tests described
in reference 1 in which far-field spectra nmeasured on both sides of a wing
were compared. If this concept is- P‘rrect spectra measured on the side that
is not scrubbed by the jet should be a sum of trailing-edge noise and lift-
dipole scrubbing noise. Spectra measured at the same angle from the wing




chord plane, but on the side scrubbed by the exhaust jet, should be the sum

of those two noise processes plus jet mixing noise radiated directly to the
far field, and jet mixing noise reflected from the wing to the far field. To
test this assumption, spectra measured at three angles from the exhaust nozzle
in both the scrubbed and unscrubbed directions from an undeflected wing were
compared in figure 34 of reference 1. Spectra for the isolated nozzle at the
same direction angles and pressure ratios also were shown. Part of this fig-
ure for 250 m/sec exhaust velocity is reproduced as figure 2 herein. At direc-
tions 60° and 90° from upstream, spectra measured on the scrubbed side (dotted
line) were closely predicted (circles) by taking the spectra for the nozzle
alone (dash line), adding 3 dB for reflection of jet noise from the wing, and
adding that sum to the spectrum measured on the unscrubbed side (solid line).
At aft directions such as 120°, spectra measured on the unscrubbed side were
found (not shown) to contain significant high-frcquency jet mixing noise from
the portion of the jet exhaust downstream of the wing trailing edge. Spectra
measured on the scrubbed side were found to be better predicted by adding the
spectra measured with the nozzle alone to that for the unscrubbed side, neglect-
.~ ing the reflected jet noise. Further comparisons of spectra measured on the
uiscrubbed side at different directions and exhaust velocities, described in
reference 1, substantiated that those spectra were a sum of two simpler spec-
tra. One of these components had maximum amplitude at a relatively low fre-
quency, decayed rapidly in amplitude at higher frequencies, and had the velo-
city and direction-angle dependence of trailing~edge noise. The other component
had a broader spectrum with less rapid decay. Its amplitude varied with velo-
city to the sixth power, and its directivity was that of a 1ift dipole. This
latter noise component is what has been described herein as scrubbing noise.

The same type of spectrum comparisons should be valid for all other tests
conducted with UTW or USB configurations having retracted flaps and small wing
incidence relative to the nozzle exit direction. Data were presented in ref-
erences 6 and 7 for small and large UTW models with retracted flaps. As shown
in figure 6(c) of reference 6 and figure 9(b) of reference 7, measured OASPL

. directivity patterns were approximately identical at the same angles above and
below the wing for all but the highest pressure ratios. That is, OASPL on the
unscrubbed side was about equal to OASPL on the scrubbed side when jet mixing
noise was small. This result could occur only if scrubbing noise is the same
on both the scrubbed and unscrubbed sides. PFar-field spectra were measured
Vapproximately normal to the wing (90O from the nozzle exhaust on the unscrubbed
side and 80° from the nozzle exhaust on the scrubbed side) of the small model
of reference 6. Thesespectra,andthomaat90°frmﬁthenozzlealone,arecompared‘
in figure 3 for pressure ratios of 1.25 and 1.7. As with figure 2, a predic-
tion of spectra in the scrubbed direction was obtained by adding 3 dB to spectra for
the nozzle alone to include jet mixing noise reflected from the wing, and adding
this to spectrameasured on the unscrubbed side. The result (circle symbols) isin
good agreement with spectra measured on the scrubbed side (dotted lines) except
for frequencies above 10 kHz. This good agreement validates the assumption that the




Z sum of traiiing edge noise and scrubbing noise is the same on both the scrubbed

"~ and unscrubbed sides of the wing. As had been shown in figure 8 of reference 8,
measured OASPL directivity above and below this configuration at these two pres-
sure ratios was closely predicted by a sum of trailing edge noise, scrubbing
noise represented as a lift dipole normal to the wing, and direct plus reflected
Jjet mixing noise. It should be noted that the scrubbing noise mechanism hypothe-
sized by this author in reference 8 was disproved by tests reported in references
1 and 3, and is different from that deseribed herein.

Deflected-Jet Quadrupole Noise

Overall Sound Pressure Ievels

As a start toward predicting quadrupole noise of a deflected jet, the NASA
data of reference 9 for a jet impinging on a large flat board were examined.
Acoustic data for those tests had been measured at impingement angles o of 15°,
30°, 60°, and 90° from the nozzle inlet direction to the board. Measurements
were taken in a plane containing the nozzle centerline and inelined at the azi-~
muth angle ¢ relative to the plane of symmetry (the plane containing the nozzle
centerline and perpendicular to the flat board). Most data were taken in the
flyover azimuthal plane (¢ = 0°). Microphones were located in a circle cen-
tered at the impingement point (where the extended nozzle centerline intersected
the flat board). Position angle © was measured from the nozzle inlet direction,
positive away from the board. All tests at impingement angles other than 90°
were conducted with the distance from the impingement point to the nozzle exit
held constant at 7.05 nozzle diameters.

The data correlation developed in reference 9 utilized a spatial integra-
tion of measured sound pressure levels to obtain sound power level spectra and
total sound power level. Sound power for the nozzle alone was subtracted from
these quantities to obtain impingement-only spectra and power. Impingement-
only total sound power was shown to correlate with impingement velocity (velocity
measured at the location of the impingement point for the nozzle without the
board) to the eighth power, diameter squared, and sine squared of the impinge-
ment angle. This type of correlation would have been useful if impingement -
only sound power level could then be distributed with the proper directivity
and spectrum shape. However, two major difficulties are encountered. Direc-
tivity and spectrum of sound pressure level will be shown to be significantly
different at large and small direction angles from the deflected jet. Direc-
tivity also can be shown to depend on reflection of acoustic waves from the
flat board, in addition to impingement which increases the total quadrupole -
acoustic power. '

The effect of impingement angle on noise radiation pattern in the flyover -
plane was shown in figure 4 of reference 9 and is reproduced as figure Ut here-
in. All data were obtained at 286 m/sec nozzle exhaust velocity (256 n/sec
impingement velocity). Overall sound pressure levels (OASPL) are plotted as
functicrs of direction angle from upstream direction along the board, that is,




relative to 180° from the downstream deflected Jet. The shape of OASPL
directivity on the nozzle side of the board as measured for 15° and 30° impinge-
ment angle had a strong variation with direction angle and resembles that for
the nozzle alone without a board. Maximum amplitude occurred at 20° to 30°
from the downstream rotated direction and was about 10 dB higher than at the
same angle from upstream. In contrast, acoustic radiation for 90° incidence
was approximately omnidirectional on the nozzle side of the board. Directivity
for 60° incidence was between those two, with a maximum at 20° from downstream
but roughly constant amplitude in the forward quadrant.

Directivity measurements in the sideline azimuthal plane (@ = 90°) were
obtained only for 60° incidence and two velocities. These data and data taken
in the flyover plane at the same incidence and velocities are shown in figure
5. OASPL was normalized with respect to impingement velocity by subtracting the
quantity 10 loglo(pm2U18/pref2am ) from OASPL. This eighth-power normalization
is only approximate; the actual velocity exponent should be somewhat larger than
8 for downstream angles and somewhat smaller for upstream angles by analogy
with convection effects on noise of isolated subsonic jets (reference 10).
Correlated directivities for these two velocities that differ by about 50 per-
cent agree within 3 dB for each azimuth plane. It should be noted that the
nozzle side of the board extends from 300° to 120° in the flyover plane and
270° to 90° in the sideline plane. Thus the difference between data Tfor the
two aziuuthal angles, at direction angles near 100° and 2800, represents a
difference between measurements in shielded or unshielded directions. The
significant result is the 3 dB decrease from flyover to sideline, at constant
velocity, for most downstream directions on the nozzle side of the board (6
from 20° to 80°), The microphone directions @ = 0° and 180° are identical for
all azimuthal angles so curves drawn through the data for flyover sideline
planes should coincide at those angles. Judged from differences between data
for these planes at directions from 300° to 60°, reflection of jet noise occurs
in the flyover plane for direction angles greater than O but less than 1809a.
Reflection apparently does not occur in the sideline plane.

Normalized Spectra

Directivity patterns measured in the flyover plane for small incidence
angles resembled those for the isolated jet when plotted (figure 5) against
direction angle relative to the board. Normalized spectra might then be ex-
pected to vary in the manner of those for an isolated jet at different direc-
tions in that rotated coordinate system. That is, peak frequency would be

expected to decrease and spectrum shape should become more sharply peaked as

the deflected jet's downstream direction is approached (reference 10). These
changes would be largest within about 135° below the board (45° from dowm-
stream). One-third-octave spectra, normalized with respect to OASPI, are shown
in figure 6 for the configurations and test conditions of figure 4 at angles
nearly perpendicular to the board (70° to 80° and 110° o 120° below the
board).‘ At the first of these directions, just ahead of perpendicular to the
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.board, normalized spectra for 150, 30°, and 60° incidence were in close

agreement (usually within 2 dB) with the normalized spectrum for the isolated
jet. The normalized spectrum for 90° incidence had a sharp peak at a frequency
less than that for the broad maximum measured with the other configurations.
This spectrum also differed from the others in rapidly approaching the large
decay rate of 5 dB per octave. At the highest frequencies, the other spectra
had just about reached the expected asymptotic decay rate of 4 dB per octave
for a direction normal to the jet. For full-scale nozzles an order of magni-
tude larger than these 5 em (2 in.) diameters, the spectrum for 90° incidence
would have much smaller perceived noise level at constant OASPL.

Normalized spectra measured for 15° and 300 incidence at 110° to 120°
direction angles again were approximately identical to those for the isolated
jet. The normalized spectrum for 90° incidence again was sharply peaked and
decayed rapidly with increasing frequency. However, for this direction sngle
the normalized spectrum for 60° incidence matched that for 90° incidence rather
than resembling the other three.

Normalized spectra are shown in figure 7 for these values of incidence and
shallow angles from the downstream direction (130° to 140° and 150° to 160°
below the board). At the first of these angle ranges (upper part of the fig-
ure), the peak frequency for the isolated jet's spectrum was decreased relative ~
to those for smaller direction angles from upstream. It was roughly equal to
that for the jet at 90° incidence. The spectrum shapes for these two cases
still differed, with that for the isolated jet being broader. Normalized -
spectra for 15° and 30° deflection matched that for the isolated jet and the
mormalized spectrum for 60° matched that for 90° deflection. At the largest
angles (lower part of the figure) where OASPL was largest, the peak frequency
for the isolated jJet's spectrum had decreased below that for 90° incidence.
The jet's spectrum shape at this angle was about as sharply peaked as that
for 90° incidence. Again, normalized spectra for 15° and 30° incidence
matched that for the isolated jet while the spectrum shape for 60° matched
that for 90° incidence. Sound power spectra for the isolated jet and the
smaller incidence angles was dominated by OASPL measured at these large
angles from the board upstream direction. Thus the impingement~only dimen-
sionless power spectral densities, shown in figure 23 of reference 9, had
similar shapes for all deflection angles but peaked at lower frequencies for
15° and 30° incidence than for 60° and 90° incidence, Use of a modified
Strouhal number in which dismeter was divided by sin2y brought the dimension-
less power spectral densities (figure 23(b) of reference 9) for all four -
incidence angles into general agreement. This empirical factor would correlate
the SFL spectrs measured for all incidence angles at 1500 to 160° direction

angles., However, the normalized spectra for different incidence at 130° to "

14o° directions differ not in peak frequency but in spectrum shape, and the

correction developed in reference 9 would be in the wrong direction for
smaller direction angles. ’




The measured directivities and spectra can be readily understood by
recognizing that different flow phenomena occur at moderate (15° and 30°)
and large (60° and 90°) deflection angles. For moderate angles, the noise is
conventional jet exhaust noise rotated through the surface deflection angle,
raised in amplitude by an amount that increases with deflection, and (for
directions on the scrubbed side of the plate) further increased by reflection.
Reflection from this large surface would be expected to double the acoustic
intensity, causing a 3 dB increase of noise in the flyover plane. Then the
increased amplitude caused by distortion of the deflected jet would be
roughly 0.5 4B for 150 deflection and 3 4B for 30° deflection. These results
are in general agreement with those obtained from the small model under-the=-
wing EBF data of reference 6 if it is assumed that noise measured in the di-
rection 40° below the nozzle exhaust direction (15° velow the last flap seg-
ment) at 10° to 20° flap deflection was dominated by jet exhaust noise.
Measured OASPL's (figure 6(b) of reference 6) in this direction were 4 to 6 dB
larger than those for the nozzle alone (figure 6(d) of reference 6) at presgsure
ratios that gave subsonic exhaust velocities. Thus the increased quadrupole
noise for this EBF with 25° deflection was 1 to 3 dB plus the 3 dB increase
caused by reflection from the flap surfaces. ‘

For large deflection. angles (60o and 900), acoustic spectra generally
were sharply peaked rather than gently rounded as with conventional Jjet noise.
These peaks occurred as a one-third-octave sound pressure level more than 3 dB
larger than those of the adjacent frequency‘bands. Narrowband measurements
had established that these spectra generally were broadband rather than dom-
inated by discrete tones. Because this change of spectrum shape occurred when
the exhaust jet was greatly distorted, a possibility exists that acoustic
feedback occurred between the inclined surface and the exhaust nozzle. An
.analytical and experimental study of the discrete-tone acoustic feedback pro-
cess for deflected exhaust jets was described in reference 1ll. As with the
theories for instability of, the axisymmetric vortex mode for an isolated jet,
feedbackvinstability is pnédicted to occur for:--subsonic. jets in air at exhaust
Mach numbers greater than:

Mmin = [(4 + To,,/TJ)V 2 (Ta,/TJ)"z] /2 : (1)

where T_ is the ambient temperature and Ty is the jet static temperature. -
This predicted minimum Mach number for vortex feedback instability is about
0.608 for an umheated jet. In tests described in reference 11, feedback was
measured down to a Mach number of about 0.55 at 90%‘incidence. Measured peak
frequencies of the feedback oscillation (figures 3 and 4 of reference 11)
varied stepwise about .a mean frequency as the ratio of impingément distance
to nozzle diameter was varied from about 2 to 6 at constant nozzle velocity.
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The resulting average Strouhal number for an unheated jet was found (figure
6 of reference 11) to decrease approximately linearly with increasing Jet
Mach number and could be approximated by

St= fD/Uy = 035 + 04 (1-M)) (2)

The range of incidence angle at which feedback occurred was found to increase
with increasing ratio of jet temperature to ambient temperature, extending
from 90° to 35° at 4OO K temperature. As incidence was decreased, the blocking
effect of the plate was reduced as was the amplitude of acoustic feedback.
Feedback was not observed at impingment distances greater than about 6 diam-
eters, and it was stated that feedback could occur only if a large stagnation
region existed within the essentially inviscid jet core.

Most UTW externally blown flaps, and most of the configurations described
in reference 9, had impingement distances of about 7 diameters. The resulting
acoustic spectra for 60° and 90o incidence did not contain strong feedback tones
but were clearly dominated (figures 6 and 7) by certain one-third-octave bands.
These one-third-octave bands at which maximum sound power level occurred were
predicted by equation (2) for the high subsonic Mach number (0.74 to 0.94 ,
velocities of 240 and 295 m/sec) test conditions of reference 9. They were
overpredicted by about one third-octave band at lower exhaust Mach numbers.
Sharply peaked spectra were measured at the lowest exhaus® Mach number,

0.41 (velocity 138 m/sec), which is below the Mach number of 0.55 for which
feedback tone instability was reported in reference 11 to disappear.

Comparisons With Slotted-Flap Spectra

Thus far, it has been implicitly assumed that quadrupole noise data for
a jet deflected by a large board can be applied to prediction of gquadrupole
noise for under-the-wing externally blown flaps having slots and limited
chordwise extent. The validity of this approach, and the need for including
spectrun distortion caused by acoustic feedbaclc at large deflection angles,
was examined by comparing blown flap sound pressure spectra from reference 6
with deflected~jet data from reference 9. Both tests had been conducted at
the same test stand with the same exhaust nozzle and microphone array. It
was arbitrarily assumed that far-field spectra measured beneath the deflected
flap, at the measurement direction closest to the flap,’were dominated by
quadrupole noise for a nozzle nominal pressure ratio of 1.7 (exhaust veloci=
ties near 285 m/sec, exhagust Mach numbers near 0.90). Exhaust velocities
for this range of test configurations differed by a maximum of 4 m/sec; the
resulting maximum adjustment of sound pressure levels for an elghth-power
velocity dependence would be less than 0.5 dB and was not applied.




The spectrum measured 20° below the nozzle exhaust direction for the
wing with retracted flap is compared in the upper part of figure 8 with the
spectrum measured 20O from the isolated nozzle exhaust direction. These two
spectra agree for frequencies up to 1000 Hz at which the wavelength was approx-
imately equal to the airfoil chord. At larger frequencies the spectrum for
the wing with retracted flap was about 3 dB larger (twice the acoustic energy)
than that for the isolated nozzle. This result would be expected because the

wing should have reflected sound at those smaller ratios of wavelength to chord.

Overall sound pressure levels were dominated by the lower frequencies and was
roughly the same for the two test points. However, if these small-model spec-
tra were scaled to practical full-scale dimensions, perceived noise level would
be dominated by the region where reflection was important and would be about

3 dB larger for the wing with retracted flap. Also shown is the spectrum

measured 25 beneath the large flat board at 15 incidence to the nozzle center-

1ine. This amount of jet deflection caused little increase of sound power but
the board should have produced the effect of sound reflection over the entire
frequency range. The high-frequency part of the spectrum beneath the wing
with retracted flap would be overestimated about 2 dB by using this gpectrum.
Part of this difference is caused by the large shift of spectrum shape with
direction angle at these angles close to the exhaust direction. The low-
frequency part of the wing spectrum would be overpredicted 3 to 4 dB.. Thus
reflection must be included at frequencies that, when scaled, will have impor-
tant contributions to perceived noise level., If applied arbitrarily at all
frequencies, reflection would cause a 3 dB overestimate of OASPL.

The spectrum measured 40° pelow the nozzle exhaust direction for the
wing model with takeoff (100-200) flap deflectlon 1s shown in the lower part
of figure 8. Because the wing chord line was at 5 incidence relative to
the nozzle, the aft flap panel was at 250 inciderice relative to the nozzle.
The measurement direction then was 15 below the chord line of that flap
panel. Part of the exhaust jet passed through the flap slots, so the exhaust
jet was turned through less than this panel's 1nc1dence. Thls blown flap -
noise spectrum is compared with spectra measured lO andA3O beneath the
large flat board abt 30° incidence. The hlgh-frequency part of the flap spec-
trum is underestimated by the board spectrum for 10° direction but is fairly
well estimated by the spectrum for 30° direction. The general magnitude for
25 geometric incidence thus was correctly predicted with the flat board
data for 30o incidence, but the spectrum shape measured at small angles from
‘the flap did not exhibit the large variation with direction angle that occur-

red for the isolated Jet and the flat board near the jet dovmstream dlrectlon.

- The spectrum measured 80° below the nozzle exhaust direction for the
wing model with approach (30°-60°) flap deflection is compared in figure 9
with spectra measured for two types of configurations. Spectra for the flat
‘board at 60° incidence and direction angles 80° and lOO below the nozzle
exit are shown in the upper part of the figure., They are more sharply peaked
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than the spectrum for the wing with double slotted flap. That is, the spectrum

distortion associated with acoustic feedback for the large board at 60° geome-~
tric incidence did not occur for the double slotted flap that had its aft seg-
ment at 65° geometric incidence. Spectra for directions 20° and 40° from the
centerline of the undistorted jet, increased in amplitude by 8 and 10 dB,
respectively, to yield the same OASPL are compared with the EBF spectrum in
the lower part of figure 9. As with comparison for the small flap deflection,
the spectrum measured at a shallow angle from the jet centerline underestimated

~the peak frequency and the high-frequency amplitudes. The spectrum measured

40° from the jet centerline closely predicted these important parts of the EBF
spectrun. Of course, it underestimated the low-frequency amplitudes where
reflection from the wing and flap would not be expected to occur.

Prediction Method

The preceding discussion has not specifically considered whether increased
quadrupole jet noise depends on nozzle exit parameters or local properties of
the jet exhaust at the impingement distance. Impingement-only total sound
power level was shown in figure 10 of reference 9 to increase with nozzle ex-
haust velocity to an exponent greater than 8. Exhaust velocity was varied in
those tests at only 60° and 90° incidence angles. To obtain better correla-
tion, impingement distance was defined as the distsnce along the nozzle ex-
tended centerline from the nozzle exit plane to an intersection with the
large board. Peak impingement velocity was defined as the maximum measured
velocity in the exhaust of an undisturbed jet at the impingement distance.
Impingement diameter was taken as the diameter of that portion of the mea-
sured velocity profile, at the impingemént distance, where the velocity was
80 percent of the peak impingement velocity. The ratios of peak impingement
velocity to exhaust velocity and impingement diameter to exhaust diameter are
increased as exhaust velocity is increased at high subsonic speeds. ' Impinge-
ment diameter is a useful concept when comparing noise from single- and
multiple-orifice deflected jets. However, the small variation of impingement
diameter with exhaust Mach number for circular single jets has little effect
on caleulated noise. To simplify this prediction method, the dependence on
impingement diameter has been neglected. When this was done, the added qua-
drupole noise was empirically found to vary as sine squared ‘of the 1nC1dence
angle.

Based upon the preceding discussion, the following semi-empirical method

was developed for predicting jet mixing noise below a jet exhaust that is de-

flected by an under-the-wing externally blown flap.

1. Determine the radius, direction angle, and azimuth angle of the far
field point in a coordinate system referenced to the deflected jet centerline.
This line is the intersection of the aft flap segment's chord plane and a
reference centerline plane containing the nozzle centerline. The angle




between the downstream deflected centerline and a line to the field point is
the direction angle ©; the angle between the centerline plane and the plane
defined by those two lines is the azimuth angle ¢.

2. Determins the ratio of peak impingement velocity to nozzle exhaust
velocity, Ui/UN, for each Uy. For a conical nozzle, this ratio is given
by equation (3) of reference 12.

b/ = {1+ [0 o) e /2] F @

3. Determine OCASPL of an axisymmeﬁriC'jet for the nozzle exhaust velocity
Vi, direction angle ©, and ratio of far-field radius to nozzle diameter. In-
crease this OASPL by

AOASPL =10 log [|+ 12 (U; 7Up)® (1 + cos® @) sin? a] (&)

L. TFor direction angles © greater than MOO, determine the normalized
spectrum and distribute the calculated OASPL over this spectrum., For smaller
direction angles, use the spectrum for 40° unless the flap is very long rela-
tive to nozzle diameter. '

The resulting predicted effect of impingement angle on directivity is
compared in figure 10 with the data of figure L for directions on the nozzle
side of the board. Good agreement is obtained except for 60° impingement
angle and shallow directions from the deflected jet. - ‘

Calculation of ExternallyABlown’Flap Noise

Scrubbing Noise

In practical UTW installations, the major contributions to scrubbing
noise come from deflected flap panels. Local flow velocities near these
panels can be significantly less than the nozzle exit velocity. This calcula-
- tion procedure uses the approach of reference 12 in which scrubbing noise
‘was assumed to vary as the sixth power of a local impingement veloecity Ui.
The ratio of this velocity to the nozzle exit velocity was given by equations
(3) and (4) of reference 12 for conical and coaxial nozzles, respectively.
This ratio increases with increasing exhaust Mach number, causing the calcula-
ted noise of practical installations to vary With exhaust velocity raised to
an exponent greater than 6. The velocity ratio decreases with increasing ratio
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of impingement distance X to diameter. TImpingement distance was defined in
reference 12 as the distance measured along the nozzle centerline from the

core exit plane to the point of intersection with the deflected flap. For

USB configurations or UTW configurations at small deflections, this intersec-
tion does not occur. As sketched in figure 11(a), impingement distance there-
fore is defined here as the distance, measured parallel to the nozzle center-
line, from the core exit plane to the trailing edge. The equation for impinge-
ment velocity of a conical nozzle was given as equation (3). Overall sound
pressure level of scrubbing noise in the plane of symmetry is given by the

. o
OASPL = I0l0g (pui’/up,e,) (cD/r?) (ui/uN)? K, sin8, (5)

where scrubbing nolse from the undeflected wing structure and from each flap
panel is calculated separately. Each scrubbed surface is approximated by its
chord line, and unslotted wings are approximated by three straight line seg-
ments.

For the assumed scrubbing noise process of discrete vortexes convected
past a surface, the induced force fluctuations should vary inversely with
height h from the vortex to the chord line. The geometric parameter K for a
wing at constant distance from the vortex trajectory would then vary inversely

with the height to chord ratio squared. The contribution of each scrubbed

surface is then taken as proportional to the ratio ofsegment chord c, to total
airfoil chord c and inversely proportional to (h/c) Vortex trajectory for
small flap deflections was assumed, as sketched in figure 11(a), to follow

a line parallel to the nozzle centerline and half a diameter below it. This
behavior agrees with the exhaust deformation for shallow-angle oblique Jets

as described in reference 13, The empirical constant was taken as

Kn=2 X107 (ca/e) (hy s o (6)

to match the data of reference 6 for scrubbing noise at zero flap deflection.
Vortex height for a surface inclined to the nozzle centerline was taken as

the root mean square height, as sketched in figure 11(a) and (b). For larger
flap deflectlons or larger flap surfaces, vortex height of an UTW configuration
was assumed never to become less than half a nozzle diameter (figure 11(b)).
This minimun distance was plcked to provide good agreement with the data of

reference 6 for large flap deflections, Vortex traaectory of an USB conflgura- 

tion with attached jet flow,sketched in figure 11(c), was assumed to start at
a height of one nozzle diameter and have a curvature half that of the deflected
surface. This shape ‘was arbitrarily chosen because noise radiation patterns

empirical equation @ .. . . P T ] s i e




caleulated for trajectories parallel to the nozzle centerline or parallel to
the deflected surface bracketed the‘measured,pétterns; ‘

It has been found that when the ratio of chord to diameter is sufficiently
increased, either by increasing the flap chord or decreasing the nozzle
diameter, measured scrubbing noise is decreased. The magnitude of this de-
crease is larger than would be predicted from the combined variations of
_yt;gilingfedgg»velocity, chord, diameter, and vortex height. As one possible
explanation, normalized vortex strength™may be attenuabed by viscous deeay i mo
of the attached jet. Data for a 1imited range of geometry were matched by
arbitrarily including within equation (5) a factor equal to the ratio of trailing-
edge velocity to nozzle exhaust velocity squared. That is, calculated scrub-
bing noise is decreased when the flap trailing edge extends far downstream of
the undistorted jet's potential core. ’

Vortex trajectory height of each flap segment as described above 1is a
relatively arbitary dimension for both UTW and USB. Use of a minimum height
of half a diameter for UTW is related to the assumptions of constant effective
serubbed span and isolated-jet axial decay of peak velocity. Improved analyses
would include a better description of these aerodynamic inputs to the noise:
radiation process. Also, an improved analysis should give a less arbitrary
dependence of each flap segment's noise radiation on local exhaust velocity
and its spatial variation along the wing and flap. ‘

Trailing Edge Noise

Because details of the jet exhaust turbulence at the flap trailing edge
are not known, overall sound pressure level of trailing edge noise must be
caleulated using the form of an equation from reference 1h but with an empiri-
cal constant for absolute amplitude. Such an equation was given in reference

3 in terms of jet exhaust velocity. As with the empirical predicition method
of reference 12, the equation should be rewritten in terms of impingement
velocity. The‘empirical consbant given in reference 3 had been arbitrarily
decreased for calculations with retracted rather than deflected flaps. 1t
would be convenient if the variation of calculated trailing edge noise with

- trailing edge position for under-the-wing externally blown flaps would also
apply to trailing edge noise for CTOL over-the-wing engine installations with
unattached jets. An empirical factor for predicting this effect of trailing
edge position for such installabtions was given in equation (3) of reference
15 as =10 1og[1+(3/D)2] where H is the height of the nozzle lower lip above
the trailing edge in the direction normal to the nozzle centerline, This
correlation was based on data for a variation of height H at constant diameter
and chord. Measured distributions of exhaust jet turbulence level vary with

- gtreamwise distance at constant height and are better correlated by the ratio
of height to streamrise distance, The models of reference 15 had a stream-
wise distance of about 9.5 diametirs, <o the factor H/D would be replaced

by 10H/Xp. The resulting equabiol is f
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- Jet-Mixing and-Deflection Noigse - ... ...

| . - ' |
OASPL, = 10 log 0% (i + 100 HY/X2) (2US/ap,ef) (0/rf cos?bcos?(g/2) ()

where the height H is taken equal to zerofor OTW attached jets and UTW config=
urations with flaps deflected sufficiently to make H negative. As discussed
later, USB directivity proved to be better predicted at small flap deflection
angles if OASPL given by equation (7) was arbitrarily increased 3 dB.

Calculation of jet mixing noise for axisymmetriC'jéts was based on the
semi-empirical prediction method of reference 10. . OASPL of subsonic jets and
supersonic shock-free Jjets, measured in a direction perpendicular to the noz=-
zle centerline, was given by equation (6) of reference 10 as ”“

: - 2y (. 2 a
OASPL g, = 141 + 10 log [M]‘s (|A+o.0|0MJ“-5) '] + 10 log [(AJ/R ) (pa/piga) (@a/O1sa) ] +

10 [3M 135060 + M f-s)"-n] log (p,/Pa) (8)

where M; is the ratib of jet velocity to ambient speed of sound. Directivity
was calculated for other measurement direction angles (measured from the up-
stream centerline) by adding a convective factor

OASPL, = OASPLgq 30 log [1 + M¢ (1 + M) ™ cos 8 O (9)

where the convective Mach number M, was taken as O.62Mj. This calculated
directivity factor was shown in figure U4 of reference 10.to overestimate OASFL
for angles greater than about 150° (directions within 30° of the exhaust'
centerline). The EBF noise calculations arbitrarily assumed that jet noise
OASPL within this direction region was constant at the level calculated for
150° direction. : :

, For UTW, jet noise of the isolated exhaust nozzle was calculated in the
above manner using the nozzle exhaust velocity Vj as the jet velocity. The -
resulting directivity pattern was rotated through the deflection angle o of
the last flap panel. Amplitude at all direction angles was increased for

‘deflection and reflection using the empirical equation (W) deVelQped to‘match

quadrupolebnoise‘rqdiationifrcm a jet impinging against an inclined large’’

flat\bdardl,'In calculating viscous decay of the exhaust jét;‘nbzzle»éxhaust

v‘MaCh number"MN'was taken as the ratio of exhaust velocity to exhaust speed -of

sound. TIn contrast, jet Mach number Mj.in‘equationv(S) i§ referencedftb~ambien£
atmospheric speed of sound. o e o .




The above procedure allows calculation of Jet mixing noise in the spatial
hemisphere below the last flap panel of UTW installations. Experimentally, it
is found (e.g., reference 6) that OASPL at small and moderate direction angles
above the last flap panel are about as large as those at the same angle below
the flap. The logic used in developing equation (4) had including the effect
of sound reflection from the flap lower surface. However, data for direction
angles above a highly deflected flap but below the horizon are best matched

by assuming this noise to be roughly symmetrical about the flap. The addition- -
,,,al,quadrupoleanoise»prebablyvissgenerate&*inwthe“thin'Ehéaf‘l&jéf‘ﬁﬁiéﬁ’ii"vﬂ'T”’

formed above the deflected exhaust jet downstream of the trailing edge. This
shear layer would be affected by the high turbulence levels generated by im-
‘pingement of the jet against the deflected flap. Quadrupole noise from this
upper shear layer was arbitrarily calculated as equal to that for a deflected
Jet whose impingement velocity was evaluated at the flap trailing edge. This
noise was assumed to radiate both above and below the deflected jet. If two
UIW configurations have the same deflection angle but different flap lengths,
the one with the longer flap would be predicted to have less quadrupole noise
above the flap. For slotted flaps, the quadrupole noise caused by jet deflec-
tion was assumed not to be reflected by the flaps but to radiate through the
slots to the upper surface. Refraction of noise by the deflected exhaust jet,
which could be affected by exhaust temperature, has been neglected. A detailed
‘study of the spatial distribution of quadrupole noise sources near both UTW
and USB configurations would be useful in distinguishing among the several
assumed noise-generating locations: Cross~-correlation of local flow-field
fluctuating quantities and far-field acoustic Pressures to establish source
locations, combined with directional microphone measurements to determine the
importance of refraction, would provide useful data.

For OTW installations, jet mixing noise was assumed to be generated by
the free shear layer downstream of the flap trailing édge. Jet Mach number
was determined from the impingement velocity calculated from equation (3) with
downstream distance X taken as the trailing edge location. This smaller :
Mach number was then used in equations (8) and (9) for calculating OASPL jet
noise directivity relative to the aft flap direction. Noise produced by noze
zle deflectors, if used, seems to depend on the particular deflector configura-
tion. As shown from sound power spectrum measurements such as were given in
figures 9 and 10 of reference 16, deflectors can increase sound power by about
10:dB at high’frequencies. Noise from the jet plus deflector in the presence
- of the unslotted wing and flaps, at a given direction angle more than 300
above the downstream direction, was assumed equal to that measured in the same
direction with the jet plus deflector but without the wing. Jet'pluS'défléc-
tor noise at angles above the deflected flap but less than 30° adee the down--
stream direction were taken equal to that measured at 30° for t@é jet plus
deflector. That is, noise radiated by the deflector in directicns away from
the wing was assumed to be unaltered by the wing. Nbise~radiateﬁ by the de-

- flector toward the wing was assumed to be reflected at shallow aﬁgles to fill

i
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the region above the flap. All of these USB jet plus deflector noise

‘predictions are assumed to be independent of azimuth angle except insofar as

a change of azimuth angle at constant direction angle may move the measurement
field point above or below the wing. As with UIW configurations, noise above
the wing and deflected flaps is of little importance in calculating effective
perceived noise levels at ground certification points. It is of interest in
validating the complete noise prediction method by demonstrating whether all
available directivity data can be predicted.

.-Spectrim Calculations ...

Spectra for each noise process were calculated by use of empirical edqua-
tions for normalized SPL spectral density (NSD). As in references 7 and 8,
NSD is a pressure-squared density per unit Strouhal number, defined such that
its integral over all Strouhal numbers has zero dB amplitude. It is related
to one-third-octave SPL by

NSD = SPL,,3-OASPL ~|0log (0.232 fD/Uy) (10)

An empirical equation for NSD of UTW models was given as equation (8) of
reference 8 in terms of an arbitrary peak Strouhal number. This arbitrary
constant had one value for configurations with retracted or takeoff flap
deflection but a different value for approach flap deflection. Resulting
spectra for approach flaps were predicted to have relatively more high-frequency
and less low-frequency sound. The difference in spectrum shape can also be
regarded as a result of relatively larger amounts of jet mixing noise, and
relatively less trailing edge noise, in spectra dominated by scrubbing noise.
Thus, NSD for scrubbing noise is assumed to be given by the empirical equation
which matched the data for small flap deflections.

NSDs = 10 log 016 St3(st8/3+ 0.008) ()

The resulting NSD varies inversely with Strouhal number St to the -7/3 power
at large Strouhal numbers. The corresponding one-third-octave SPL decays 4

dB per octave.

An empirical equation for trailingVedge noise spectra is

'NSD;=10log (i/8) st¥(st*2+008)*  (12)




which varies inversely with Strouhal number cubed at large Strouhal numbers

as is expected for trailing edge noise. The corresponding one-third-octave
SPL decays 6 dB per octave. This equation was obtained as an arbitrary curve
it to OTW spectra for direction angles at which trailing edge noise should
dominate other mechanisms. It gives maximun SPL at Strovhal numbers near 0.16
and omits the local peak SPL that is frequently measured at about half that
gtrouvhal number. This use of one smooth curve to represent double-humped ex-
perimental spectra was regarded as acceptable because the omitted low-frequency
portion of a full-scale spectrum would have little contribution to perceived
noise level. This low-frequency peak might be caused by roll-up at the jet
edges and would be expscted to depend on configuration shape.

Jet mixing noise spectra are known to vary in shape as functions of
direction angle and exhaust velocity. As shown in figure 5 of reference 10,
the parameter which should coalesce these spectra by adjusting for effects of
Mach number on convection was found to give agreement only for direction
angles more than about 60° from downstream. An alternate approach would be
to recognize that jet mixing noise will be important relative to other EBF
noise processes only for large exhaust velocities and aft directions so that

attention can be concentrated on measured spectra for one typical operating
" condition. Normalized one-third-octave spectra, SPLl/3-OASPL, are plotted in
figure 12 for the 5.2 cm diameter nozzle of reference 6 at nominal pressure
ratios of 1.7 and 1.25 for direction angles 20°t0100° from the nozzle exhaust.
Spectra for angleS'ﬂrmn60° to 100° agree within about 2.5 dB at Strouhal num-
bers up to about 4, The spectra for smaller angles lie below those data for
gtrouhal numbers greater than about 1. Also shown is an empirical curve given

by

SPL, 5~ OASPL= [0 log O1sf* (st 240  @3)

that falls very close to the hOO spectrum. This empirical curve was arbitrarily

used for predicting EBF quadrupole jet mixing noise spectra for all direction
angles. At direction angles for which the contribution of calculated jet
mixing noise would have large effects on calculated EPNdB, this portion of

the Spectrumvcould be re-calculated for each direction angle and convective
Mach number by the method of reference 10. Alternately, calculabed or measured
spectra of jet mixing noise and measured spectra of deflector noise could be
supplied as input for each EBF spectrum calculation at each velocity and direc-
 tion angle. ‘

Summary - of Calculation Method and Areas for Improvement

calculation of OASPL directivity for EBF configurations'at zero flight speed,
- using the above semi-empirical method, would use the following sequence of
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steps. The calculations can be performed with a pocket-size scientific-
function digital calculator or a conventional digital computer.

1. Determine the nozzle area-equivalent diameter, wing chord impingement
distance, far-field radius, sideline azimuth angle, atmospheric density, and
atmospheric speed of sound, and whether the configuration is UIW or USB.

o, Determine the deflection angle, chord length, trailing-edge distance
from the nozzle exit plane, and vortex trajectory height (see figure 11) for
each segment oftie wiﬁg:panel—and.flag,assemhly.;,”.,.,

3. Choose the nozzle exhaust flow properties (velocity, density, and
speed of sound). For coaxial nozzles or internal mixer nozzles, determine
the effective exhaust velocity from equations (5) or (6), respectively, of
reference 19.

4. cCalculate the ratio of peak local velocity to nozzle exhaust velocity
at the impingement point and at all segment trailing edges by use of equation
(3) or use available data. TFor a mixer nozzle, use nozzle-alone velocity pro-
files., ,

5. For each segment of the wing and flap, calculate maximum scrubbing-
noise mean square acoustic pressure by use of equations (6) and (5).

6. Calculate maximum trailing-edge-noise mean square acoustic pressure
by use of equation (7) and the calculated velocity ratio at the last trailing
edge. For UIW with a mixer nozzle or for USB, double this acoustic quantity.

7. TFor UTW, calculate OASPL of the isolated jet at 90o direction from
equation (8). If a mixer nozzle is used, calculate this quantity from Appen-
dix B of referencz 10 or use data. Calculate the additional OASPL due to de-
flection by use oi' the impingement velocity ratio and the last flap segment
deflection angle in equation (h). Calculate the quadrupole OASPL radiated by
the downstream exhaust, at a direction 90o to that deflected exhaust, by use
of the isolated-jet OASPL and the last flap segment trailing-edge velocity
ratio and deflection angle in equation (M), ‘

8. TFor USB, calculate OASPL of the isolated deflected jet downstream of
the trailing edge, at 90° from that deflected jet, by use of equation (8) with
the jet Mach number Mj multiplied by the last flap segment trailing-edge
velocity ratio. e ‘ :

9. Fof:a selected direction, or for each direction from 0° to 360° at a

'specified angular spacing, multiply the maximum serubbing-noise mean sgquare

pressure for each segment (from step 5) by sine squared of the angle relative
to that segment's chord line, and add these terms to obtain overall scrubbing

noise.

N



10. For this direction, multiply the maximum trailing-edge~noise mean
square pressure (from step 6) by cosine squared of half the angle from up-
stream of the last flap segment's trailing edge to obtain overall trailing
edge noise.

11. TFor this direction, and UTW with slotted flaps, logarithmically add
the three quadrupole OASPL's from step 7 plus the convective factor given by
equation (9). The direction angle in this equation is taken relative to up-

tream of the deflected jet. At relative directions between 150°and 210°
(w1th1n 300 of the deflected exhaust), set this convectlve factor equal to its
value at 150°,

12. For this direction and USB, add the quadrupole noise convection
factor given by equation (9) to the gquadrupole noise calculated in step 8
using the procedure described for step 11. If this direction is in the upper
hemisphere, add the measured noise from the isolated nozzle plus deflector.
For a canted nozzle, add the quadrupole noise due to deflecting the exhaust
jet through the cant angle as calculated from equation (4)e For aft direction

. angles below that hemisphere but above the deflected flap, add the maximum

OASPL produced by the isolated nozzle and deflector. For USB slot nozzles,
see the discussion of figure 27 for arbitrary modifications that improved
agreement with data.

13. TFor this direction, add the secrubbing noise from step 9, the
trailing-edge noise from step 10, and the quadrupole and deflection noise from

step 11 or 12 to obtain OASPL.

1%. Select the next direction at this exhaust velocity and return to

‘step 9. If exhaust velocity is changed, return to step 3.

. To calculate the one-third-octave SPL spectrum for a previously calculated
OASPL, input the three separate contributions to OASPL listed in step 13, plus
a nozzle diameter and exhaust velocity.

15. Select a center frequency and calculate Strouhal number.

: 16. For UTW, calculate the contribution of scrubbing noise to that
frequency band from equations (11) and (10), taking the overall scrubbing noise
from step 9. For USB, use equation (12) rather than equation (11).

17. Calculate the contribution of trailing edge noise to that frequency
band from equations (12) ‘and (10), taklng the overall trailing edge noise
from step 10.

18. Calculate the contrlbutlon of quadrupole noise to that frequency band
from equation (13), taking the overall quadrupole noise from step 11 for UTW

or step 12 for USB.
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19. Iogarithmically add the three contributions to obtain one-third-

‘octave SPL, and return to step 15.

Clearly, these procedures contain many crude approximations that could
be improved with further effort. The exhaust jet is represented by a region
having constant span, constant turbulence ratio, and a mean velocity that is
constant at each axial station. Axial decay of the exhaust jet is calculated
as that for an isolated jet (step 4). The aerodynamic description of the flow
field should at least be modified to include effects of flap deflection on
spanwise spreading of the exhaust. The empirical procedure for determining
vortex trajectory height (step 2) and its effect on scrubbing noise source
strength (step 5) should be placed on & more rational basis. Effects of the
variation of exhaust flow properties along the flap length now are included in
equation (5) in a highly arbitrary manner. 1f future UTW installations have
increased ratios of deflected flap chord to nozzle diameter, these effects
would become more important. Effects of USB slot nozzle shape on exhaust jet
aerodynamic properties and noise radiation have been included only as arbitrary
corrections for 5:1 and 10:1 aspect ratios. Flow-field data, and acoustic

source-strength identification tests as could be obtained with directional
" microphones, are needed. Use of a different spcetrum shape for UTW and USE

ape
serubbing noise is a conceptual weak point of the USB analysis. Refraction
of noise by the exhaust jet has been omitted completely, with a conservative
constant intensity assumed for directions within 30° of the deflected Jet
exhaust. Finally, effects of flight speed on both turbulence intensity and
ratio of local velocity to nozzle exhaust velocity, and their combined effects
on source strength for each noise mechanism, have not been included. Tests
are needed to establish these forward flight effects on local mean velocities
and turbulence levels of the aerodynamic flow and on acoustic radiation from
different EEF models dominated by different aeroacoustic mechanisms.

Alternate Prediction Methods

Alternate methods exist for predicting EBF noise. Some of these (refer-
ences 17 and 18) utilize measured directivity and spectra for configurations

- resembling those of interest, tested at one exhaust velocity in the range of

interest. These data are then scaled to other velocities by assuming that

‘acoustic intensity varies with nozzle exhaust velocity to the sixth power at

constant Strouhal number. Geometric scaling assumes dependence on exhaust
area to the first power and far field distance to the inverse second power.
The method of references 12 and 19 is somewhat more elaborate in that local

flow velocity near a deflected UTW flap (denoted as impingement velocity) is

recognized to vary more rapidly than nozzle exhgust velocity. As an empirical
approximation for high subsonic exhaust velocities of practical interest, UIW
acoustic intensity is assumed to vary with nozzle exhaust velocity to the 6.7




power. Intensity in the direction normel to the nozzle centerline in the fly-
over plane was then determined as an empirical function of flap deflection
angle. Directivity relative tc intensity in that reference direction was also
given by empirical curves for different flap angles, but this manner of pre-
sentation made it easier to interpolate for other flap deflections. The
directivity curve for a givern flap deflection is scaled with velocity to the
6.7 power for UTW and the 6.0 power ‘for USB. Thus the changes in directivity
shape caused by locally dominant quadrupole noise would not be predicted. The
need for separate prediction of quadrupcle noise in subsequent analyses was
noted in that study.

Spectra are calculated in these methods by use of one normalized spectrum
for each configuration type, flap deflection, and sideline angle. For UTW the
change in normalized spectrum shape with direction angle and pressure ratio
was shown in reference 8 to be small, validating this approach. However, some
USB configurations have large contributions from jet mixing noise at shallow
angles from the deflected jet, changing the normalized spectrum shape at those
directions and high pressure ratios. The method of reference 19, developed
under the NASA Aircraft Noise Prediction Program (ANOPP), is the most recent
and most elaborate of these simplified EBF noise prediction methods. Some ‘
comparisons between its results, those of the method developed herein, and
NASA data are given in the next section of this report.

COMPARISON OF MEASURED AND PREDICTED EBF NOISE

The calculation method was applied to predicting OASPIL directivity, and

: 1/3‘octave spectra for measurement directions of practical interest, for a

range of under-the-wing (UTW) and upper-surface-blowing;(USB) configurations at
‘wero flight speed. Sketches of these models are given in Table I along with
an estimate of the guality of agreement between data and predictions. The
UTW models were a double slotted flap at takeoff deflection (10° vane and 20°
aft flap) and approach deflection (30O vane and 60° aft flap), a slotless wing
that approximated the shape of the double-slotted flap at approach deflection,
and the double slotted flap at approach deflection with a mixer nozzle, a
range of single-nozzle positions, and a range of single-nozzle diameters. The
USB models had closed slots, either 20° or 60° aft flap deflection, and either
s circular nozzle with deflector, D nozzle with deflector, or canted 5:1 or
10:1 slot nozzles. DNoise from a wing and double slotted flap mounted with the
wing leading edge bisecting the nozzle exhaust plane was also examined. All
of these configurations had been tested as small-scale models, usually with
32 em (12.6 in.) retracted-flap wing chord and 5.08 cm (2.0 in.) nozzle diam-

eter, at NASA Lewis Research Center. These configurations were designated_by

NASA Lewis Research Center for this comparison, and tabulatéd‘data were sup-
plied by them. T '
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Under-The-Wing Configurations

Double Slotted Flaps

A comparison of calculated and,measured noise radlatlon patterns for the
UTW double slotted flap of reference 6 at 10° vane and 20 aft flap deflection
is given in figure 13. Direction angles are plotted referenced to the nozzle
inlet as is now standard, rather than the nozzle exhaust as in reference 6.
The exit direction of the deflector flap is shown by an arrow. The breakdown
of calculated OASPL into separate contributions from scrubbing noise (lift
dipoles perpendicular to local chord lines), trailing edge noise, and quadru-
pole jet noise from the deflected jet is shown for the smaller of the two test
pressure ratios. Also shown are OASPL directivity curves calculated from a
method developed (reference 19) at NASA Lewis Research Center under the Air-
craft Noise Prediction Program effort. Measured directivity is more closely
predicted by the present method, which includes both dipole and quadrupole’
neise, than by the method of reference 19 which scaled the entire directivity
pattern with exhaust velocity to the 6.7 power. The need for both dipole and
quadrupole velocity scaling was noted in that reference. Spectra calculated
for this configuration at measurement directions 1200, lOO0 80 and 20° be-
low the nozzle inlet direction are compared with data in figure 14. It should
be noted that thess are actual spectra and are not normalized with respect to
QASPL. The calculation precedure begins with the model geometry, measurement
distance, nozzle exhaust properties, and atmosphéric temperature. Sound pres-
sure level can then be calculated for any specified 1/3 octave band center
frequency at any speéified direction. The data have not been corrected for
ground reflection. Such corrections would reduce but not eliminate the oscil-
lations of measured spectrum shapes below 1 kHz center frequency. Because the
resulting corrected spectra must still be smoothed arbitrarily, available
tabulated corrections for ground reflection were not used. At center fre-
quencies greater than 1.0 kHz, the correction to free-field data would cause
about 1.0 dB reduction from the plotted values. Agreement is good except for
the high pressure ratio at a shallow angle from the deflected jet (figure 1ha)
and both pressure ratios at low frequencies and small angles from the nozzle
inlet direction (figure 1kd). As noted in the discussion of deflected-jet
noise spectra, low-frequency portions of UTW spectra are overpredicted because
the wing does not reflect those frequencies. '

OASPL data for this configuration at 30° vane and 60° flap deflection,
and four subsonic pressure ratios, are compared with calculations in figure
15, TFor this large deflectlon angle, calculated quadrupole noise from the
deflected jet is stronger than calculated maximum values of scrubblng noise
at pressure ratios of 1.4t and 1.7. The constant directivity patiern of refer-
ence 19 gives a close match to the date for a pressure ratio of 1.25, which
contained & prominent minimum at direction near the deflected jet. The
present method predicts the measured change in shape of this directivity




pattern with increasing pressure ratio. Omission of this change would
underestimate OASPL near 90° direction where distance to the ground is least.
Both methods underestimate OASPL at the lowest pressure ratio where, judged
from the directivity shape, the local velocity may have been higher than was
specified. '

Effects of systematic changes in nozzle position relative to the wing had
been examined in tests reported in reference 6 for the 30° vane and 60° flap
deflection at a pressure ratio of 1.7. Changes in sound radiation relative to
that of the basic configuration are shown in figure 16. These measured effects
. of axial distance and wing height had been given in figure 20 of reference 6.
Moving the nozzle exit plane from upstream to downstream of the wing leading
edge was shown in figure 16(a) to cause about 2 dB measured and calculated
increase of OASPL. This change was caused by decreased viscous decay of the
exhaust jet along the distance occupied by the wing. Decreasing the height
of the wing above the exhaust jet was shown in figure 16(b) to increase cal-
culated noise about 5 dB above the wing and 2 dB beneath it. The calculated
increase of scrubbing noise from the undeflected portion of the wing caused
most of this increase. Measured OASPL above the wing agreed with this calcula-
tion, but OASPL below the deflected jet at directions 55° to 100° from the noz-
zle inlet was increased about 4 dB while calculations predicted little change
at these directions. Measured spectrum shapes (not shown) were not significantly
changed at these directions, so it is not likely that the additional noise was
caused by acoustic feedback between the nozzle and wing. Because of the angular
location of this increased noise, it is likely that jet mixing noise of the
deflected jet was altered. E

When azimuth angle is varied, scrubbing noise and trailing edge noise
are caleulated to decrease as cosine squared of the azimuth angle. Quadrupole
noise of the deflected Jet is calculated to decrease only a maximum of 3 dB be-
cause sound would be radiated laterally without reflection from the wing. As
azimuth angle is increased from 0° to 90°, noise should decrease to a floor
set by the gquadrupole noise. Calculated and measured variations of the noise
radiation pattern with azimuth angle are given in figure 17 for this double
slotted flap at both flap deflections and ‘1.7 pressure ratio. For the smaller
flap deflection, relative decreases caused by changing azimuth angle at con-
stant angle from the nozzle exhaust direction were well predicted (6 dB decrease
at 60° azimuth except near the exhaust jet) except for the largest azimuth angle.
A noise floor seemed to occur in the upstream quadrants, with a local maximum
upstream and slightly above the wing (330° from the nozzle inlet). For the
larger flap deflection, a strong unpredicted minimum occurred near 90° from
 the nozzle inlet direction at 30° and 60° azimuth., At larger angles in the
lower forward quadrant, measured noise levels increased and,gave'gOOd agreement
with predictions except for the apparent noise floor at 85° azimuth. Measured
effects of azimuth angle at smaller exhaust velocities would have been useful
in determining whether the local minimum and noise floor were set by quadrupole
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.or dipole noise. Fortunafely, noise prediction at nonzero azimuth is important

only for takeoff where flap deflection is small and agreement between calcula-
tions and data (figure 17a) was good.

Slotless Wing

The calculation method developed herein predicts the same scrubbing noise

“and trailing edge noise for slotless wings as for slotted wings having the same

contour. Quadrupole noise from an exhaust Jet deflected by a slotless wing was
arbitrarily assumed to be shielded at direction angles above the deflected aft
portion of the wing. The resulting noise radiation patterns calculated for the:
UIW 60° aft deflection slotless wing of reference 6 are compared in figure 16
with data for the two subsonic pressure ratios of 1.25 and 1.7. For the lower
pressure ratio, the calculated directivity'is in good agreement with data

except for an underestimate at small angles above the highly deflected jet.
Inclusion of quadrupole noise from the portion of the deflected distorted jet
downstream of the trailing edge would improve agreement. In contrast, OASPL's
measured at the larger pressure ratio generally were about 3 4B below the cal-
culated levels for all measurement directions although the shape was properly
predicted. Both scrubbing noise and deflected Jet noise would have to be under-
estimated to produce this error. :

A different analysis of the noise radiation pattern for this slotless wing
had been developed in reference 5. Only two types of noise were considered:
direct plus reflected quadrupole noise of a jet impacting against a solid sur-
face as obtained from reference 9, and trailing edge noise. Trailing edge
noise was calculated by a method shown 'in references 1 and 2 to overestimate
such noise at moderate and high subsonic velocities. The noise radiation
pattern calculated for a pressure ratio of 1.25 at directions below the wing
and below the deflected jet was shown in figure 11 of reference 5 to give good
agreement with data. As shown in' figure 18 herein, quadrupole noise dominated
the directivity in the lower aft quadrant. The level of* trailing edge noise
calculated in reference 5 for this exhaust velocity was about 5 dB above that
shown in figure 18, giving qualitative agreement in the lower forward quadrant .
It did not reproduce the local maximum noise at a direction normal to the deflec~
ted aft portion of the wing. That method overestimates measured noisé by 5 to 8
dB in the upper forward quadrant, wnereitrailing edge noise should be strongest.
A comparison was not given in reference 5 with data for those directions, or for
directions below the wing at the higher subsonic pressure ratio of 1.7. That

- method would overestimate the data below the wing by at least the 3 dB difference

shown in figure 18 for the method given herein. It would be 9 to 10 4B above

- data for the upper forward quadrant, a region not considered in the comparisons
-given in reference 5. ~ ' ;




Some understanding of the cause of this poor agreement for a high subsonic
exhaust velocity can be obtained by examining the spectra for double slotted
flaps and slotless wings. The measured and calculated 1/3 cctave spectra for
these two configurations at large deflection, at four directions beneath the
deflected exhaust, are given in figure 19. For a pressure ratio of 1.25, mea-
sured spectra of both configurations were scattered about the calculated spec~
trum. For pressure ratios of 1. It and 1.7, spectra of the double slotted flap
were closely predicted at high frequencies but overestimated at low (less than
1250 Hz) frequencies. Spectra for the slotless wing at a pressure ratio of 1.7,
and directions other than close to ‘the deflected jet, were considerably below
predictions at middle frequencies (1250 to 4000 Hz) where maximum 1/3 octave
SPL's occurred. However, they were in good agreement with predictions at hlgh
frequencies (above 8000 Hz). It appears that the presence of a gently curved
lower surface on the slotless wing caused a less abrupt deflection of the ex-
haust Jjet than that for 1mplngement against a flat board (reference 9) or
slotted wing. Additional quadrupole noise from the forward portion of the
deflected jet, which generates low and mid-frequency noise, was reduced.
Because the outer edge of the jet was probably displaced further below the
deflected aft surface, scrubbing noise also was reduced. Turbulence level of
the deflected jet also may have been decreased, causing noise in the upper
forward quadrant to be less than that predicted for trailing edge noise.

Mixer Nozzle

Tests were reported in reference 20 for this double slotted flap UTW
model and an 8 lobe mixer nozzle. The nozzle was simulated by an 8-lcbe ori-
fice plate. Measured peak velocity at the axial location of the impingement
point was about 65% of the nozzle exit velocity. At 30° vane and 60° flap
deflection, use of this nozzle was reported to cause about 6 dB less OASPL
beneath the wing than that for an equal-area circular nozzle. Scrubbing
noise and trailing edge noise of the wing and mixer nozzle were arbitrarily
calculated as those for the wing and an equal-area circular nozzle. The wing
trailing edge was assumed to be located 14.5 diameters downstream of the
 nozzle exit plane to match the jet axial velocity at the trailing edge.
Resulting calculated levels were then arbitrarily increased 3 dB, as might
be produced by higher turbulence levels in the mixing shear layer, to obtain
improved agreement with data in the upper two quadrants. The sum of sound
pressure levels calculated for these two noise mechanisms was at least 6 dB
below OASPL measured below the wing.

- The additional noise was calculated as noise from the mixer nozzle in
the absence of the wing and noise from deflection of the decayed nozzle ex=
haust by the wing. Measured OASPL directivity of the mixer nozzle alone was
ylncreased 3 dB at angles from O to 180 deg below the nozzle inlet to account
for reflection from the undeflected wing panel. Subsequent reflection and
ghielding by the deflected flaps was neglected., This noise was assumed to
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‘be completely shielded in the two quadrants above the nozzle exhaust centerline.

Deflected-jet quadrupole noise caused by impingement of the velocity-decayed
Jet against the deflected vane and flap was calculated in the usual manner.
Unlike conventional exhaust nozzles for which noise from the deflected portion
of the jet dominates that from the initial mixing region, this UTW configura-
tion has about 2 dB more calculated noise from the undeflected part of the Jet.
Resulting calculated and measured noise radiation patterns at two pressure
ratios are shown in figure 20. The two types of calculated quadrupole noise
are not plotted separately but their calculatad sum is denoted. Direct plus
reflected mixing noise was calculated to be strongest 140° to 160° from the
nozzle inlet direction, while calculated noise caused by deflecting the jet
was strongest between 80° and 140° from that direction. The resulting cal-
culated radiation patterns had relatively little variation with direction angle
below the wing. They were in close agreement with data for the lower aft quad-
rant, but data for the lower forward quadrant were underestimated 2 to 3 dB.
The shape of this discrepancy resembles a lobe of scrubbing noise oriented
normal to the deflected vane. This added noise may have been caused by much
higher local flow velocities near the vane than near the flap trailing edge.

Spectra measured with this mixer nozzle and wing at different flap deflec-
tions were compared in figure 9b of reference 20 for a Pressure ratio of 1.7h

~ and direction 80° from the nozzle inlet. At frequencies above roughly 5

kHz for this small model, spectra for the model with flaps retracted were only
slightly below those for two different flap deflection angles. These levels
were about 3 4B above thoserfor,thé simulated mixer nozzle alone. Spectrum
levels generally increased as flap deflection was increased at lower frequencies,

Measured and calculated spectra for the wing and mixer nozzle at 30° vane
and 60° flap deflection, and mdasured spectra for the nozzle alone, are shown in
figure 21 for the direction 80° from the nozzle inlet at pressure ratios of
1.23 and 1.74. Data for the wing and nozzle are shown as open symbols and data
for the mixer nozzle alone a3 solid symbols. The spectrum of noise from the

mixer nozzle alone at this‘airection~was'relatively flat at high frequencies.

Spectrum shape at shallow angles to the exhaust Jet, nct shown, was relatively
stronger at low frequencies and weaker at higher freguencies. The spectrum
shape at a shallow angle was used for quadrupole noise of the deflected jet.
Adding the two spectra for jet noise, adjusted for reflection, yielded the long-
dash curves. Calculated scrubbing noise, shown by the short-dash curves, was
stronger than the inferred jet noise at low frequencies. The sum of those
calculated spectra, shown as solid curves, generally followed the trend of the .
data but underestimated the measured spectra at frequencies near 2.5 kHz while

‘overestimating them above 10 kHz. - The underestimate at frequencies 4 to 5 times

the expected peak frequency of scrubbing noise may represent an additional
scrubbing noise having a characteristic frequency associated with a mixer lobe
dimension rather than the nozzle hydraulic diameter.
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Effect of Diameter-to-Chord Ratio

One interesting test for UTW configurations had varied the nozzle exit

. diameter at constant wing geometry and constant 212 m/sec impingement velocity.
Nozzle diameters were roughly 0.5, 0.8, and 1.5 times that for the tests des-
eribed in reference 6. The wing was that of reference 6, with 30° vane and

. 60° flap deflection. These data had been given in figure XIT-13 of reference
51 as the measured variation of OASPL with diameter at one measurement angle.
Although a dependence on diameter squared would have been expected from geo-
metric scaling of quadrupole noise, OASPL beneath the model was empirically
found to vary with diameter to the first power. Calculated OASPL radiation
patterns for the four configurations are compared with data in figure 22.
Trends and levels were closely predicted except for directions above the
wing at the larger diameters.

Meagured and calculated variations of sound -radiation with nozzle diam-
eter are shown in figure 23 for directions 80° from the jinlet (shown in
reference 21) and 40° from the inlet. For both of these directions, trailing

" edge noise was calculated to have little contribution to OASPL and its calculated
directivity is not shown. As diameter ratio was decreased, the increase of noz-
zle exhaust velocity needed to maintain constant impingement velocity caused an
increase of calculated scrubbing noise from the forward wing panel. This in-
crease approximately compensated for the decreased calculated scrubbing noise
from the narrower scrubbed regions on the flap panels. Calculated scrubbing
noise for the entire wing was therefore weakly dependent on nozzle diameter.

In contrast, most of the calculated quadrupole noise was predicted to come from
the deflected distorted portion of the jet where local velocity had been held
constant, so this noise varied approximately with diameter squared. The sum
of OASPL calculated for these two processes, and the measured OASPL, coinciden-
tally varied approximately with diameter tothe first power.

Calculated and measured variations of 1/3 octave spectra with nozzle dia-
meter for these two measurement directions are given in figure 24, The mea-
sured smell effect of nozzle diameter on spectrumlevels at frequencies above
2000 Hz was predicted by the calculations. Agreement was good except for the

 largest nozzle at low frequencies where measured levels were considerable over-
estimated. It is likely that the small ratio of wing chord to nozzle size was
not sufficient to deflect the jet through the physical turning angle. Quadru-
pole noise due to jet deflection probably was less than had been calculated.

Upper-Surface-Blowing Configurations

Noise Radiation Patterns

When noise radiation patterns were calculated for USB models with small
flap deflection, it was found that data for the lower forward quadrant were
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slightly underpredicted by the unmodified calculation method . Calculated
trailing edge noise therefore was arbitrarily increased 3 dB above that for
UMW configurations as might occur from increased turbulence levels produced
by the nozzle deflector plate. A comparison of the resulting flyover noise
radiation patterns calculated for an USB with 10° vane and 20° flap deflec-
tion, closed slots, and a circular nozzle, and measured with a circular nozzle
and deflector (reference 23) and a D nozzle and deflector (reference 24), is
given in figure 25(a) for pressure ratios of 1.25, 1.4t and 1.7. Calculated
noise radiation patterns of trailing edge noise, scrubbing noise, and noise
from the portion of the jet downstream of the flap trailing edge are shown for
the lowest pressure ratio. Measured noise from the circular nozzle and de-
flector alone are shown for all pressure ratios at direction angles above the
wing. There was essentially no difference between noise measured beneath the
wing with the circular nozzle (opén symbols) and D nozzle (solid symbols).
Data for these directions were closely predicted for pressure ratios 1.7 and
1.k and were underestimated about 2 dB for the lowest pressure ratio, 1.25.
Both scrubbing noise and trailing edge noise were predicted to have important
contributions to noise in the quadrants beneath the wing. Noise radiation
patterms beneath the wing were slightly underestimated by the empirical NASA
method of reference 19.

Above the wing, the D nozzle was about 5 dB noisier than the circular
nozzle. Measured levels above the wing were generally predicted within 3 dB
by the sum of OASPL measured with the circular nozzle and deflector alone and
calculated for scrubbing and trailing edge noise. The cause of the measured
increase of noise above the wing with the D nozzle rather than the circular
nozzle is not known. As shown in figure 7 of reference 23, the two nozzles with-
out deflectors produced about the same noise radiation patterns. Adding deflec-
tors to these two nozzles caused about 10 dB increase of noise, but directivity
and spectra were essentially the same for the two nozzle shapes.

Measured noise radiation patterns for these two nozzles at 63.5° azimuth
angle, representing a high-noise position along the sideline after an aircraft
has left the ground, are shown in figure 25 (b). At this angle, noise ‘beneath
the wing of the model with a circular nozzle and deflector had decreased only
about half of the 7 dB increment expected from a cosine-squared variation with
azimuth angle. The curves shown in-figure 25 (b) were calculated by arbitrarily
assuming that scrubbing noise and trailing edge noise varied only with cosine
of this angle to the first power. Curves shown for directions above the wing
are measured radiation patterns for the circular nozzle with its deflector but
without %he wing. The resulting predictions are in good agreement with data
for the circular nozzle except for measurements angles somewhat larger than
120° from the nozzle inlet. Here, noise radiated from the flow deflector
apparently ceased to be shielded by the wing and added to the measured far-
field noise. Unlike the comparison shown in figure 25 (a) for zero azimuth
angle, the D nozzle was about 2 dB noisier below the wing than the circular
nozzle. It remained about 5 dB louder above the wing, as at zero azimuth.

ot e b A e I AT SO




Other USB nozzle shapes having about the same exit area and tested with
the same wing model include slot nozzles canted 20° to thewing plane and
having 5:1 and 10:1 ratios of width to height (references 24 and 16). The
10:1 slot nozzle was tested at two different wing chords (reference 24) to
provide different ratios of wing upper-surface length to nozzle slot height.
Noise radiation patterns measured in the flyover plane (zero azimuth angle)
for these USB configurations, and those with the circular and D nozzle and
deflector, are shown in figure 26 for two pressure ratios. Calculated direc-
tivity curves are shown for the circular nozzle and deflector (solid circle
data symbols). The 5:1 slot nozzle would be expected to have a well attached
exhaust jet on the wing upper surface. The wing surface boundary layer would
be expected to cause greater viscous decay of mean velocity than that for the
thicker deflected jet from a circular nozzle. Although the reduced velocity
should cause less noise, USB noise with that nozzle was 2 to 3 dB louder than
that with the circular nozzle. Above the wing, this canted nozzle without a
deflector was about as loud as the circular nozzle with a deflector. At the
" highest exhaust velocity, measured directivity below the wing resembled what
would be expected if jet noise of the entire isolated jet was rotated through
the flap deflection angle and added to the calculated scrubbing and trailing-
edge noise. To achieve this result, mean velocity of the exhaust jet at the
wing flap trailing edge would have had to be about as large as the nozzle
exit velocity.

Velocity distributions for a full-scale USB configuration tested with a
circular nozzle and deflector and with a canted 4:1 slot nozzle were given in
reference 25. At constant nozzle exhaust velocity, maximum local velocity at
the trailing edge was shown in figure 19 of reference 25 to be larger for the
slot nozzle than for the circular nozzle. With a short flap, maximum trailing
edge velocity for the slot nozzle was greater than the nozzle exhaust velocity.
For a ratio of flap length to nozzle size similar to that for the small-scale
models, the difference in velocity decay between circular and slot nozzles
would cause the slot nozzle to be about 2.6 dB noisier. This increment, which
agrees with data for the small-scale model, was estimated by assuming that
noise radiation was proportional to maximum trailing edge velocity raised to
the sixth power.

The importance of guadrupole noise in USB noise prediction has been noted
in reference 25 when comparing data from model and full-scale installations,
Noise radiation patterns of the full-scale USB tested with both circular and
slot nozzles differed in one important respect from those of the small-scale
models. A strong lobe of jet mixing noise with its peak amplitude located
about 30° below the deflected jet occurred at full scale but not at model
scale. Noise radiation patterns measured with the full-scale models generally
agreed in the lower forward quadrant with those scaled from small-model data.
The additional quadrupole noise, whiéh appeared in the full-scale spectra as
a more gradual decay at Strouhal numbers larger than about 3, caused up to 5
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4B more noise in the lower aft quadrant. It is not presently known whether
this increased noise was caused by differences in test geometry, differences
in test Reynolds number, or refraction and channeling cf sound by the hot ex-
haust Jet.

The 10:1 slot nozzle configuration was about 3 to 5 dB quieter than the
cireular nozzle configuration and about 3 dB quieter than the calculated
directivity curves. As was noted in reference 16, this nozzle had a smaller
exit area than did the other exhaust nozzles. If USB noise was scaled directly
with nozzle exhaust area, these data should be increased 1.8 dB for comparison
with the other data. The actual scaling law is uncertain because as discussed
in reference 26 the edges of an USB slot nozzle exhaust jet tend to roll up
as vortices rather than remaining attached to the deflected upper surface. Thus
the flow produced by an USB slot nozzle may resemble that for an USB circular
nozzle with the same exit area but would have a higher turbulence level and
different turbulence scale length. Such behavior plus viscous decay of ex-
haust velocity near the wing surface would explain,qualitativelythe increased
noise with the 5:1 slot nozzle and decreased noise with the 10:1 slot nozzle.
Doubling the flap length for the 10:1 slot nozzle can be seen to have had
1little effect on noise radiation except for direction angles slightly below
the deflected jet. The apparent lobe of jet mixing noise was approximately
eliminated, as would be expected from increased viscous decay before the
exhaust flow reached the trailing edge.

Noise radiation patterns for the USB model with a canted 5:1 slot nozzle
were calculated by assuming that the trailing-edge velocity ratio was that
measured with the 4:1 slot nozzle of reference 25. Noise radiated above the
wing was taken as the sum of scrubbing noise, trailing edge noise, and noise
of the exhaust jet deflected through the 20° nozzle cant angle. These calcu-
lated patterns are compared in the upper part of figure 27 with the data of
reference 24 at three pressure ratios. Except for small lobes of jet mixing

" poise at angles within LO° from the deflected exhaust, this empirical modifi-

cation tothe calculation method gives good prediction of these data. Similarly,
an arbitrary 3 dB decrease of scrubbing noise and trailing edge noise from

that calculated for the circular nozzle, plus calculated noise from deflection
of the canted exhaust by the wing upper surface, was assumed for the 10:1 slot
nozzle. These calculated noise radiation;mﬁternsare shown in the lower part
of figure 27 to give close agreement with the data of reference 24. Velocity
measurements in the trailing-edge plane were not available for the 10:1 slot
nozzle to justify the implicitly assumed velocity decay.

Measured noise radistion patterns in ‘the flyover plane for the USB with -
30° vane and 60° flap deflection, and circular nozzle with deflector (reference
27), are compared with calculations in figure o8. Noise beneath the wing is
predicted to be dominated by scrubbing noise. Jet mixing noise from the por-
tion of ‘the exhaust jet downstream of the trailing edge was calculated to be



about 10 dB below the sum of scrubbing noise and trailing edge noise. Adding
the measured noise of the circular Jet with its deflector gave a goud predic-
tion of the noise radiation pattern above the wing. This good agreement
between data and calculations had also occurred with this model at a smaller
flap deflection (figure 25a). The NASA empirical prediction method of reference
19 also was in good agreement with these data. Good agreement would be expected
because OASPL below the wing was calculated to be dominated by just one noise
mechanism, scrubbing noise.

- Measured noise radiation patterns for this larger flap deflection and the
D nozzle and deflector are compared in figure 29 with those calculated for the
circular nozzle and shown in figure 28, Unlike the close agreement for these
two nozzles at the smaller flap deflection and the flyover plane (figure 25a),
the D nozzle was about 5 dB louder at this larger deflection. The D nozzle at
this flap deflection was about as loud as the 5:1 canted slot nozzle (reference
2h), which had been the loudest nozzle at the smaller flap deflection (figure
26). No method is now available for predicting these measured effects of USB
nozzle shape on noise radiation.

Acoustic Spectra

Calculated and measured spectra for the five nozzle shapes tested with
the USB configuration at 10° vane and 20° flap deflection are compared in
figure 30 for two directions at pressure ratios of 1.7 and 1.25. These mea-
sured spectra were not corrected for ground reflection.  Because the micro-
phones for the USB tests were mounted higher above the ground than for the
UIW tests, spectrum waviness caused by ground reflection was considerably
smaller. ‘Free-field data would be about 0.7 dB below the pPlotted values at
greater than 630 Hz center frequency. Spectra shown as solid lines were cal-
culated for the circular exhaust nozzle with deflector (solid circle data
symbols). At 80° from the nozzle inlet, measured spectra for all but the two
10:1 slot nozzles were closely predicted at a pressure ratio of 1.7 (figure
30(a)). Spectra for the circular and D nozzles with deflector were underesti-
mated by about 3 dB at all frequencies at a pressure ratio of 1.25 (figure
30(b)). The 5:1 slot nozzle spectrum had a strong peak at 500 Hz which caused
measured OASPL to exceed that for the circular and D nozzles. However, the
high-frequency, part of this spectrum was in good agreement with that calculated
for the circular nozzle. It is not certain whethér the low-frequency peak is
a real phenomenon,caused by trailing-edge noise generated by vortices at the
~edge of the exhaust jet or is an unusually strong ground reflection. :

Spectra for the 10:1 slot nozzles were below those for the other nozzles.
Arbitrarily decreasing the calculated curve 2 4B in amplitude and shifting it
2/3 octave lower in frequency produced the dash curve which is in good agree-
ment with data for the shorter flap length (half-solid diamond data symbols ).
As noted in reference 16, scaling of frequency by assuming that the character-
istic dimension is proportional to the square root of exit ares should shift
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this spectrum downward by another 1/3 octave for comparison at constant exit

area. This scaling could also produce a 1.8 dB shift of amplitude. Thus the
high-frequency parts of the spectra radiated with the 10:1 slot nozzle approx-
imately match those for a 5:1 slot nozzle having the same exit area and same
flap length, shifted one octave lower in frequency.

Measured and calculated spectra for the direction 120° from the nozzle
inlet are shown in figures 30 (c) and (d). Jet mixing noise from the portion
of the exhaust jet downstream of the tralling edge is calculated to dominate
high-~-frequency noise for this direction at the higher pressure ratio. Thus
the spectrum calculated for that case (figure 30 (c) has a less rapid decay rate
at high freguency than that caleulated for a lower pressure ratio at the same
direction (figure 30{d) or a direction further from the deflected exhaust at
the same pressure ratio (figure 30(z)). The NASA prediction method of reference
19, which uses one normalized spectrum shape for all pressure ratios, would
not predict this less rapid decay rate and the resulting higher perceived noise
level at full scale. At this higher pressure ratio, spectra measured with the
circular nozzle were closely predicted., Those for the D nozzle were under-
predicted at low and middle frequencies where jet noise would not be expected
to dominate. Spectra for the 5:1 slot nozzle, and for the 10:1 slot nozzle
without a long flap chord, had a smaller high-frequency decay rate than that
for the circular and D nozzles. Such noise would correspond to jet mixing
noise with a higher center frequency, as might be produced by rolled-up edges
of the slot jet. This additional high-frequency noise would adversely affect
perceived noise level of a full-scale EBF installation. The spectrum for the
10:1 slot nozzle and long flap had a more rapid high-frequency decay rate than
the other spectra measured at this direction and pressure ratio. This decay
rate approximately matches that for all of the configurations at directions
further from the deflected exhaust (figures 30 (a) and (b)) and is approximately
that which is expected for trailing edge noise.  Spectra for this measurement
direction and the smaller pressure ratio (figure 30 (d)) approximately match
the calculated spectrum shape although amplitude was underestimated about 3 dB
for the circular, D, and 5:1 nozzles.

Ornie conceptual weakness of this analysis for USB configurations is that
noise radiation patterns for trailing edge noise and scrubbing noise are cal-
culated separately and then summed, but the same normalized spectrum shape
is used for both mechanisms. That is, calculated scrubbing noise is assumed
to have its own spectrum shape for UTW but to have the spectrum shape of trailing
edge noise for USB. This was done as an empirical method for matching the mea-
sured shapes of OASPL noise radiation patterns and 1/3 octave spectra. The
calculation method presented here is admittedly not logical unless the process
of deflecting a USB exhaust jet against a wing upper surface is assumed to
destroy spanwise coherence of large-scale vortex structure in the jet. Such
a change would justify the difference in high-frequency decay rates assumed for
UTW and USB scrubbing noise. Spectrumshapes measured directly above the UIW



wing of reference 1 tested with retracted flaps generally had the slower decay
rate associated with UTW scrubbing noise, so impingement followed by expansion
around the USB curved upper surface may have produced the change in spectrum
shape. :

Measured and calculated spectra for the USB model at 30° vane and 60° flap
deflection with the circular nozzle and deflector are compared in figure 31.
General levels and shapes are well predicted except for about 4 4B overestimate
for high frequencies at the lowest of the three pressure ratios. Measured spec-
tra had a double-humped shape at this flap deflection angle that was less apparent
at the smaller deflection angle (figure 30). The local minimum occurred in the
same range of frequencies for all pressure ratios, so it is not obvious whether
this feature of the measured spectra is a ground-reflection effect. Spectra
measured at this flap deflection with the D nozzle are compared in figure 32
with those calculated for the circular nozzle. The dip in measured spectra
again occurred at the same frequencies independent of pressure ratio. The
high-frequency parts of these spectra had the calculated decay rates but their
amplitudes were about 4 dB higher than those with the circular nozzle. The
cause of these differences in spectrum shape between the two nozzles tested
at large flap deflection, or between either nozzle at large and small flap
deflections, is not known.

Engine-in-Front-of-Wing Configuration

An alternate engine installation for externally blown flaps was examined in
reference 28, The exhaust nozzle was placed in front of a wing with double
slotted flaps. Both the wing upper and lower surfaces were scrubbed by the ex~-
haust. The wing maximum thickness was about 60 percent of the nozzle exit dia-
meter, so this installation provided a gross distortion of the exhaust flow.
Such an installation would be expected to radiate noise having the properties
of incidence fluctuation noise rather than scrubbing noise. Measured sound
power spectra were compared in figure 8 of reference 28 with those for UTW
and USB installations. High-frequency decay rate was much larger than was
measured for those more conventional EBF installations, as would be expected for
incidence fluctuation noise.

Analytical methods are not available for calculating the unsteéady 1ift
response to turbulence incident on an airfoil having double. slotted flaps as
a crude estimate, each of the three physical segments was assumed to respond
like an isolated airfoil at the jet exhaust velocity. Each 1ift dipole was
assumed to act normal to the local chord. A mean velocity equal to the exit
velocity, turbulence rms intensity of 10 percent rather than the expected
local meximum near 15 percent, and effective span equal to the nozzle diameter
was assumed. Turbulence integral scale length was taken as one-fourth the
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nozzle radius (half the width of the annulus between the nozzle centerbody and

outer edge). Calculations were conducted using a method recommended in refer-

ences 1 and 2. Because it was likely that immersing the model within the nozzle

exhaust would cause increased viscous decay of the jet, neither deflected-jet N
quadrupole noise nor trailing edge noise was calculated.

Calculated OASPL directivity is compared in figure 33 with data from -
figures 5 and 6 of reference 28 for takeoff and approach flap deflections and e
156 and 220 m/sec nozzle exit velocities. Two data symbols are shown cor-
responding to test configurations with the wing leading edge slightly inside
the exit nozzle and one diameter downstream of the nozzle exit plane. There
was essentially no difference between data for those two installations. Two
calculated curves are shown for each flap deflection and velocity. The dash
curves are the sum of calculated noise for the undeflected wing panel and both
flap segments. They overestimate maximum measured OASPL and overestimate the
rotation of noise directivity with increasing flap deflection. The solid curves
are the sum of 1lift dipole noise calculated for the undeflected wing panel and
just the forward flap segment. These calculations predict the measured trends
and generally are within 2 dB of measured levels except for direction angles
near forward and near the deflected jet.

As an alternate assumption that would yield roughly the same directivity,
calculations were conducted for the 1lift response of a single large unslotted
airfoil extending from the wing leading edge to the aft flap trailing edge.

Use of the above assumptions for mean velocity, turbulence level, jet width,
and turbulence scale length yielded levels of OASPL roughly 10 dB below data.
This reduced level was caused by the acoustic noncompactness factor which
produced considerable calculated decrease of power spectral density at frequen-
cies where the measured spectra were strongest.

Calculated and measured 1/3 octave sound pressure levels are shown in figure
34 for both exhaust velocities and flap deflections. The measurement direction
angles of 100° for takeoff deflection and 80° for approach deflection were those
which would have caused maximum flyover OASPL. Data were taken from figures
7 and 8 of reference 28 and include measured spectra for the undeflected exhaust
jet at the test exhaust velocities and directions. For each velocity, both com-
binations of flap deflection angle and measurement direction ylielded approximately
the same measured OASPL and spectrum. Measured spectra for the nozzle and wing
were well sbove those for the isolated jet. The calculated spectra are for the
undeflected wing panel and forward flap segment. As can be seen from figure 33,
OASPL's of these calculated spectra underestimated those for the measured spectra
by about 2 dB at takeoff flap deflection but were within 1 dB at approach. Cal-
culated spectra were more sharply peaked than the data. Most of the discrepan-
cies occurred at low frequencies where the data may have been increased by graund
reflection. The absolute levels and rapid decay rates of measured spectra at
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frequencies above 2500 Hz were closely predicted. TUse of a larger assumed
integral scale length would have increased the calculated response at low
frequencies and reduced the frequency at which the abrupt decrease of sound
pressure level occurred. It would have had relatively little effect on high-
frequency sound pressure levels and overall sound pressure level. Thus the
measured directivity and spectra of noise from an externally blown flap with
a simulated engine in front of the wing were closely predicted by theory for
noise radiation from an airfoil with incident turbulence if noise radiation
from the last of the two flap segments is neglected.

STRUT AND SPLITTER PLATE NOISE

Analytical Methods

An approximate method had been developed in references 1 and 2 for predic-
ting airfoil noise caused by incident turbulence. That method expressed the
dipole sound spectrum as a product of the turbulence spectrum, the lift response
spectrum developed by Filotas (reference 29), and an acoustic transfer function.
This transfer function included a term developed by Hayden in reference 30 to
represent qualitatively the effect of acoustic noncompactness. Filotas' solu-
tion for unsteady 1lift response uses two analytical equations, one for low and
one for high reduced frequencies. The low-frequency solution was shown in
reference 1 to give a good prediction of measured surface pressure spectra, while
other analytical solutions overestimated those spectra at low reduced frequen-
cies. TFar-field one-third-octave sound pressure levels in the lateral plane
of symmetry were given by

 SPL /3= 10l0g (?/ Uz\’ (0232 4/c) (1er3b sin6/2a Rpref)z

: -l ’ _ (l)-l-)
+10 log [|+(7rfc/u)2] l[\2+30 log(fc/U) + 10 10g{UE/v2A)

where 4 is the turbulence transverse integral scale length. The transverse
turbulence spectrum for isotropic turbulence was approximated by

ve/a=a 1+ @mi/gf?]” , (15)

taken from Equations (1-95) of peference 31, and the magnitude of the 1ift
response function squared in three-dimensional turbulence was obtained from
the solution of Filotas (reference 29) as
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Reduced frequendy o, is defined by
Op =wc/2U =mfc/U (18)

and B is the ratio of turbulence integral scale length to half-chord, 212,/ C.
Nomenclature has been changed from that of reference 1 to match that of refer-
ence 32.

After that study had been conducted, the rigorous analysis given in Section
3.5.1 of reference 32 became available. An equation for spectral density of
acoustic intensity was developed using different approximations for turbulence
spectrum. For the plane of symmetry, this equation simplifies to

2 o2 '
Lo T W g 4T o

which yields one-third-octave SPL given by

' — : 2
SPL,/3 = 10log (3/32) (0.232/) ( v"‘/u)(pu”/o pref) (beA?)

-5/2 2
% B"(B'2+ %z) ’ ‘.Z’\ sin® 8
The spectrum of acoustic intensity as obtained from equation (20) above, with
Mugridge 's approximate solution (reference 33) for the 1lift response function,
‘was given between equations (3-81 .and 3-82) of reference 32. A closed-form
solution for mean acoustic intensity was given as equation (3-82) for this ap-
proximation to the 1ift response function.

(20)

These two solution methods give different functional dependence of calcu-
1ated acoustic intensity on Strouhal number. bs described in reference 30,
it is convenient to regard the power spectral density of 1lift force as & pro-
duct of an aerodynamic transfer function and a turbulence input spectrum.
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Power spectral density of acoustic intensity then is the product of an acoustic
transfer function and the 1ift iforce spectrum. Variations of these quantities
with Strouhal number are sketched in figure 35 for the solution method recom-
mended in reference 1 and given by equations (14) through (18). The product
of acoustic transfer function and turbulence input spectrum varies as fregquency
squared at small Strouhal numbers and inversely with frequency squared at large
Strouhal numbers. Aerodynamic transfer function given by equations (16) and
(17) is independent of frequency at small Strouhal numbers. Thus the acoustic
intensity calculated by this method varies as sketched in the lower right por-
tion of figure 35, frequency squared and frequency to the inverse fourth power
at small and large Strouhal numbers.

In contrast, the product of acoustic transfer function and turbulence input
spectrum as given on page 216 of reference 32 and by equation (19) can be shown
to vary as frequency to.the fourth power at small Strouhal numbers and inversely
with frequency at large Strouhal numbers. The aerodynamic transfer function
of reference 33, used in reference 32, is independent of frequency at small
Strouhal numbers and, like the Sears function squared, varies inversely with
frequency at large Strouhal numbers. Acoustic intensity calculated from page
217 of reference 32 therefore varies with frequency to the fourth power and
frequency to the inverse second power at small and large Strouhal numbers.
Changing the aerodynamic transfer function to that of reference 29 would
change the dependence to frequency to the inverse third power at large Strouhal

-numbers, Thus a difference exists between spectrum asymptotic slopes given by
the two methods at both small and large Strouhal numbers. Use of the same
unsteady-aerodynamics solution in both methods decreases but does not eliminate
the difference at large Strouhal numbers.

' Comparisons With Strut Noise Data

An experimental study of noise radiation from a strut in a turbulent ex-
haust jet, conducted by W, A, Olsen at NASA Lewis Research Center, was described
on pages 218-219 of reference 32. The experimental configuration, sketched in
figure 3-15 of reference 32 and reproduced as figure 35 (a) herein, has a 2.86
em (1.125 in.) chord uncambered strut DPlaced at zero incidence relative to the
centerline of a 10 cm (4 in.) diameter nozzle. The strut leading edge was 4
nozzle diameters downstream of the nozzle exit and one radius away from the
centerline. Thus the strut extended across a spatially nonuniform turbulent
mixing region and, at its smallest distance from the centerline, was in the
region of largest velocity fluctuation. Flow properties at the leading edge
were described as a mean velocity 0.62 times the nozzle exhaust velocity, rms
velocity fluctuation 13 percent of that mean velocity, and turbulence length
scale 0.3 diameters. The airfoil chord was 9/32 diameter so the airfoil chord
was approximately equal to the turbulence scale length. It was shown in figure

3-16 of reference 32 that if these local flow properties were assumed to act
uniformly over the 1.73 diameter strut height, measured OASPL directivity in
the far field 45 diameters from the airfoil was predicted at low velocities.
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One-third-octave spectra measured in the far field at 90° direction and
4.56 m (15 ft) distance are shown in figures 36 (b) and (c) for the seven
tested velocities. Data were corrected for background noise of the isolated
jet, and only the measurements for the strut plus jet which exceeded background
by at least 4 dB are presented. Spectra calculated for the specified flow con-
ditions using the method recommended in references 1 and 2 and given by equa-
tions (14) through (17) are plotted as solid lines. These predict the general
level of the data but are displaced toward smaller frequencies. Calculations
were repeated assuming that the turbulence integral scale length was 0,15
diameter, half the assumed length stated on page 218 of reference 32. The
resulting calculated spectra, shown as dash curves, generally are within 2 dB
of the data except for the lowest velocity and for the highest and lowest fre-
quencies., At most velocities the high-frequency portion of measured spectra
decayed more rapidly than was calculated.

Acoustic spectra also were calculated by the method of reference 32 which
used the unsteady-aerodynamics solution of Mugridge (reference 33). These
spectra are compared in figure 37 with the data previously shown in figure
36 (b). As in that figure, spectra calculated by the method of reference 1 for
a turbulence scale length of 0.15 diameters are shown as dash lines. Spectra
from the method of reference 31, shown as solid lines, were calculated for a
turbulence scale length of 0.20 diameters to produce better agreement with
data for low frequencies. These calculated spectra were in general agreement

with data for frequencies up to 6300 Hz. However, their high-frequency decay

rate was considerably less than that for the data.

As an attempt to provide closer agreement, the unsteady-aerodynamic solu-
tion of Filotas (reference 29) was used within the analysis developed in refer-
ence 32. This solution predicts less lift response at both small and large re-

 duced frequencies than that of reference 33. Turbulence level for that calcu-

Lo

lation was arbitrarily assumed to be 50% higher than was used in the other two
calculations so that OASPL would approximately match that for the method of
reference 32. The resulting calculated spectra are shown in figure 37 as dot-
dash lines. Their high-frequency decay rate is midway between those of the
other two solutions. These calculated spectra are in better qualitative agree-
ment with the data than those from the method of reference 31. However they
undercut the data at moderate frequencies above the peak frequency and over-
predict at high frequencies. Measured spectrum shapes at high frequencies,
particularly those shown in figure 36 (c) for the higher velocities, are more
closely predicted by the approximate method of reference 1 than by the presum-
ably more rigorous method of reference 32 or a modification tothat method.

Calculated and measured spectra for measurement directions 60° from up-
streamand 60° from downstream are shown in figure 38 for 57 and 114 m/sec
velocities. The calculations usedthe method of reference 1 with a turbulence




integral length scale of 0.15 diameter, and these calculated curves are 20

log (sin 60°) or -1.25 dB from those given in figure 36. Although the same
curve is predicted for equal direction angles measured from the upstream or
downstream direction, measured spectrum shapes at the two directions were signi-
ficantly different at high frequencies. Spectra measured in the upstream
direction decayed more abruptly and then became parallel to the predicted curve
at the highest frequencies, For the lower velocity shown, measured levels were
underpredicted by about 4 d3 above 6300 Hz frequency. Changing the direction
angle from 60° to 90° (figure 36 (c¢)) shifted the start of abrupt decay towards
higher frequencies. Also, directivity of the jet backgiound noise caused such
noise to be larger at high frequencies and downstream directions. Thus the por-
tion of the airfoil signal that clearly exceeded background noise contained

the rapid decay of spectrum amplitude but did not contain the change to a
smaller decay at the highest measurement frequencies. As can be seen from
figures 36 (b) and (c), increasing the velocity caused onset of rapid decay

to begin at larger frequencies. Also, increasing the test velocity at the
largest velocities caused an increase of high-frequency noise. Doubling the
velocity as in figure 38 did not change the fact that spectra measured 60°

from downstream, at frequencies above L4000 Hz, were about 6 dB larger than
those measured 60° from upstream. It did change the gereral shape of the data
so that the calculated curves were in best agreement with data for downstream
directions at small velocities and upstream directions at large velocities.
These changes might be caused by scattering of high-frequency sound by the jet
mixing region, which contains stronger small turbulent eddies in the upstream
direction, and by variations in the normalized turbulence properties with jet
exhaust Mach number.

e

Strut Noise Reduction Tests

Agpafatus and Procedure

Tests were conducted in the UTRC acoustic wind tunpel to determine whether
strut noise caused by incident turbulence could be reduced by changes of strut
edge properties or shape. This open-circuit wind tunnel, shown in figure 39
and described in reference 3k, has an open test section located within an
anechoic chamber. For these tests the open jet was 0,79 m (31 in.) high and
0.53 m (21 in.) wide. A circular jet collector approximately 1.1 m (42 in.)
diameter, having a rounded lip 1lined with acoustic absorbing material, was
located 3.6 m (142 in.) downstream of the nozzle inlet. Sideplates 1.5 m
(60 in.) long, supported by brackets outside the airflow, constrained the for-
ward portion of the open jet. The test airfoil was mounted between these
sidewalls to assure that all of the airfoil noise was caused by the controlled
turbulence test airflow. This open jet configuration, with a larger collector
located further downstream of the nozzle exit, differs from that described in
reference 3k4. ~
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' The tunnel inlet section has a contraction ratio of 16.5 and is equipped
with screens and a honeycomb section to provide less than 0.2% turbulence level
in the test section. For these tests, turbulence-generating grids were installed
in the nozzle at a cross section area roughly twice the nozzle exit area. Two
grids, denoted the large and medium grid, were used in these tests. Turbulence
generated by these grids is documented in reference 1. Streamwise integral
scale length was about 3.2 cm (1.27 in.) and transverse integral scale length
was about 1.9 cm (0.75 in.) for both grids. Streamwise turbulence levels de~
cayed slightly with increasing downstream distance and varied approximately
with velocity to the -0.2 power. These levels, evaluated at midchord and mid-
span locations in the absence of the airfoil, were about 5.1% for the large
grid and 3.4% for the medium grid at 80 m/sec (262 ft/sec) mean velocity.

The airfoil model was an instrumented flat plate which represents a hard-
wall splitter plate or engine duct strut. Thismodel, shown in figure 40, had
46 cm (18 in.) chord and 53 em (21 in.) span. It had constant 2.54 em (1.0 in.)
thickness except for the cylindrical leading edge and the aft 6.35 cm (2.5 in.)
which had circular arc upperand lower surfaces and less than 0.05 cm (0.02 in.)
trailing-edge thickness. Model thickness had been chosen to allow easy instal-
lation within the airfoil of conventional 0.635 cm (f in.) diameter condenser
microphones mounted on right-angle adaptors and preamplifiers. Microphones
were flush mounted without protective grids on both the upper and lower sur-
faces at positions offset 0.5 cm (0.2 in,) from midspan at three chordwise
locations: 5 cm (2 in.), 23 cm (9 in.), and 41 cem (16 in.) downstream of the
leading edge. This model had been used in tests described in references 1 and
5 to evaluate the validity of different analytical methods for calculating
airfoil noise caused by incidence fluctuatlon.

Tests were conducted with the airfoil mounted at midheight in the test
section at zero angle of attack. Test alrspeeds were 31.5, 50, 80, 125, and
172 m/sec (102, 164, 262, 410 and 570 £t/sec) with both turbulence grids.
Far-field measurements were obtained with conventional 0.635 em (+ in.) dia-
meter microphones placed on an arc of 2.14 cm (7 £t) radius centered at mid-
chord. The microphones were located at 60, 90, and 120° angular positions
relative to the flow direction. Far-field sound pressure levels and surface
pressure fluctuation levels, cited as SPL and surface SFL respectively, were
measured in decibels referenced to 2 x 10-° newtons per square meter (2 x 10
microbar). All microphones were calibrated daily with a 250 Hz pistonphone.

-l

Adrfoil Modifications

Experimental studies have been conducted (e.g., references 35-41) of
shape and surface modifications to reduce noise of airfoils with incident tur-
bulence and of externally blown flaps. As described by Hayden in reference 35,
these modifications usually can be classed as (1) changes of edge impedance,
(2) changes of surface impedance, and (3) changes of flow mean and fluctuating .




properties. The first category includes serrated and slotted leading and
trailing edges (references 35 and 40) to provide spanwise variation of edge
location, perforated or porous surfaces near the edges (references 35, 36,

37, and 40) to provide a gradual change of impedance with distance, and com-
pliant flexible surfaces near the edges (reference 40) for the same purpose.
Serrated leading edges tested at low Reynolds numbers and low turbulence (ref-
erence 41) have caused transition of an airfoil laminar boundary layer and
therefore eliminated airfoil tone noise (reference 42). Except for that one
case, serrations and slots at leading and trailing edges have not reduced noise
and sometimes (reference 35) increased noise. Porous material with a relatively
large (40%) open volume, and perforated thin sheet surfaces with or without
acoustic bulk-absorbing backing, sometimes (references 36 and 37) were reported
to give 6 to 10 dB noise reduction. In contrast, other studies (references 35
and 40) achieved a maximum of 2 to 3 dB reduction with similar materials and
geometry. Flexible surfaces (reference 40) had no effect on noise radiation,
as might be expected from the relatively high freguencies at which acoustic
radiation is important and the relatively large inertia of practical surface
materials. Distributed surface impedance by use of complaint surfaces (ref-
erence 40) had no effect on noise. Distributed impedance in the sense of
acoustically lined splitter plates (reference 43) caused noise reduction at
design frequencies of the acoustic absorbing material but had less effect on
added low-frequency noise. This added noise was produced by both a lined and

a hard-wall splitter within a fan exit duct flow. For a range of frequency,
noise radiated from the exit duct with an acoustically lined splitter was

found to exceed that for a hardwall duct without splitters (figure TIII-37 of
reference 43). Changes of flow properties have been accomplished with fine-
mesh screens (reference 36) to reduce mean velocity, turbulence scale length,
and possibly turbulence intensity of airflow near a surface. These noise-
reducing effects were achieved at the expense of increased aerodynamic drag
and, for lifting surfaces, reduced time-average aerodynamic 1ift.

Changes of both edge impedance and flow properties are achieved by use
of slot blowing. Interposing a layer of air with high momentum, low turbu-
lence, and small turbulence length scale may shield a noise-radiating surface
fromthe.outer flow and locally change that flow. Trailing edge blowing may
alsc affect the unsteady shedding of circulation at the edge, decreasing the
1ift force fluctuabions and noise radiation. For externally blown flaps,
trailing edge blowing was‘reporﬁed in references 37 and 39 to produce 3 to 6. dB
noise reduction. Smaller reductions were reported in reference 38 for tests
at larger scale. :

After reviewing these and other experimental studiss, four concepts were
selected for tests to reduce incidence fluctuation noise. One was the use of
removable perforated leading and trailing edge regions to provide a gradual
change of surface impedance. These were tested as replacements for corresponding
portions of a hard-wall splitter plate airfoil with 45.7 cm (18 in.) chowd,




53,3 em (21 in.) span, and .54 em (1.0 in.) thickness. This model, shown

in figure 40, had been utilized in tests reported in reference 1. From the
data of reference 35, use of either a bulk absorber or perforated plate

backed by an air cavity could cause about 2 dB noise reduction. From the

data of reference 40O, perforated plate with a bulk absorber backing material
sometimes caused about 1 dB additional noise reduction over the 1 to 2 dB
reduction achieved from perforated plate with an air cavity. Because different
tests reported in references 35, 36, and 40 did not give a clear indication of
optimum porosity, two different sets of perforated-plate edge regions were
used. Both had 26 gage (approximately 0.001 cm, 0.020 in. thickness) perfor-
ated sheet steel surfaces. One set had 18% open area with 0.061 cm (0.020 in.)
dia holes, and the other had 30% open area with 0.051 em (0.020 in.) dia holes.
These leading and trailing edge regions, sketched in figure 41, had 6.4 cem

(2.5 in.) and 10.2 cm (4.0 in.) chordwise extent, respectively. The 1.27 cm
(0.5 in.) portion adjacent to each unperforated central part of the chord was
backed by a solid structural member. The remainder of each removable leading
and trailing edge region was filled with steel wool as a broadband bulk
absorber of acoustic energy. Special attention was given to construction of
the nominal 0.1 cm (0.04 in.) thick trailing edge sothat only the two rows of
perforations closest to the edge were obstructed. Each percentage open area
was tested on the leading edge region alone (forward 14% chord), trailing edge
region alone (aft 200, chord), and both leading and trailing edge regions.

Because noise radiation caused by incident turbulence is generated by lift
force Fluctuations, any airfoil shape modification that reduces lift response
might reduce noise. Airfoils which have thick blunt trailing edges are known
to have small steady-state 1ift coefficient slopes at subsonic speeds. A
hard-wall blunt trailing edge configuration is sketched in figure 41. This
was obtained from the basic airfoil model by removing the curved aft trailing
edge region and fairing the surface to constant 2,54 em (1.0 in.) thickness
at the rear spar. This change decreased the chord to 36.8 em (14.5 in.) and
would be expected to produce vortex shedding noise at a Strouhal number near
1/3 veferenced to maximum thickness. The resulting discrete-frequency noise
might be more easily absorbed by acoustic lining than the broadband nolse
caused by incident turbulence.

Trailing edge blowing was tested as a spanwise slot located at the air-
foil trailing edge. To obtain this configuration, shown in figure 41, the
solid trailing edge which occupied the aft 2.54 em (1.0 in.) of the original
model was removed and all joints between the curved sheet-metal skin and the
aft spar were sealed. A perforated tube extended across the model span within
thig plenum chamber and was supplied with compressed air at both ends. Pitot
probes were located in this chember to allow measurement of flow rate and
spanwise wniformity. The downstream edges of the model surfaces were thinned

" and rotinded to serve as a slot nozzle. Set screws at 5.1 cm (2.0 in.) span-

wise spaming were adjusted to provide 0.25 em (0.10 in.) slot height. This
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height is approximately equal to the sum of the upper-surface and lower-sur-
face turbulent boundary layer displacement thickness at the airfoil trailing
edge.

The fourth configuration consisted of wire mesh screens tangent® to the
rounded solid leading edge. As sketched in figure 42, each screen was about
30 em (12 in.) long. It trailed above and below the airfoil at 45° from the
downstream direction, and was attached to the tunnel sidewalls. Endpoints of
the screen were about 10.3 em (4.1 in.) downstream, and 11.0 cm (4.Lk in.)
above and below the leading edge position. A fine mesh (3.5 mesh/cm, 0.20 em
(0.078 in.) diameter holes, 39% open area) and a coarse mesh (1.6 mesh/cm,
0.51 em (0.20 in.) square holes, 64% open area) were wutilized to provide
arbitrary changes in local velocity, turbulence scale length, and turbulence
intensity. ’

Analysis of Data

The acoustic wind tunnel configuration used in these tests differed from
that described in reference 34 in having more than twice as large an open jet
length, followed by a new larger flow collector. This change had been adopted
to decrease the flow velocities in the shear layer where it impinges against
the collector. Broadband noise was expected to be decreased relative to levels
shown in reference 34%. Background noise measured 2.13 m (7 ft) directly above
the airfoil position, in the empty tunnel, is compared in figure 43 for the
new and old collector configurations and both grid-generated turbulence levels.
Background noise with the medium grid, shown in figure 43 (a), was reduced
several dB for low velocities up to 80 m/sec. About 3 dB reduction was ob-
tained at 125 m/sec over the entire frequency range, but up to 5 dB noise increase
occurred at the lowest frequencies and 172 m/sec velocity. In contrast,
spectra for the new collector and large grid, shown in figure 43 (b), were
lowered about 5 dB at frequencies below 500 Hz and essentially unaffected at
higher frequencies.

The hard-wall splitter plate airfoil for which noise data had been reported
in references 1 and 2 was used as & basic reference configuration. Spectra mea-
sured directly above the model in that and the present test program, uncorrected
for tunnel background noise, are given in figure 4L, These spectra were in good
agreement for tests with the large turbulence grid. Spectra measured with the
‘medium grid, shown in figure 4l (a), were louder by more than 5 dB for low fre-
quencies corresponding to Strouhal numbers fc/U less than about 1.5. It was
found that the tested configuration had not used a solid leading edge but used
the 18% porosity perforated sheet covered with tape .. This taped leading edge
 also had been used as part of the configurations having porous trailing edges
and nominal hard leading edge with the medium grid. It is possible that either
the tape was loose and fluttered, or the perforated material was not sufficiently
rigid, causing surface vibrations that produced excess low-frequency noise. Data
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are presented here for both of these configurations because the taped porous
leading edge serves as the reference case for some test models.

The above data have not been corrected for wind tunnel background noise. .
A comparison of uncorrected and corrected spectra for this model as tested with
the old jet collector, reproduced from figures 22 and 23 of reference 1, is
given in figure 45, The uncorrected spectra for freguencies above several -
thousand Hz were dominated by background noise. Spectrum decay rate became
smaller as the airfoil spectrum decayed into background noise which decreased
slowly as frequency was increased. If an airfoll modification would reduce the
noise radiation, its corrected spectrumwould have to be omitted at frequencies
where it had decayed into the noise floor. Comparison of uncorrected spectra
would at least illustrate whether some minimum amount of noise reduction was
achieved at each center frequency. The following comparisons therefore are
for spectra that have not been corrected for tunnel background noise. Corrected
spectra are shown only for a modification that reduced the incidence fluctuation
noise,

The tested modifications are listed in Table II along with the maximum
noise reduction achieved. These listed reductions are for the three adjacent
l/3—octave frequency bands in which each device was most effective. Generally,
noise reduction within one region of frequency was accompanied by increased -
noigse at other frequencies.

The effect of 18% porosity leading and trailing edges on sound caused by *

incidence fluctuation is shown in figure 46. Data for the medium grid, given

in figure 46 (a), use the taped porous leading edge as the basic hard-wall
configuration. The porous leading edge and solid trailing edge was several dB

quieter than the basic configuration at frequencies up to about 500 or 630 Hz

but was louder at those frequencies than the basic solid-leading-edge model

(figure 45). However, at center frequencies above 500 Hz at 80 m/sec velocity

and 630 Hz at the higher velocities it became quieter than either hard-wall

model. More than 6 dB noise decrease generally was achieved before the air-

foil noise decayed into the tunnel background. Thus the flat portions of these
' spectra above 1000, 1600, and 2000 Hz for these test velocities (a Strouhal
oumber of about 6) are the background noise floor. Use of a porous trailing

edge and taped leading edge caused either nunoise reduction or several dB

noise increase. With both leading and trailing edge porous, about 3 4B noise

reduction was obtained over about an octave of frequency centered near a

Strouhal number of 6. About 2 dB noise increase occurred at the lowest fre- - =
guency.

Spectra for this porosity and the large grid are given in figure 46 (b).

Here the basic configuration had the solid leading edge. Porous edges again
caused several dB noise increase at low frequencies. The porous leading edge
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and solid trailing edge became about b 4B quieter than the basic configuration
at somewhat larger frequencies and its sound level decreased into the back-
ground noise floor.

The effect of 30% porosity leading and trailing edges on sound caused by
incidence fluctuation is shown in figure 47. For both the medium and the
large grid, the porous leading edge produced small increases of noise at the
lowest test frequencies but about 5 dB uncorrected noise reduction at higher
frequencies. Spectra for these higher frequencies decayed into the tunnel
background noise level. Use of a porous trailing edge alone caused small
increases of noise. The combination of a porous leading edge and porous
trailing edge caused slightly less noise reduction than the porous leading
edge alone.

Directivity of incidence fluctuation noise measured with the basic hard-
wall model and with porous edges resembled what would be expected for lift
dipole noise. The measurement location directly over the model was 1 to 2
dB louder than locations 60° from either upstream or downstream, and spectrum
shape was about the same for all positions. Spectra measured 60° and 90°
from the upstream direction, and corrected for background noise at the measure-
ment position, are given in figure 48 for both porosities and the large grid.
Corrected amplitudes measured 60° from upstream have been increased 1.25 3B
to compensate for the expected variation with cosine squared of this angle.
Circle symbols for the basic airfoil and triangles for the alrfoll with porous
leading edge are shown for those 1/3 octave bands for which measurements were
more than 2 dB above background. Straight lines with decay rates that cor-
respond to inverse decay with frequency cubed for the basic airfoil and frequency
to the fourth power for the porous leading edge are drawn through the high-
frequency parts of these spectra. It is not obvious whether the apparent
steeper decay of spectra for the porous leading edge corresponds to a change
in the noise radiation process or is within the data scatter. About 7 dB noise
decrease was obtained by the borous leading edge at the highest frequencies
for which symbols are shown, before the spectra disappeared into tunnel back-
ground noise. This noise decrease occurred at Strouhal numbers of about 6
based on airfoil chord. If the porous leading edges were acting as absorbers
of acoustic energy, each porosity would be expected to provide greatest atten-
vation at some freguency that was independent of flow velocity.

; Effects of porous leading and trailing edges on surface pressure spectra
at midchord are shown in figures 49 and 50 for 18% and 30% porosity. Surface
pressure fluctuations on the airfoil with a porous leading edge were of the
order of 10 dB stronger than those for the basic hard-wall airfoil. Adding

a porous trailing edge to the airfoil with either a hard or porous leading

edge generally caused little change in surface pressure spectra. These sur-
face pressure data provide no indication of how the porous leading edges caused
reductions of incidence fluctuation noise.
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The effect of a blunt trailing edge on noise radiation from a hard-wall
model is shown in figure 53. The basic configuration with the medium grid for
this and the remaining configurations is that from reference 1 rather then the
model with taped porous leading edge. The blunt trailing edge caused tone
radiation at a Strouhal number of about 1/3 and an amplitude about 8 dB above
+the broadband level. For this turbulence level, the blunt trailing edge some-
times caused about 2 dB noise reductions over about an octave of lower frequency.
For some applications, this tradeoff may be useful for struts or splitter plates
in an exhaust duct that already contains acoustic absorbing material sharply
tuned to the tone frequency. In contrast, at the larger turbulence level pro-
duced by the larger grid, the blunt trailing edge slightly increased the noise
at most frequencies but produced weaker tone noise. Surface pressure spectra,
shown in figure 52, contain strong peaks at the tone frequency. For the medium
grid, these peaks were about 15 dB above the broadband surface pressure level
except at the highest velocity. At other frequencies the surface pressure
spectra were not clearly affected by the blunt trailing edge. With the large
grid, the blunt trailing edge generally decreased the low-frequency surface
pressure levels although it did not reduce far-field sound radiation at those
frequencies.

Effects of trailing edge blowing on sound radiation is shown in figure 53.
There was no significant noise reduction. However, the high subsonic slot jet
produced jet noise that increased roughly 8 dB per octave at high frequencies
(not shown except for 80 m/sec flow velocity). Peak amplitude of this jet
noise occurred in the 20 kHz third-octave band for the velocity and was
stronger than incidence-fluctuation noise from the basic airfoil, dominating
the measured OASPL. At larger flow velocities the slot jet noise was unchanged
but the airfoil noise caused by incidence fluctuation had increased, drowning
out the jet noise in the limited frequency range shown. Surface pressure
spectra, given in figure 54, generally were slightly inereased by trailing edge
blowing.

Swept screens were installed at the airfoil leading edge in an attempt to
provide gross changes in turbulence structure. These screens were tested only
at the two lowest airspeeds of 31.5 and 50 m/sec for structural reasons. It

was expected that the grids would decrease turbulence intensity and therefore
decrease noise at low frequencies while generating turbulence and noise at
high frequencies. Effects of these screens on far-field sound are shown in
figure 55. With the medium screen (figure 55 (a)), sound was reduced by about
8 dB at the lower velocity and 4 dB at the higher velocity for frequency bands.
to about 800 Hz. At somewhat larger frequencies, noise levels measured with
both grids were approximately equal to tunnel background noise. At still
higher freguencies the screens generated broadbund peaks that exceeded tunnel
background noise. When these high-frequency parts of the spectra at the two
velocities were compared at constant Strouhal number, differences between
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corresponding 1/3 octave levels were found to be about 12 dB. For this velocity
ratio, this difference corresponds to a variation with velocity to the sixth
power, showing that the added high-frequency nolse is a dipole noise caused by fluc-
tuating airloads on the screens. Surface pressure spectra, given in figure 56,
contain near-field pressure fluctuations caused by the screens. At frequencies
for which the far-field sound spectra were dominated by tunnel background noise,
surface pressures of the basic airfoil without a screen were dominated by the
airfoil turbulent boundary layer. These levels were greatly reduced by the
screens, which reduced the flow velocities and turbulence levels in this layer.

. Fén Exit Duct Turbulence Measurements

Apparatus and Procedure

Streamwise and radial components of turbulence were measured in the exit
duct of a simulated high bypass ratio single-stage turbofan without inlet guide
vanes. The fan sbage was simulated by use of an available large-scale single-
stage rotor and stator test rig sketched in figure 57. This rig operates at a
low enough rotational speed and axial velocity to permit use of conventional
hot-wire instrumentation. Data were obtained at midspan, where relatively two-
dimensional blade wakes would be expected. Data also were obtained near the
inner and outer casings, where the flow field might contain secondary-flow
vortices generated near the rotor tip and stator hub.

The test rig is in the form of an open-circuit wind tunnel. Flow enters
the tunnel through a 3.66 m (12 £t) diameter inlet. A 15 cm (6 in.) thick sec-
tion of honeycomb is mounted at the inlet face to remove any crossflow effects.
The inlet smoothly contracts the cross-section diameter down to about 1.5 m
(5 ft). Flow is then passed through a geries of three fine mesh screens to re-
duce turbulence level. Immediately downsbtream of the screens is a telescoping
section which slides axially and permits access to the test section. The test
section consists of an axial serles of constant diameter casings enclosing the
rotor assembly. These casings can be wholly or partially‘transparent, which
facilitates flow visualization, holography, and laser-doppler-velocimeter
studies. The rotor shaft is cantilevered from two downstream bearings. Axial
length of the test section (excluding the hub spinner length) is 0.915 m (3 ft).
The rotor is driven by a hydraulic motor which is capable of turning the shaft
at up to 660 rpm. ‘

The hydraulic motor is also capable of being used as brake for absorbing
turbine stage work. Downstream of the test section, flow passes through an
annular diffuser into a centrifugal fan and is subsequently exhausted from the
rig. A vortex valve is mounted at the fan inlet face for control of axial
flow rate. The fan is capable of providing an axial velocity in the test sec-
tion of approximately 21 m/sec (70 £t/sec) with a 0.5 hub-tip ratio rotor

assembly. : '
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For these tests the rotor contained 36 blades and was turned at 550 rpm
producing a 330 Hz blade passing frequency. The stator consisted of 47 blades
cantilevered from the outer casing. Both the rotor and stator had 38 cm (15 in.)
immer and 76 cm (30 in.) outer diameter. The small rotational speed and conse-
quent small pressure ratio allowed use of a constant-diameter hub and outer
casing. Rotor and stator blades had multiple circular arc airfoll sectlons.
Camber, twist, and chord were typical of the inboard portion of the fan rotor
and stator of high bypass ratio turbofan engines. All measurements were taken
at one arbitrary flow condition which was well below the stall point.

Axial location of the measurements was 14.7 em (5.8 in.) downstream of
the stator trailing edge plane. This distance was apout 1.75 stator axial
chords, sufficiently far downstream so that strong local irregularities of
turbulence intensity should have decayed. Stator wake locations at this
axial distance were estimated by measuring the wake swirl angle just downstream
of the stator trailing edge and assuming constant swirl from there to the
measur~ment plane. Swirl angles were measured near the hub, midspan, and tip
by use of a calibrated multitube static pressure probe. Two radial traverse
lines at different angular positions were selected for hot-wire measurements.
Positions of these traverses relative to the stator trailing edges and the
estimated stator wakes are sketched in figure 58, Portions of the stator
wakes shed near the hub were estimated to have traveled through a larger
circumferential angle than the portions from midspan or the tip. One traverse
line passed about midway between two wakes near the inner casing, crossed a
stator wake near midspan, and was close to that wake near the outer casing.
The other traverse line was close to a wake near the imner casing and between
stator wakes near midspan and the outer casing. Detailed measurements were
made at three radial positions on each traverss line. The nominal outer, mid-
span, and inner positions were at radial dirtances 68.6 cm (26.0 in.), 57.2 cm
(22.5 in.), and 40.6 cm (16.0 in.) from the rotational axis. These locations
were 86,7 percent, 75.0 percent, and 53.3 percent of the outer casing radius
for this 50 percent radius ratio fan exit duct.

At each of these positions, a cross-wire hot probe was ubilized to measure
mean velocity, rms streamwise and radial components of turbulence, and stream-
wise and radial turbulence spectra. The wires were aligned M5O to the flow
and approximately in the plane which contains the mean streamwise velocity
vector and is perpendicular to the tangential plane. dtreamwise autocorrela-
tions were obtained from a single hot wire probe by using the knowm time scale
and mean velocity to determine spatial distances assuming frozen turbulence.
For radial cross correlations, two cross-wire probes were used with the wires
~aligned hSo to the flow in the radial plane. One probe was held at a fixed
position and the other was traversed radially; cross correlations of the

_ radial component of turbulence were evaluated at zero delay time. Radial cross
correlations were obtained only for the traverse line between stabor wakes at
midspan, due to an instrumentation error. ' '
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Discussion of Turbulence Data

Measured variations of rms turbulence level with normalized radial distance
are shown in figure 59 for two angular locations. Streamwise turbulence levels
were about 18 percent in the hub secondary flow region at both angular positions.
They decreased to about 5 percent between the stator wakes but were about 12 per-
cent where one traverse line crossed the center of a stator wake. Radial turbu-
lence levels were about 10 percent near the inner casing, L percent between the
stator wakes, and 8 percent within the stator wakes. OF course, these turbu-
lence measurements in the nonrotating frame of reference are a combination of
stator wake turbulence, rotor wake turbulence, and fluctuations of rotor wake
mean velocity in a frame of reference that turns with the rotor. Mean and
fluctuating velocities within a rotor wake, measured in a rotating coordinate
system, were reported in reference 4. Tt was shown that in accordance with
analytical predictions, turbulence intensity in a rotor wake decays more
rapidly than in a cascade wake. This, in turn, decays more rapidly than in
the wake of an isolated airfoil. Turbulence intensities shown in figure 59
for positions between the stator wakes are considerably larger than the 2 per-
cent turbulence levels shown in reference LY at the most rearward measurement
position midspan within rotor wakes. However, they genrally agree with the
streanwise component of mean velocity defect and the radial component of mean
velocity measured in the rotating coordinate gystem as given in reference Lk,
Minimum turbulence levels in the fan exit duct as measured in nonrotating
coordinates therefore are produced by angular rotation of the rotor wake mean
velocity field, a result that also was found in reference L5. This velociby
field is distorted as it passes through the stators but apparently its abso-
1ute levels are not greatly changed.

Radial cross correlations of radial turbulence velocity are shown in
figure 60 for three different radial positions of the fixed hot-wire probe.
Cross correlation signals at each radial station were largest at approximately
zero time delay as would be expected for turbulent eddies convected along the
duet. Maximum values of normalized cross correlations can be seen in figure 60
to decay exponentially with the inverse of radial distance. Integral scale
length in the radial direction then is equal to the distance at which the nor-
malized amplitude is equal to l/e. Resulting scale lengths increased with
increasing radial location across the duct. At the outer and midspan positions,
integral scale lengths were roughly equal to the azimuthal spacing between
adjacent stator blades and were about 10 percent of the duct height. Integral
scale length near the inner casing was only 30 percent of that near the outer
part of the duct.

Autocorrelations of the sbreamwise component of fluctuating velocity (not
shown) decayed exponentially with the inverse of delay time. Streamwise inte-
gral scale lengths were determined as the product of local mean velocity and
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the time at which the autocorrelations had decayed to l/e of its maximum.
Mean velocities and streamwise integral scale lengths obtained from these tests
are listed below.

Measured Turbulence Integral Scale Lengths

Inner Outer
Quantity Position Midspan Position
Radial Iocation 53.3% 5% 90%
Swirl Angle 300 210 21°
- . looit / Within wakes at midspan
reamwise velocity, m/sec ‘
Streamwise scale le;gth cm 18.5 £0.9 19.1
? 2.9 2.2 1.4
. . ' Between wakes at midspan
Streamwise velocity, m/sec 1.8 28.7 ol .8
Streamwise scale length, cm 4.5 ol 2.7
Radial scale length, cm 1.5 3.5 5.0

In contrast to the radial scale lengths, streamwise scale lengths decreased
as radial location was increased. The largest steamwise integral scale
length was measured abt the inner radial position and azimuthal location of a
convected stator wake. It was about 50 percent larger than for the same
radial location but between stator wakes. This increased length and large
turbulence intensity may correspond to the stator hub vortex. Effects of a
distinct rotor tip vortex were not observed, possibly because the test rotor
was not highly loaded near the tip.

Measured streamwise and radial turbulence spectra are shown in figure 61
for the two azimuthal and three radial positions. Vertical ordinates are pPro--
portional to the rms turbulence amplitude within a constant bandwidth of fre-
quency and thus are proportional to the square root of power spectral density.
When measured spectra seemed highly oscillatory, three spectra were recorded
at successive times and their traces were superimposed. Also shown as: smooth
curves are normalized spectra calculated from the square root of equation (14),
taken from equation 1-95 of reference 31. Streamwise turbulence spectra cal-

. culated from the above measured integral scale lengths and mean velocities

generally were in good agreemént with measured spectra. Scale lengths measured
on the azimuthal traverse between stator wakes (lower parts of the figure)

Were up1x>twice as.large as those for the other traverses. These spectra de-

cayed- more rapidly so they are plotted for half the range of frequency. Changes

" ’in spectrum shape caused by more than a factor of 3 in streamwise integral

scale length, from the upper left spectrum of figure 61(a) to the lower left
spec¢trum of flgure 61(0), were correctly given by this equatlon.
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Integral scale lengbths in the radial direction had been obtained for
only one azimuth position (between the wakes at midspan). Spectra measured
at this angular position differed from the other spectra by having local peaks
‘at frequencies up to the rotor blade passing frequency (330 Hz) followed by
considerably lower amplitude over a small range of higher frequencies. §Spectra
measured near the inner casing at this azimuth and at midspan between the wakes
were well predicted by use of the equation and the measured radial scale length.
However, spectra measured at the other positions decayed less rapidly than had
been calculated in that mammer. The curves shown in figures 61(a) and (b) for
these cases were calculated by arbitrarily taking the correlation length equal
to the ratio of local streamwise velocity to rotor blade passing frequency,
rad/sec. Just as the amplitude of radial rms turbulence intensity was found
to correspond to mean velocity defects in the rotor wake, radial length scale
in the stator wake and near the outer casing seems to be associated with
chopped. segments of rotor wake.

One unexpected result of this comparison is the relatively good agreement
between turbulence spectrum shapes measured within wakes, and possibly within
the hub vortex, and the shape given in equation (15). That equation had been
presented in reference 31 as valid for isotropie turbulence. Turbulence
measured in this fan exit duct was far from isotropic. Streamwise bturbulence
levels were up to twice those in the radial direction rather than being equal
in all directions. Streamwise integral scale lengths ranged from half to
three times the radial integral scale length rather than being twice that
length. Use of this simple equation for turbulence spectrum in a fan exit
duct facilitates calculation of mnoise generated by struts and splitter plates
within the duct. '

Fan Exit Duct Splitter Ring Noise

Acoustically lined splitter rings within turbofan exit ducts can absorb
aft-radiated fan noise, but as airfoils within turbulent flow they act as
noise generators. Spectra of sound power level in the aft hemisphere of the
nominal 1.83 m (6 ft) diameter fan D, taken from figure III-37 of reference
43, are shown in figure 67(a). Placing a large hard-wall splitter ring in
the fan exit duct markedly increased aft-radiated sound power above that for
the hard-wall nacelle at frequencies between 400 and 10,000 Hz. Use of
soft acoustic linings on the exit duct walls, exit duct splitter ring, and
the inlet duct walls and splitter rings caused 15 to 20 dB noise reduction
over much of this range. However, aft-radiated sound power from the lined
duct and splitter ring was 1 to 2 dB noisier than that of the bare hard-wall

 duet between 400 and 1000 Hz frequency. It was concluded on p. 77 of
reference 43 that noise generation processes therefore occur in lined
passages containing splitters. The acoustic suppression liners had been
designed for broadband noise attenuation near the 2500 Hz blade passing
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frequency and its harmonics. They would not be expected to be highly
effective at the low frequencies where additional noise was generated by the
hard-wall splitter ring.

The increase of aft sound power level caused by placing the hard
splitter ring in the hard exit duct was calculated from those two measured
spectra and is given in figure 62(b). This added noise increased at about
6 dB per octave of frequency at low frequencies, peaked at about the 2500 Hz
blade passing frequency, and decayed into the noise floor set by rotor
harmonics at higher frequencies. The relatively gradual rise and decay of
this spectrum resembles the behavior of incidence Ffluctuation noise.

Dipole noise directivity for a flat plate airfoil varies with cosine
squared of the azimuth angle measured from a normal to the plate. However,
dipole noise directivity for an annular ring airfoil is independent of
azimuth angle. Acoustic intensity radiated by a ring airfoil can be shown
to be ﬂ/2 times that for the plane of symmetry of a rectangular strut with
span equal to the ring diameter. Sound power for a ring airfoil is the
integral of acoustic intensity over a sphere of radius r and can be shown
to be (TT)2 times the maximm acoustic intensity. Therefore, sound power
levels generated by a splitter ring in turbulent flow can be calculated by
adding one term to sound pressure levels calculated from equations (1) or
(20) for a position directly above a flat plate with span equal to the ring
diameter.

(21)
PWL /3= SPLy3 +10 log (m3/2) r2 lyes / Wret

The reference acoustic intensity that corresponds to 2 x 10~k microbar
reference pressure is 10-12 w/m? and the reference acoustic power is 10~13 v
so the argument of the logarithm is approximately 155 r2 with far-field
distance r measured in meters.

The above discussion applies to sound radiation from a splitter ring in
turbulent flow within free space. Instead, the ring was located near the
end of an enclosed duct. An approximate solution given in reference 46 had
concluded that a 1ift dipole would not radiate sound in an infinite duct.
For low frequencies, reflected sound waves from corresponding points on
upper and lower surfaces would degenerate into plane waves of equal and
opposite strength, moving axially down the duct. End effects would alter
this prediction, causing the sound radiation to approach that for the free
field. Also, forward-radiated sound could be reflected by the fan stators.
It was arbitrarily assumed herein that aft-radiated sould power due to the
splitter ring within the duct was equal to the total sound power (both
forward and aft) calculated for the ring in the free field.,




Splitter rings for fan exit ducts of these nominal 1.83 m (6 ft)
diameter fan exit ducts were indicated in reference 47 to have about 3.66 m
(12 ft) chord and 1.37 m (4.5 ft) diameter. The duct flow Mach number was
near 0.50 corresponding to 170 m/sec (558 ft/sec) flow velocity. From
figure 59, redial turbulence intensity was taken as 5 percent. The most -
arbitrary assumption was in the choice of a turbulence integral scale
length.- If this was taken as the largest value from figure 60 of about
13 percent of the duct passage height, the resulting 6 cm scale length
would cause maximm calculated sound power level to occur at too low a
frequency. The resulting calculated spectrum would be in poor agreement
with the data shown in figure 62(b). Radial turbulence spectra given in
figure 61 were found to be better predicted if the radial scale length was
taken as a much smaller distance. One possible distance was the ratio of
flow velocity to blade passing frequency, rad/sec. It is associated with
slicing of the rotor blade wekes by the stator, and for this large-scale
fan was about l.1 cm. Another such distance was the 2.2 em streamwise scale
length measured in the stator blade wake of the low-speed rotating rig at
midspan.

Sound power spectra calculated from Eq. (21) combined with the methods
of reference 1 and reference 32 for sound pressure level are compared with
the data in figure 62(b). Spectra calculated by the method of reference 32
for both scale lengths predict the approximate peak values of 1/3 octave
sound power level. The shape of the measured spectrum is generally predicted,
and the calculated curve is in close agreement with data for the larger scale
length. In contrast, the spectrum calculated by the method of reference 1
for the smaller scale length has the measured shape but its amplitude is
about 20 dB below the data. Doubling the scale length increased the amplitude
about 8 dB at low frequencieg but halved the peak frequency, displacing the
calculated spectrum away from the data. This large difference between sound
power levels calculated by the two methods was caused by the differing veria-
tions of unsteady 1ift response with aspect ratio and with ratio of turbulence
scale length to chord, Lift response as calculated by the method of reference
29 for configurations having small ratios of correlation length to spean
tends to approach that for a large number of uncorrelated very low aspect
ratio wings, each with a span equal to the correlation length., Lift force
response of a low aspect ratio wing is proportional to span squared, so the
functional dependence on airfoil span (splitter ring diameter) partly
changes to a variation with correlation length. In contrast, the method
of reference 32 uses the unsteady 1lift response given in reference 33 which
gives a much weaker variation with turbulence scale length. Also, the por-
tion of that solution used in reference 32 corresponds to a spamwise segment
of an infinite span airfoil rather than a wing of finite span. This repre-

‘sentation is probably more valid for a splitter ring than is the finite

aspect ratio solution used in reference 1.
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CONCLUSIONS

1, The method presented in this report for calculating externally blown
flap (EBF) noise is in good agreement with data from small-scale models for
both under-the-wing and upper-surface-blowing configurations.

2, Deflecting a wing flap into an exhaust jet causes 1ift dipole noise
normal to “he flap and increased quadrupole jet noise at moderate angles
from downstream of the deflected jet. Therefore, an under-the-wing EBF
will be noisier than an upper-surface-blowing EBF at constant exhaust
velocity and exhaust area.

3. Noise radiation from an airfoil in turbulent flow can be decreased at
high frequencies by use of a porous leading-edge region.
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TABLE T
EXTERNALLY BLOWN FLAP MODELS FOR COMPARTSON
OF MEASURED AND PREDICTED NOISE

Data,
Sketch Description Reference No. Agreement*

; % UTW, 20° flap 6 good to excellent

; UTW, 60° flap 6 good

umW, 60° flap 6 excellent, low pres-
slotless wing ' sure, fair, high ;

pressure
C__—A A\ uw, 60° flap 20 good
D @ , % mixer nozzle
UTW, 60° flap 21 good to excellent
ﬁ : % vary diameter (low-frequency spec-
N . :
\ ol tra fair) -
¥  Agreement Accuracy of OASPL, dB Accuray of SPLl/q; dB
Excellent 2 : b
Good : ‘ | R | : 7
Fair ; 6 10

Poor ‘worse than 6 worse than 10
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TABLE I (Cont'd)

Data,
Description Reference No. Agreement*
uTW, 60° flap 6 good
vary position
Front of wing 28 good
20° and 60° flap :
USB, 20° flap 22 good to excellent
circular nozzle
USB, 60° flap , 22 good to excellent
circular nozzle
USB, 20o flap 23 fair, low pressure
D nozzle ‘ , - - good, high pressure
USB, 60° flap 23 fair to poor
D nozzle
USB, 20° flap 24 good

cant=1 5:1 slot
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Sketch

TABLE I (Cont'd)

Description

USB, 20° flap
canted 10:1 slot

USB, long 20°
flap, 10:1 slot

Data,
Reference No.

ol

2k

Agreement*

excellent

good



TABLE IT

REDUCTIONS OF INCIDENCE FLUCTUATION NOISE
BY AIRFOIL MODIFICATIONS

Note: Reductions listed are for the octave of frequency in which maximum
reductions were achieved. SPL may have been increased within other octave
bands.

Sketeh - Modification , Reduction, dB Comment
(:[:::::::::::> Porous leading edge 6 Most effective
f[:::::::::[\> Porous leading and Noise added by
~ - trailing edges 3 trailing edge
(::::::::::[:> Porous trailing edge 0 Noise generally

‘ increasad
(::::::::::] " Blunt trailing edge 2 Noise increase at

shedding frequency

—-—— Trailing edge blowing 0 High-frequency

jet noise
/ J
/
Leading edge screen 8 ‘ High~-frequency
dipole noise
\
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UNDER—THE—-WING NOISE MECHANISM UPPER—-SURFACE—BLOWING
{(UTW) CONFIGURATION (USB) CONFIGURATION
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SCRUBBING NOISE VANE
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INFLOW NOISE) DIPOLE
WING
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FIGURE 1. —SKETCH OF DIRECTIVITIES FOR DIFFERENT MECHANISMS
CF EXTERNALLY BLOWN FLAP NOISE
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CIRCLE SYMBOLS ARE SUM OF UNSCRUBBED SIDE, NOZZLE DIRECT RADIATED SOUND,
AND NOZZLE REFLECTED SOUND .
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FIGURE 2. — COMPARISON OF FAR—FIELD SPECTRA IN THE SCRUBBED AND UNSCRUBBED
DIRECTIONS FROM AN UNDEFLECTED EXTERNALLY BLOWN WING AT 250 M/SEC VELOCITY
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CIRCLE SYMBOL ARE SUM OF UNSCRUBBED SIDE, NOZZLE DIRECT RADIATED SOUND,
. AND NOZZLE SOUND REFLECTED BY WING
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FIGURE 3. — COMPARISON OF FAR—FIELD SPECTRA IN THE SCRUBBED AND
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NORMALIZED ONE-THIRD—OCTAVE SOUND PRESSURE LEVEL, SPLq/3 — OASPL, dB

DIRECTION ANGLES, 0 + a = 70° TO 80° FROM UPSTREAM
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DIRECTION ANGLES, § + a = 130° TO 140° FROM UPSTREAM
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COMPARISON WITH SPECTRA FOR BOARD
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FIGURE 61 — CONC LUDED (c) INNER POSITION
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FIGURE 62 — EFFECT OF FAN EXIT DUCT SPLITTER RING ON AFT SOUND POWER LEVEL
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