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1.0 INTRODUCTION

Noise emission from current airplanes ig dominated by propulsion-system
noise. cCertification levels for aircrafi nolse, as specified under Federal
Air Regulation (FAR) 36, have been achieved by use of either existing high
bypass ratio turbofan engines or exlsting low bypass ratlo turbofan engines
plus noise-attenuating nacelles. Systems studlies of noise levels for future
advanced-technology transports (e.g., Ref. 1) have concluded that engine
noise levels 10 effective perceived noise decibels (EPNAB) lower than those
of FAR 36 could be achieved with early 1970's technology high bypass ratio
turbofan engines combined with extensive inlet and discharge duct acoustic
suppression. An additionsl 5 EPNdB noise reduction was predicted for advanced
(1985) acoustic liners. Still another S EPNdB (that is, 20 EPNAB below AR
36) was predicted by use of special noise abatement procedures combined with
advanced liner technology., More recently, acoustic tests have been conducted
with full-scale high bypass ratio turbofan engine hardware (Ref. 2). These
tests demonstrated that noise levels corresponding to 12 EPNAB below FAR 36
at approach and sldeline, and 9 EPNAB below at takeoff, can be achieved with
1975 -technology acoustic liners and sonic inlets. However, these reductions
of propulsion-system noise would not cause equal reductions of total aircraft
noise at the certification points. Airframe noise, generated by motion of
aircraft external surfaces through the air, is believed (Ref. 3) to be only 10
to 15 dB below FAR 36. Airframe rnoise may impose a fundamental noise floor
roughly equal to the demonstrated noise from high bypass ratio turbofans
with ertensive inlet and exhaust acoustic suppression. Future certification
fevels must be based on what can be achieved with economically viable air-
trames and propulsion systems. Thus it is necessary to understand the
funcdamental processes of airframe nocise radiation.

Several methods for predicting airframs noise had been examined by NASA
under their Aivcraft Noise Prediction Piogram (ANOPP). Two airframe ncise
prediction methods, the clean aircraft method (also called total aircraft
method) and the drag elemert method, were recommended (Ref. i) and were

J-]drjnes, G. L,: Studies fo- 'wiermining the Optimum Propulsion System
Characleristics for Use in a Long Rain.o Transport Aircraft. NASA CH-120950,
suly 1972,

dSofrin, T. G. anvt Riloft, N. Jr.: Two-Stage, Low-Noise Advanced
Technology Fan. V. Acoustic Final Report. NASA CR-134831, Sept. 1975.

jMm"g.gan, W, 6. and Hardin, J. C.: Airframe Neise - The Next Aircraft
Noise Parrier. Journal of Aireraft, Vol. 12, No. 7, July 1979, pp 602-62h.

bpardin, J. C., Fratello, . J., Hayden, R. E., Kadman, Y., and Africk,
Prediction of Airfreme WNoise. NASA TN D-7871, Feb. 1975.




subsequently programmed by NASA Langley Research Cenfter. Verification by
comparisons with measured airframe nolse spectra have not been published for
the clean aircraft method and werc avallable for only a few cases for the
drag element method. A lengthler component analysis method was described in
Ref. U4 but its predictions were notf compared with data. For several air-
frame components, differences exist between the dominant nolise mechanicm
assumed by the drag element method, the component analysis method, and other
investigations.

This program was conducted to (Task I) identify airfrawe noise
generation mechanisms and sources, and develop botli a graphical method and a
digital computer program for predicting noise from each scurce, (Task II)
verify the resulting airframe noise model by comparing its predictions and
those of the NASA ANOPP airframe noise models with data for a wide range of
aircraft type and size, flight speed, flap and landing gear position, and
wing planform, (Task III) identify concepts for airframe noise reduction, and
(Task 1V) develop a program plan to verify empirically the assumed airframe
noisge generating mechanisms and potential suppression concepts. Results of
the first three Tasks are reported herein.




Symbol

A(M)

fmax

Ge,»Gy

h

2.0 SYMBOLS

Description
Reference area
Convective amplification factor defined by Eq. (A-1h)
Span of wing, horizontal tail, or vertical tail
Atmospheric speed of sound
Trailing edge flap gross chord
Landing gear wheel (tire) diamecer
Normalized directivity factor defined by Eq. (A-8)
One-third octave band center frequency, Hz

One-third octave band center frequency at which sound pressure
level is maximum, Hz

Empirical functions of Sirouhal number in Eqs. (11) through (20)
for landing gear noise

Empirical functions of Strouhal number in Egs. (21) through (28)
for trailing edge flap noise

Altitude

Length of landing gear strut exposed beneath wing or fuselage
Acoustic intensity

Meun square acoustic pressure

Acoustic power

Distance from alrplane to observer, evaluated at retarded time
Planiorm urea

Normalived one-third octave Lpectruwr function
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Symbol

ot

(O]

Description
Time
Airspeed
Root mean square normalized turbulence intensity
Sweepback angle at trailing edge
Trailing edge flap deflection, deg

Turbulent boundary layer thickness at wing trailing edge as
calculated for a flat piate

Azimuth angle in plane defined by fiight path and observer
position, evaluated at retarded time und measured from approach
direction

Kinematic viscosity of air
Atmospheric density

Direction angle from vertical plane through flight path,
evaluated at retarded time

Angular frequency

Subscripts

E

W

G

Edge noise

Fvaluated within one frequency bvand
Trailing edge flap

Landing gear noiuce

Lower

Lift flanetuation noise

Uppser

Wing (extended to centerline)

i
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3.0 DEVELOPMENT OF AIRFRAME NOISE PRENTCTION METHOD

3.1 Clean Wing and Tail Surfaces

3elel Overall Sound Pressure level

The basic concept of the method developed herein for clean airframes was
first presented in Fef. 5. An updated description is given here. Noise
radiation from clean airframes is assumed to be caused by convection of the
wing and tail turbulent boundary layers past the trailing edges of those sur-
faces. The resulting trailing edge noise radiaticn has been studied analyt-
ically (e.g., Refs. 6 and 7). Functional dependence given by those analyses
has been verified experimentally (Ref. 8). It is assumed that noise caused
by an upper-surface and a lower-surface boundary layer is randomly phased so
that separately calculated acoustic intensities can be directly added. Far-
field acoustic pressure then has the dependence

p2 ~a?@Bb/r8)Vvicos? Arg cos® b cos?(g/2) (1)

where o and 6 are the boundary layer turbulence intensity and scale length,
respectively. Maximam overall sound pressure level would occur in the fly-
over plane where sideline angle ¢ is zero and far-field distance r is related
to altituade b by

h=r sin 8 (2)

ok, M. oK. Approximate Prediction ot Airtrame Noise. Journsl ot
Airerart, Vol. 13, No.o 11, Nov. 1976, pp B43-H3h 0 Aloo, AlaA aper '[6,-570,
July 1y,

{0, . . . . . . . .

Clowes Wellbame, Jd. and Hell, Lo H.o: Aerodynamlce Sound Generation by
Turbulent Flow in the Vicinity of a Scattering Balt Plane. Journal of Fluid
Mechanien, Vod. B0, Part b, March LU0, pp 6L -6(0,

{(:Im::r:, Do M. Sount Radiated by Turbulent Flow Off o Rigad Hal@ Plane
an Obtained From o Wavevector Specetrum of Hydrodvnamic Pressuve. Journal of
Avonstient Boclety of Americn, Volo 500 Noo 4y Purt 0 Sept. a7, P 100 -

Tod,

Prok o Mo Koo Reperimento] Mviouaation of Theories tor Prai linge Fdpe and

P doree Pluctuation NHolaeo ATAA Jdournnl, Voi. Fa, Noo ITH, Nov. a7,

T R
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Also, most airplane wings have small trailing edge sweepback angles A 80
the dependence of far-field acoustic pressure on flight conditions and direc-
tion angle during a constant-altitude flyover is

02 ~ o2 (8b/h)v5sin?8 cos?(8/2) (3)

The angle from the approach horizontal direction, 8, is measured at the
retarded time (the time when the meusured sound had left the airframe).
Source motion effects are temporarily neglected because of the low subsonic
Mach numbers of interest. Maximum far-field acoustic pressure due to trail-
ing edge noise then occurs when this angle 1s approximately 71°, that is, 19°
before the trailing edge is overhead. Depending on flight Mach number, the
wing position when this maximum noise reaches the cbserver could be ahead or
behind the overhead direction. This result agrees with available data. In
contrast, if a 1ift dipole Adirectivity is assumed, maximum noise measured by
a fixed obuerver would leave the airframe at the overhead position and would
always reach the observer when the airframe was considerably past that
positicen. Such directivity has not been reported.

Next, it wie noted that turbulence intensity within a turbulent boundary
layer ia approximately independent. of Reyncoids namber for conditions typical
of aireratt wings. Boundary layer thickness varies with chord to the 0.8
pewer and velocity to the -0,2 power. For simplicity, those exponents were
approximated in Ret'c S by the closest integers. Far-field maximum acoustic
pressure wealid then be expected Lo be proportional to the product of wing
chord and span (Lhe wing area, ) divided by altitude squared, and to vary
with 'lyover velocity to the t3fth power.,

Thio approximation war checked by adjusting a large number of measured
max . overndl sound precssure levels us OASPL-10 1oy (5/h) and plotting
thic gqaantity apainst veloeity.  Anoupdated version of this compourison 1o
plven an Fipare Lotor sixteen aerodynamically clean sirtrames.  The data
from Table 2 ot Ref. 9 are levels for the idealized (smoothed) spectra rather
thate composibe (neturl ) spectra, This smoothing process was described in

Tt R PRy
.odnolate those effects dae solely to the peneral

Ket'so 9 aen intended Lo
aerodynioni e norne ravher than being peculiar to sny individual airceraft”,
Nojoe from the Peathered propellevs, ond low-frequency dround retlections,

woere the major rrvepubarities remeved trom most spectra. In the case of the

Hevrdy e o Mencdrement and Anaayoits of Alrerstt bar-Field

Acrodynnsie Noloe.  NASA CR-0377, Dee. tofh,

s et .
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Prue-2 seilplane, not only tones caused by laminar boundary layer instabllity
(Ref. 10) but the entire low-frequency part of the spectrum below 200 Hz had
been removed by the smoothing process. The resulting smoothed adjusied

levels for this airframe prcoobably are too low. In contrast, composite
(actuel) levels were used in the NASA ANOPP correlation given in Ref. L.

Data for the Cessna 150 from the Ref. 9 study are not shown in Figure 1
because that airfrawe had e fixed lending gear. Additional data shown by open
symbols were taken from Tables I and IIT of Ref. L. Only sbout half the
tabulated deta points for the Schweizer 2-32 sgailplane are plotted; the others
were dominated by laminar instability teones.

A1l Quata points plotted as open symbols were measured with microphones
mounted on posts or tripods 4 ft above the ground, as specified for noise
certification measurements conducted under FAR 36. Resulting one-third octave
spectra tend to be osclllatory at low frequencies because of sound wave can-
cellation and reinforcement. At higher frequencies the directly-radiated
flyover noise, and flyover noicse reflected from the ground to the microphone,
combine to give a8 measured level approximately 3 dB above directly-radiated
noise. OSpectrum irregularities cansed by phase differences between directly-
radiated and ground-reflectea waves can be eliminated by use of microphones
mournted fiush with the ground. For frequencies of practical interest, the
direct and reflected waves should be in phase, causing measured levels tn be
6 dB above directly-radiated noise. Airframe noise data published by NASA
Dryden Flight Research Center (e.g., Ref. 11) and Royal Aircraft Establishment
(Ref. 12) have been measured with flush-mounted microphones. These data,
decreased 3 dB to allow direct comparison with data measured for certification
purposes; are plotted in Figure 1 as solid symbols.

The data symbols generally fall within three groups. Adjusted OASPL for
two of the three high-performance sailplanes, the F-106B jet interceptor, and
the BAC 1-11 jet transport, are closely matched by a solid line given by

loFink, M. R.: Prediction of Airfeil Tone Frequencies. Journal of
Aircratt, Vol. 12, No. 2, Yeb. 197%, pp L18-120.

11Putnam, T. W., Lasagna, I'. L., and White, K. C.. Measurements and
Analyses of Alrcrafi Airframe Noise. Aeroacoustics: 537T0L Noise; Airframe and
Airfoil Noise, Vol. hb, Progress in Aeronautics and Astronautics, M.I.T,
Press, Cambridge, Mass., 1976, ¢ 363-378. Alsc, ATAA Paper 79-510, March 197%

J”F@1hney, oo An Experimental Study of Alrtrame Self-Noise. Aero-
neoustics s STOL Noisey, Rirframe and Airteil Noise, Vol. U9, DProgress in
Aercnant ics and Astronaatics, ML T. Press, Cambridee, Mann.,, 1376, pp 7=
Bovde Aleoy ALAA Paper (H-ubi, WMar. a7,
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OASPL =50 10g4(V/100kt) +1010g(5/h?) + 84 dB ()

Note that aspect ratio does not. occur in this equaticn, and vhat aspect ratio
for the Libelle and F-106B differ by a factor of more than ten. In contrast,
prediction equations given in Refs. 3 and ¢ include a varietion with aspect
ratio to the -2 and -b powers, resvectively.

Data for conventional low-speed aircraft such as three retractable-
landing-~gear propeller-driven aircraft of Ref. @ and the Schweizer 2-33
strut-braced training sailplane fall on a line 8 dB ubove that given by Eq.
(4). Also matched by this line are data for the Handlev Page HP 119 siender
delta~-wing research alrplane, which has small streamlined fixed landing gear,
This airplane has an aspect ratio of 0.9, gnd equations which predict a
dependence of nolse on induced drag or aspect vatio greatly overpredict (Ref.
12) its measured noise. Deta f{or Jet alrcraft generally lie between these
two curves. A reasonable prediction for business jets (JetStar and HS 129)
and larpe comaercial jets (B-747 and CV-990) is 4 dB above the level given by
Eq. ().

These aireraft and flipht conditions correspond to a factor of about 4Q
in Reynolds number and therefore s factor of twe in the ratio of flat plate
turbulent boundary layer thickness te wing chord. The calculation method for
noise of clean airframes as developed in this report assumes that the noise
intensity is proportional to the product of flat-plate turbulent boundary
layer thickness and wing span, as expressed in Eq. (3). This thickness was
calcnlated for a chord lenglh equal to the wing gross geometric chord (ratio
of grose wing area to gross wing span). This parameter was chosen because
these two quantities are more readily available than the wing mean aerodynamic
chord, expoced area, or evxposed span., Turbulent boundary layer thickneuss was
taken ag

Sw 0 37 (Sw/bwiVSw/byr) 02 (9)

Measured maximum flyover values of OASPL for the same data that were used in
Refs 1, but adjusted for a dependence on the producl of boundary layer thick-
Hennomy il wingn opan Ly divided by altitude rquare, are plotted in Fijuare 2,
Data cymbols for jet sireral’t are displaced hipher relative to the smaller

low-—apoeed aireratt., i occurs becanse the larper lce and hipher tlight

speed ot che et atrvlanes yields relatively Jarger Reynolds numbers and

smailer rations of boundary Jayer thicknes: to wing chord.  latn for wero-

dyneani cald ty clean high performance sailplanes can be approximated by
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OASPL= S0 log (V/I00 k1) +1010G(8ybw/h%) + 101.5d8 (6)

Data for conventional low-speed aircraft were 8 dB higher as before, bul data
for jet aircraft had an average value roughly 6 dB akove the line for aero-
dynamically clean sailplanes. Of course, tne ultimate test of this prediction
method i not the agreement with measured OASPL but the agreement between
predicted and measured spectra. The actual equation uged for calculaling
trailing edye noine is given in the discussion of directivity, afler the

dincunssion of spectrum shape.

Y. Dpeclream Shape Por Trailing Bdge Moioe

If the mojor noise generation mechanism for airframe norse of
aerodynanmically clean airtfrsmes is trailing edge noise, the spectrum shape
for alrframe noige chould be given by the existing solutions for trailing
edpe noise, A vcemiempirical equation {or normalized spectral density of
trailing edge noine from externally blown flaps was given as Bg. (12) of Ref.
3. Thin equation had been found to predicl the noise spectra of upper our-
Face blown flap:s for measurement directions, exhaust velocities, and frequency
ranges where such noise was not dominated by directly-radiated quadrupole
noive from the deflected jet. Converting from normalized spectral dengity and
vtrouhal number based on jet diameter to third-octave sound pressure level
sLE; /4 relative Lo overall sound pressure level OASPL and center frequency f

relative to the center frequency fax Which ylelds maximum SPLl/jy

SPLy/s — OASPLZI0 iog{o 6|3(f/fm0x)"z [(f/frnox)3/2+ 0 SJ 4} (7)

The speeteum shape given by this equation is compared in Fipure 3 with the
nondimensicnal alrframe noise spectrum recommended for use with the NAGCA
ANOPE T'otad Alrcratt Anslysis (Figure B of Ret'. 4). The two dotted curves

are bournrfarics of smoothed nondimencional spectra from twenty-eight flipghtn
of tive different airplanes tested by Healy (Ref. 9). The solid curve drawn

botween fhece boundaries was taken from Ref. b, The open symbols calculated

Proan Ba. (7)) ove withio Y18 of the ool id dada-uverape curve for frequency

l frodiction of Externally Blown Flap No'oe and furbo-
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ratics up to 8. At larger frequency ratios they decay less rapidly than the
data. The measured rapid spectrum decay &t large frequency ratios might be
a real property of the noise mechanism but more likely was caused by atmo-
spheric attenuation of the radiated flyover noise.

Thin ditficulty in predicting the measured spectra at large frequency
ratios had been encountered by Revell (Ref. 1h). His semiempirical drag
analysis withia the NASA ANOPP method (Ref. 4, pp 33-36) approximates the
normalized airframe noise spectrum shown in Figure 3 by four straight lines
multipiled by an exponential decay of mean square acoustic pressure. Without
that added decay, his equation for frequency ratios greater than b4 gives a
spechrum shape that varies inversely with frequency ratio squared. The
asymptote of Eq. (7) at large frequency ratios has the same variation.
Revell's correction factor can be expressed as an added term

2
ASPL|/3:"O-Ozl(f/fmox“l)|3/ loge (8)

Agreement with the solid curve in Figure 3 would be improved if approximately
3.5 times this correction were added to Eq. (7). The resuiting normalized

spectrum given by

. -4 13/2
SPL1/3 — 0ASPL: 10109 {0.613(1/fmax *[1f/fmax1¥2+0.5] * } ~0.03|(F/fmax -1 (9)

is shown in Figure 3 as solid symbols. They are within 0.1 dB of Eq. (7) for
frequency ratios less than 3 and closely approximate the measured spectrum
decay at large frequency ratios. For far-field distances much different
from 500 ft, use of tabulated atmospheric attenuation properties rather than
this simple approximation is recommended.

The nondimensional spectrum given by Eq. (9) should be vaiid only for an
untapered (constant-chord) wing. To determine the effect of wing taper ratio
on cpectrum shape, this equation was applied to calculating the acouctic

)

Frevell » Jo Do, Healy, G. J., and Gibson, J. S.: Methods for the
Prediction of Alrframe Aerodynumic Noise, Aercdcoustics: Acoustic Wake
Propapation; Aircraft Nolse Prediction; Acroacoustic Instrumentation, Vol. b6,

Progres:s 1o Acronautics and Astronautics, M1, Press, Cambridge, Mass., L7,

ppo139-1%h. Also, ALAA Paper 79-93%9, Mar. 1979.
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spectrum from each of a luarge number of spanwise segments comprising tlapered
wings. Speclra were calculated for wings having the same mean geometric
chord (ratio of wing area to wing gpan) and £light conditions. Resulting
nondimensional spectre are plotted in Figure Ik for taper ratios of O, l/h,
and L. The spectrum for a taper ratio of l/U was within 1.2 dB of that for a
taper ratio of 1. The spectrum for a taper ratio of 1/2 (not shown) was
within O.4 d3 of that for & taper ratio of 1. In contrast, the spectrum
calculated for zero taper ratio was about 3 dB higher at very iow freguencies,
. 1.2 dB lower at maximum-smplitude frequency, and more than 8 dB higher at
very high frequencies. Maximum amplitude occurred within the same one-third-
octave band for all taper ratios. However, the calcunlated maximum amplitude
decreased as taper ratio was decreased. This occuarred because the frquency
was far below the tip region's maximum-amplitude freguercy. At large
frequencies relative to the maximum-amplitude frequency, some portion of the
tip region was at its local frequency for maximum amplitude and therefore
radiated more roise than the large-chord inboard regions. Because few civil
airecraft have taper ratios less than 1/, the nondimensional spectrum calcu-
lated from Eq. (9) will be assumed to apply for all taper ratios.

Use of a calculated flat-plate boundary layer thickness corresponds to
the assumption that the wing upper surface and lower surface boundary layers
are unaffected by wing lift coefficient. To examine the effect of 1ift
coefficient, boundary layer properties were calculated for a typical business-
jet airfoil section, chord length, and approach speed. The airfoil pressure
distribution had a leading edge suction peak on the upper surface at 1ift
coetficients larger than 0.6 and on the lower surface at 1lift coefficlients
less than 0.2. Increasing the 1ift coefficient in the range between 0.2 and
0.6 caused a small increase cf upper surface boundary layer thickness and a
gmall decrease on the lower surface. Resulting calculated amplitudes and
spectrum shapes were essentially independent of lift coefficient., A further
increase of lift coefficient to 0.8 caused a relatively larger incr.ase of
upper surface boundary layer thickness. Calculated CASPL and low-frequency
noice were increased asbout 2 dB, but the spectrum at higher frequencies varied
less than 1 dB for the range of 1lirt coefficients from 0.2 to 0.8. This
range covers the low-speed flight conditions of practical interest for air-
craft with leading-edge and trailing-edge high-1ift devices retracted.
Therefore the effect of Litt coefficient was neglected in further calcula-

Lions.,

By trial and error, it was lound that the meacured spectra tabulated in
Ref's 9 were matched by Eq. (0) if the peak frequaency was takon as O] times
tue ratio of velocity bo boundary layer thickness.  That is, peak Stroubal

number was taken ao . referenced to the thickness calcealated from g, (‘,),

v U T




3.1.3 Directivity

Airframe nolse directivity in the flyover plan has been measured at
Douglas Aircraft Co. for the DC-10 aireraft {Ref. 15). Special acoustic
treatment was used with the high bypass ratio turbofan engines to reduce
engine noise belew the airframe noise. Acouctic data were corrected for the
variation of far-field radial distance with direction angle; distance and
angle were evaluated at the retarded time. The resulting measured variation
of distance-adjusted OASPL with angle for a clean DC-10 aircraft was compared
in Figures 17 and 18 of Ref. 15 with two analytical models. These figures
are reproduced in ¥Vigure 5 herein. A 1lift dipcle without convection amplifi-
cation, as used in the drag element methed of Ref., 1h, metches the data
betweenr. about GOY and 110Y angles from the apprcach horizontal direction.
Adding the source motion effect, as 1z done in the NASA ANOFP version of that
method, improves apreement at smaller angles but worsens the agreement at
larger angles. The directivity function for trailing edge nolse, without
source motion, matches the data within 5 4B for all angles less than 140V,
Convective amplification worsens the agreement. It was concluded in Ref. 15
that a combination of a lift dipole, 4 dresg dipole which is correlated with
the 1ift dipole, and an uncorrelated drag dipole (all with convective amplifi-
cation) gave the best fit to measured directivity. No method was given for
generalizing the relative strengths and phasings of these dipoles.

Adjusted OASPL directivity data for several f{lights of the clean DC-10
airframe hed also been given in Figure 1k of Ref. 16. These data are compared
in Figure 6 with the directivity precdicted for trailing edge noise without
convective amplification. This prediction closely matches the data for these
three flights. The convective amplification effect on trailing edge noise
directivity therefore was omitted from the method presented herein. However,
tha convective effect on frequency (Doppler shift) was included.

Airframe flyover noise for aircraft in the clean configuration should be
a sum of trailing edege noise from the wing and horivzontal tril. VFor typical
rat.ios of tall area to wing area, the resulting total ajirframe noise should
be 0.9 to 1 dB greater than OAUSPL from the wing. However, calculated peak
frequency of horizontal teil noise in larger than that for wing noise. Thus
the portion of the calculated spectrum which is heavily weighted in predicting
annoyance-weipghted nolie was almost equally sffected by noise from the wing
and norizontal tail. 1t wao found that measured spectra were best predicted

Munson, AL Go:r A Modering Approach to Nonpropulsive Nolse. ATAA
Paper f6-4520 0 July 1970,

“ﬂ’vm‘.lwy, R, oo heesnt Advances o Uhe Pechnolopy of Alreratt Noloe

Contrael . dJournal of Alreratt, Voi. L, Koo 7, July 19376, pp Si3-514,
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by assuming that wing OASPL was 2 dB lower than the values that would match
the solid lines on Figure 2 for total airframe OASPL. Including the direc-
tivity effect, OASPL for the wing was therefore taken as

OASPL w =5010G(V/100kt) +1010g (Swbw /h?) + B(ND) +10l0g (cos¢ sin 8 cos 6/2)% +104.3ds (10)

Here, ND is set equal to cne for conventional-construction low subsonic speed
aircraft and for aircraft which have extensive trailing edge flap track
shields. It is set equal to zero for aercdynamically clean aircraft such as
high-performance sailplanes and for Jjet aircraft that have relatively simple
trailing edge flaps. Horizontal tail OASPL is obtained by replacing the wing
span and boundary layer thickness by values for the horizontal tail.

This difference between noise from an aerodynamically clean sailplane
and a conventional airplane with retracted slats, flaps, and landing gear also
occurs in Revell's Drag Element Method (Ref. 14}, In that method, OASPL
usually 1s dominated by the calculated wing profile drag noise. Mean square
acouscie pressure for such noise in predicted by that method to vary with wing
profile drag coet'ficient cubed. This coefficient can be about half as lurge
for & sailplane wing as for a conventional low-speed wirplane wing. Thus the
alvframe noise caleulated by the method of Ref. Ih can vary within about 9 dB,
depending on an arbitrary estimate of aercdynamic cleanness. The method given
herein uses an arbitrary cholce of either the lower or upper extreme of thig
range .

Traitting odpe noise from the vertical tail 1o radisted toward the side-
ines and decreases Lo vero intensily in the flyover plane.  Amplitude of
this noise is obtuined by replacing the wing properties in By, (10) by those
ot the verticol tull and replacing the directivity term cos ¢ by sind,  How~
cver, the peair frequency used in bhe lasi tern of By. (O) for calealating w,
approximation to stmospheric attenmmtion is the peak requency of wing trail -

iy edpe noise,

tne poorly anderstoed teature in some of the published spectra has been
the presence off o moderate-trequency broadbant peak which does oot ehsaagne
Prequeney an Ulight cpeed o variceds This pesk cecnrs inoa trequency rigyge

S ctrany s ine neice Prom o the vdb g tarbodet o or tarbotag encines . By ine

ot e cheanld ot vy wWith clde i arg b whin b wing e rnted ot e shoag b
vary with conine coprired o chie vl e from the Piyvever plane s Calonlated
verticest tab b oeedoe br bow enongh oo b e bected tor this compariaon, Theoe
voertations o may o expliain the cotelione hirectivity recnlt chown by NASA o




Figure 9 of Ref. 17 for the Lcckheed JetStar and by RAE in Figure 2b of

Ref. 12 for the Vickers V£ 10. From both sets of CASPL data, it was concluded
that sideline noise of a clean airframe varies only inversely with radius
squared, without an additional dependence on sideline angle. Unpuablished
NASA sideline nolse measurements for the Convair 990 ir the clean configura-
tion (run 3, 314 knots) were obtained for detailed examination. These data
include spectra measured at intervals of 0.1 to 0.2 sec on a line perpendicu-
lar to the flight path, at sideline distances to 1476 ft, for a relatively
low-altitude (230 ft) flight. For the following analysis, the time at which
the airplane pasgsed the instrumentation line was back-figured from direction
angles meacsured at the nominal flyover position. Acoustic travel times to
each microphone were added to this time, and measured spectra were examined
for the retarded time at which the Doppler effect on frequency was closent

to zero.

Resnlting variations of overall sound pressure level, and one-third
octave sound pressure level: al 200 and 1600 Hz center frequencies, with
sideline distance are plolted in Fipure 7. Also shown are variations that
would be expected Yor acoustic radiation from a horizontal surfacs and for a
variation inversely with radial distance buot independent of sideline angle.
Notice that for the lower trequency, where airirame noige should greatly
exceed enpine noise, the rapid decreace predicted for surface-radiated noise
did occur.  CALDPL, and thie hirher-treguency noise attributed here to engine
noise, mutched the smaller predicted decay rate, Alrtrame noise piven by the
anil ysls developed unaer this contract therefore uses the theoretically-
predicted variation with sideline angle rather than Lhe slower decreage
indicated by the data of Ret's. 12 and 17.

.0 Nod oo Component. Method

Ax was tndieated o oprevions sections, the method developed herein dnoan
airirame noise component method,  That 1o, noise radiation trom indi sidund
pertions: o the airirane 1o calealoted without repavd for other nolse sources,
This viewpoint that the ceveral noine sources o not interact had been used
in both the dray ctement metho! (Rets o) Al the canponent analysis met hosd

(Rev. WYL Baeh oeioe component s coomamed hercin to be piven by whatever

deroacoustic mechaniasm, veloceily dpemde nee, divectivity, and spectrum seems
Corbe appropriate. Thic approach aloo wee uned in the component. analynic
method,  Tn conteast, the drage element method had ot tribated all componenty
O Hir T one nod e o eccentinlly the crme mecobriniom o co o that sl bl the same
Funct ions . deperddence el norme b e b cpect v,
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The individual noise-radiating alrframe components represented by the
method developed herein are sketched in Figure 8. Noise from the clean wing,
horizontal tail, and vertical tall were previously discussed., Noise contri-
butiorg from tne nose landing gear and main landing gear are calculated
separately because generally each has a different size and therefore s dif-
ferent peak frequency. Noise from the trailing edge flaprs is calculated
independent of whether the landing gear are extended or retracted. As pointed
out in Ref'. 4, this would seem to be a questionable assumption. Extending
the landing gear generates turbulence from the wheels, struts, and open
cavities. This turbulence is convected past the trailing edge flaps and would
be expected to generate incidence fluctuation noise. This type of inter-
action noise could be calculated if the intensity, scale length, and lateral
extent of the landing gear turbulent wake was known., Noise from leading edge
slats was found tc be most easily represented as a sum of noise from the slat
itself plus increased trailing edge noise from the wing. This was the one
noise component for which an interaction had to be included in the calcula-

tions described herein.

The assumed absence of interactions between various noise ccmponents can
be checked by comparing measured flyover nolse spectra, at constant &irspeed,
for an airframe with components extended Individually and ir combination.
Flights of this type had been conducted for the Vickers VC 10 jet transport
at 600 ft altitude and approximately 160 knots aircpeed (Ref. 12). Tabulated
one-third octave spectra for these flyovers were obtained from the RAE., The
spectrum measured for the clean airframe with idling engines was logarithmic-
ally subtracted from those for the airframe with only the leading edge slats
extended, only the landing gear extended and wheel-well docors closed, and
only the trailing edge flaps at 45° deflection. Resulting noise incremerts
from each of these components are plotted in Figure 9. Also plotted us a
solid line is the logarithmic sum of measured noise for the clean airframe

and thore three noise increments. Thigs experimental prediction of total air-
frame noise in the approach configuration is seen to be in excellent agree-
ment with the measured spectrum for the approach configuratica, up to LO0D Hz
center treguency. The comparison shown in Figure 9 therefore validates the
wse of &4 neise component method in which no interaction occurg between noise
from landing gear, trailing edge high-1ift devices, and leadin,, edge high -
lift devices.

3.3 Lunding Gear Noise

Noise from extended landing pear has been investiputed experimentully
at. DFVLR (Ref. 18). TFrom a comparison of relative dimensions for nonre pear
and main pear of several jet transports, lhey fcund that the ratics of gtruat

{ N . . - . . . P -
H'Ht‘.‘i.l("r‘, H. H., and Dobr-yncki, W, MH.: Sonnd Radiation From firceraeft

Wheel -Well /Landing Gear Configurations. AIAA Paper 76-.52, July 1976,
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diameter, exposed strut length, wheel lateral spacing, and wheel width to
wheel diameter were fairly constant. Test models therefore consisted of a
two-wheel configuretion typical of nose gear for large airplanes and main
gear for moderate-size airplanes, and a four-wheel conflguratior typical of
the main gear for large airplanes. By testing several compnnents separately,
it was found that the strong tones and higher-frequency broadband rioise
radiated by an igolated landing-gear cavity were greatly suppressed by the
presence of bluff-bedy landing gear. Also, most of the noise was found to be
assoclated with the struts, drag braces, and actuators rather than the wheels
themselves. Use of these measured spectra scaled as expected for dipole
noise was found to predict the measured landing gear noise spectra for the
JetStar, Hawker Siddley HS 125, and Vickers VC 10 airplanes and to over-
predict that for the British Aircraft Corp. BAC 1-1l. -

Free-field spectra were given only for different azimuthal angles in a
plane perpendicular to the flight direction. Spectra for the two-wheel land-
ing gear models in the flyover and sideline positions, and hSO tetween them,
were given in Figure 7 of Ref. 18. These spectra are ploited in the upper
lef't portion of Figure 10. They appear to be the sum of one noise process
that is independent of azimuth angle and another that varies with sine
=quared of the angle from the flyover plane. Fluctuations of side force on
the cylindrical strut are Jikely to be the cause of the second noise process.
These curves were approximated by the arbitrary empirical equation

SPL:60 0g(V/194 ki) + 20 10g(D/r)+10169(10%+10°%2) (11)
where Gf|3+!og4.sﬁD/v12®2.5+wa/vF]—225 (12)
Gy 13 +log 2(fD/V)° [30 + (fo/V)a] "(0.34H/D) sin2¢ (13)

and the normalizing velocity 194 kt is equal to 100 m/sec. Spectra calculated
by this equation are shown in the remainder of Figure 10 to match the data
within about 1 dB. Tne ratio of exposed strut length H to wheel diameter D

is included in the sideline noise term to sllow prediction of noise from long-
strut nose landing gear and short-strut tail wheels. By numerical integra-
tion of Bq. {11)

0ASPI= 60l0g(V/ 194kt +20I0g(D/n +:0l0g(10'? 52 +1063) (14)
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where G3:12.79 +103(0.34 H/D) sin2¢ (15)

These equations can be generalized for landing gear having either one or two
wheels by arbitrarily taking the nonsideline intensity for a one-wheel land-
ing gear as half of that for a two-wheel landing gear. That is, 0.3 is
subtracted from Gy, and from the exponent 12.52 in Eq. (12), if a landing
gear has oune rather than two wheels.

Spectra for the four-wheel main landing gear models, taken from Figure
10 of Ref. 18, are plotted in the upper left portion of Figure 1l. These
spectra were arbitrarily fitted by the sum of one term which was independent
of azimuth angle and another which corresponds to a fluctuating side force.
The spectrum for this sideline-directed noise was flatter and weaker than
that for sideline noise from two-wheel landing gear. Spectra calculated from
the empirical equations

SPL:6010g (V/194 kt)+ 2010g (D/r) +1010g (1084 + 10°9) (16)
64:12+=og<fD/V)2[o 4+(fD/V)"3J"6 (17)
65:{2+ log 7(fD/v)3[l 06 +(fD/v)2]“3} sin< ¢ (18)

are compared with the measured spectra in the remainder of Fipure J1. Overalid
sound pressure level is gliven by

0ASPL6010G(v/194 k1) + 2010g(D/r) + 1010g(I0'2 7 +1053) (1)

Calculated spectra for noise radiated from four-wheel lunding jens are com-

pared in Figuren 17 and 13 with the noise increment coused by extended Janding
pear on the Vicrers VC 10O and with noise of the Boeing 7hy with jear extended.,
Spectra calculated from Eqo. (V6) and (17) are plotted as solid lines.  HNoise

ampli tude 15 overpredicted at low frequencies and markedly underpredicted ot
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high frequencies. It was observed that the low-frequency portion of the data
was closely predicted by use of Egs. (11) and (12) for two-wheel landing gear,
but the measured high-frequency decay was much smaller. ‘he function G4 given

by Eq. (17) therefore was replaced by

-5
Ga 12 + 109 O.G(fD/V)a[H0.25(fD/v)2] (20)

which has essentially no effect on Eq. (19) for OASPL. The resulting calcu-
lated spectra, shown in Figures 12 and 13 as dash lines, generally match the
oscillatory spectra. The high-frequency decay term calculated from Eq. (3),
which approximates atmospheric attenuation, should be added to these calcula-
ted spectra to obtain a closer match to data such as that of Figure 13 at
high frequency.

3.t Trailing Edge Flap Noise

Noigse radiation from trailing edge flaps had beenrepresented by the NASA
ANOFP noise component analysis (Ref. 4, p. 47) as the separately calculated
trailing edge noise from each flap segment. The drag element method (Ref. 1h)
represents this noise as a4 sum of two components. One is proportional to flap
protile drapg coefficient squared and is associated with wake turbulence. The
other component, assoclated with the wing and flap trailing vortex system, is
proportional to induced drag coefficient cubed. The nprediction method
developed herein regards the flap panels as being immersed in the turbulent
wake of the wing and upstream Clap segments. Flap noise thus is assumed to
pe 1ift fluctuation noise caused by incident turbulence. Such noise could
be predicted explicitly if the turbulence spectrum, scale length, and
intengity were known. Because this information is not known, an empirical

approach was used,

Noise opectra penerated by incident turbulence at low and moderate
cubsonic f1ight speeds should coalesce it the amplitude and frequency scales
are properly adjucsted.  For convenience, flap ncise was arbitrarily assumed
to be independent. of the numoer of chordwise flap segments. Amplitude should
vary directly with flap area, inversely with far-field distance squared, and
directly with light speed to the sixth power. Frequency should be scaled an
a trouhal numter relative Lo flap total chord. Here, fiap chord was taken
a: the ratio of total trailing edpe flep area (usually known for each air-
plane) to flap span as acaled from a three-view sketch of the airplane. Noise
spectra duee to tap deflection were obtained from the datu of Ref. 12 for the
Vicker: VO 10 at 09, {HU, and 4o" flap deflection, and the data of Retf, 11
for the Boeing Wy at oo tiap deflection, the Convair 990 at 369 flap
detlection, andt the Lockheed Jetitar at 909 flap detflection., The VC 10 and




747 have triple-slotted flaps; the other two airplanes have dcuble-slotted
flaps. For the VC 10 and CV 990, the measured gpectra for the clean air-
frame with engines at flight idle were subiracted from spectra measured with
flaps deflected. This procedure neglects the fact that clean-airf{rame noise
from the undeflected portion of the wing will be somewhat smaller than noise
radiated by the entire clean wing. The pcrtion of the VC 10 spectra near
1600 Hz center frequency was not included because of large contributions from
engine noise at fan blade passing frequency. The CV 990 spectra were not
analyzed beyond 4OOC Hz btecause the difference between spectra with flaps
extended and retracted then decreased below 1 dB., Spectra were not available
for the JetStar in these two configurations and nearly the same flight speed.
A spectrum for the clean airframe was scaled to the flaps-extended flight
speed, assuming an amplitude dependence on veiocity tn the fif'th power and
either Strouhal scaling of frequency directly with velocity or (Ref. 11) no
variation of frequency with velocity. The resulting levels never were closer
than 6 dB belcow the flaps-deflected spectrum and generslly were at least 10 dB
below it. Therefore the JetStar spectrum with flaps deflected was completely

attributed to trailing edge flap noise.

Spectra also were avallable from Ref., 17 for the Aero Commander Shrike
with landing gear extended and the trailing edge flaps either deflected or
retracted, at constant alrspeed and altitude. Below 250 Hz center frequency,
deflecting the flaps decreazed the apparent landing-gear cavity tone and
therefore reduced the noise. At larger frequencies the measured noise
increase caused by flap deflsction was only about 2 dB. ‘lhe resulting noine
due to flap deflection is inherently much less accurate than the other flap

noise spectra.

Amplituedes of the resulting adjusted spectra were found to increare
witbh increasing flap deflectiou. This increase seemed to be much less rapid
than that given by the drap element method (Ref. 14). Tn that method, trail-
ing edge tlap noise at constant airspeed and lift coefficient 1 predicted to
vary with flap profile drap coeftficient. ngquared. Flap drar coeftficient voarie:
approximately with tlap detlection to the second or Uhirt power. Theretore,
the drapy otement method predicts that Clap nolse intensity varien with flap
detlection to about the Pit'th power. The compursison of measured spectra
seemed Lo vary roughly with sine squared ot the flap deflection angle,

The venatting amplitude-adjusied and frequency-adjusted spectra for
maximum Ulyover noise caused by trailing edye flaps are plotted in Figare 1,
The speetra penerally spreed at low Stroohal numbers.  However, the hiph-
frequency break point occurred al larper Dtroohal numbers tor triple-nlotten
Plups than tor simpler tlaps, This spectrum shape, having npradoad decay ot
moderate Strovhal numbers and oan abrapt change Lo approzimitely inverse Sres
quency cubed at o high Stroohad numbers, s typieal (Ret. 85 o8 ncioe pootiated
rom airtoils in turbulent tlow.  Aconstic noncompuctnes: (acoustic wave -

fernpth becoming smaller than the airtoil] (.‘h(:;rd) cauner the rapil decay of
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noise radiation at high frequencies. The observed spectra would be expected
if double-slotted flaps have two flap segments of roughly equal chord, and
triple-slotted flaps have a small-chord vane followed by two larger flap
segments.

Directivity was arbitrarily assumed to be that for a 1ift dipole normal
to the deflected flap. For steady level flight, the combination of inverse-
square dependence on far-field distance and the deflected llft dipole
directivity causes the flyover noise to vary with sin® @ smC (0+0F), where
8p is the flap deflection angle. It can be shown that this quantity is
largest for a retarded-time angle 6 equal to 900-8F/2. That i¢, the noise
which will be measured as maximum flyover noise leavegs the trailing-edge flaps
before they pass over the observer. The resulting one-third octave spectrum
cdue to deflection of trailing edge flaps, decreased 3 dB for compariscn with
data from post-mounted rather than ground-board microphones, were arbitrarily
approximated by straight lines in Figure 14. 1ne result becomes

OASPL:112.0 +10 log (S¢ Sin® 8F/h?) + 60 10g{V/ 100kt) + 2o|og[sm€ cos2dsin(@+3g) (21)

for singie- and doatle-slolted flaps, and 1.0 dB mere for triple-alotted Claps.

SvL;1661+w0kxuSFstSF/h2»+6wkxNVAOOkt)+ golog[gn9c0g2¢gm(y+gFﬂ (»0)

where va 99 () + ‘O\()Q(fVF /\/)_ f(.r- FAYES 2 (e )
Gg: 103 82~ 6log (feg / V), 25 fi g /Ve 20 (.l

Gg 13504 ~ 30log(f, /v) 20 ¢ fig /v ()

Por darg e aond donbide closted oo, andd




Gy-99.0 +10 Iog(ch/V). fc./v<e2

Gr7102 &1 — 2log{fc /V), 22 fC /V<75 (e7)

G7:155.1-3010q(fce /V), 75<fce /v (28)

for triple-slotted flaps.

The assumed simple variation of trailing edge flap noise awplitude on
sine squared of the deflection angle can be Illustrated by use of the measured
spectra for the Vickers VC 10 aircraft (Ret'. 12). Spectra are plctted in
Figure 15a for the clean airframe with flaps i1elracted and for 20°, 350, and
Ls® flap deflection angles. These spectra include 6 dB increase above free
fleld. Noise increments caused by flap deflection were determined by
logarithmic subtraction of the flaps-retracted spectrum. Thege increments
are plotted in Figure 15b for the three flap engles. DNext, the quantity
20 log sinSF was subtracted froum each spectrum to account for the effect of
flap deflection on noise amplitude. The small gunantity 20 log cous (8F/2)
also wan subiracted to account for tie forward rotation of tlap noise direc-
tivity. The resulting three deflection-adjusted spectra are plotted in
Figure 15c. Data symbols for all tnree flap angles are intermixed and
generally are coalesced by this adjistment. Also shown is the -mpirical
curve from Figure 14 for triple-slotted flaps. The spectra are generally in
good agreement with this curve. Worst agreement occurred at frequencies near
2500 Hz, the fan blade pasusing frequency. This comparison validates Lhe
assumption that trailing edge flap noise varies with sinre squered of the flap
deflectiorn angle.

3.5 Teading BEdge Dlat and 1Map Noige

Leading edge slats would be expected to causrs noise by three processes.
Trailing edge noise would be caused by the siat boundary layer as ft flows
past the slat ‘railing =2dge.  Bluff-body noise would be generated by nigh-
speed airflow past exposed actuators and ‘racks protruding through the slat
gap. In addition, the wirnys upper-surface boundary layer thickness and Lurbu-
lenze intensity would be changed by the slat wake. Only Lwo nets of data weve
available for examining sint noine Flyover nnise had been measured with the
Viekers VO 10 wircraft (Ref. 1) with and wituoul leading edie slatg deployed.
Slats increased OAUPL by about & AP at constant altitude, airspeed, and engine
setting. Noise data for a wind tennel model of the Booing (WY were reported
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in Ret. 19. Ailrframe noise for the clean configuration could not be

detected above the tunnel background nolse. Extending the leading edge flaps
raised the airframe noise to detectable levels. Whsn a gap existed betweeq
the leading edge fleps and the wing, the configuration resembled a leading
edge slat.. This slat configuration was about 3 dRB louder at all frequencies
than the model with gap s~aled. A general compariscon with noise data for the
full -scale aircratt was shown, but absolute Levels were not given. Comparing
the spectra shown in Figures 12 and 13 of Ref. 19, it is apparent that noise
from leading edge high-1ift devices does not extend to frequencies as high as
those for trailing edge flap uioise.

Because of the absence of dewailed data and low levels of leading edge
slat and flap noise relative to treiling edge flsp noise, a gimple approxi-
mation was used. Leading edge flaps deflected to an angle appropriate for
the 2ircraft 1ift coefficient have been assumed to raise the wing noise to
that from Eq. (10) with ND equal to one, and to generate no additional noise.
Of course, use of highly deflected leading edge flaps at low lift ccefficients
in an early part of descent can increase ithe noise. At that flight condition
the airspeed is high, lift coefficient is low, and separated flow can occur
on the lower csurface of a leading edge flap.

The one-third octave spectrum of the measured noise increase causer by
VC 10 slat deployment. (Ref. 12) is plotied in Figure 16. Also shown are the
measured engine rnoise spectrum, the increment between that and the clean-air-
craft flycver noise, and a prediction of that noise by the method developed
herein. Measured levels shown are 3 dB lower than the original data tuxken
with flush microphones. For most of the frequency range, engine noise and
clean-aircraft noise increment were less than 3 dB apart. Clean-airframe
noise was pradicted to have neak amplitude within the one-third octave band
centered at 12% Hz. It is possible that the higher-frequeacy noise increment
attributed to the clean aircraft was actually produced by the engine. If 5o,
then the peak frequency for slat noise was higher than that for noise of the
clean airframe. The calculated amplitudes shown in this figure are for con-
ventional low-upeed eircraft with an OASPL 8 dB above that given by Eq. (6).

Slat ncise was approximated as the sum of two spectra, each having the
normalized spectrum shape appropriate for trailing edge noise. Leading edge
slats typically have a chord about 15% of the wing chord. Peak frequency or
slat trailing edge noise should “hen be 0.15‘0' or about 4.56 times that for
thie wing noise. Measured slat noise for the VC 10 was appreximately matched
between 319 and 1A00 Hz if amplitude of this peak of slat noise was taken to

¢

I)Shearin, J. i., Fratello, D. J., Bohn, A, J., and Burggraf, W, D.:
Model and lFuil-beale larpe MTranspert Airtrame Noise. AIAA Paper T6-550,
July 1976,
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be 3 4B above that for the clean wing. The low-frequency portion of the slat
noise spectrum was then matched by assuming that the slat also produced an
increment of wing trailing edge noise 3 dB above the clean-wing noise. The
resulting presentation of the slat noise spectrum, plotted in Figure 16,

gives a general approximation tc those data on which it was based. Rather
than represent the high-frequency portion of this spectrum as having an
intensity proportional tc slat area, all slats are assumed to have roughly the
same ratios of slat area to wing area and slat chord to wing chord. Thus the
only geometric parameters used in calculating slat noise were those for the

wing.

3.6 Graphical Method

A graphical method was developed for predicting airframe noise. Predicted
levels are 3 dB above free field, as with measurements conducted for noise
certification purposes as described in FAR 36.  This method neglects all
source motion effects (convective amplification and Doppler shifts) on noise
measured by a fixed observer. Figures are presented for determining OASPL. and
normalized spectrum for various noise components of airframes flying at 500 ft
altitude in a sea-level standard atmosphere. The change of noise amplitude
caused by flight at other altitudes ig given by an inverse dependence on
altitude sguared., The resulting correction in decibels is plotted in Figure
17 ftor the range from 1CO ft to 2000 ft altitude.

3.6.1 Clean Airframe

Maximum overall sound pressure level for clean configurations was
approximated by neglecting the effect of wing aspect rutio and assuming an
arbitrary ratio of horizontal tail area to wing area. The maximum flyover
OCASPUL for a very clean airframe (sailplane, supersonic transport, subsonic
jet transport without external flap track fairings) can be determined from
Figure 18 as a function of wing area and tlight velovity. For conventional
supsonic propeiler-driven sirframes and for Jet transports with numerous
large trailing edge flap track fairings, add 8 dB to these levels.

Spectrum of cleen-airframe noise is a function of the flat-piate turbu-
ient boundary layer thickness at the wing trailing edge. This guantity can be
obtained from Fipure 19 as a function of flight velocity and wing mean
gecmetric chord. The wing mean geometric chord is che ratio of gross wing
area to total wing span (equivalent to thne square rcot I the ratio of gross
wing area to wing acpect ratio). For each one~third octave center frequency,
the nondimensional Strouhal number must be calculated. Thin is the product
of center frequency (Hz) and boundary layer thickness (ft) obtained from
Mpure 19, divided by flight velozity in Yt/:ec (1.69 times flight velocity,

RN TSR P e i R it & i i i - " . ! o .
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knots). The amount by which the one-third octave sound pressure level of that
center frequency is less than OASPL is given by the normalized spectrum
labeled Clean Wing in Pigure 20.

3.6.2 Leading Edge Devices

Leading edge flaps are assumed to raise OASPL to that for & conventional
low-subsonic-speed clean wing, 8 dB above that given by Figure 18. Normalized
spectrum is given by the Clean Wing spectrum of Figure 20.

Leading edge slats are assumed to raise the wing OASPL to that for a
conventional low-subsonic-speed clean wing. Also, they are assumed to gener-
ate a noise increment 6 dB larger than that for the low-subsonic clean wing.
The normalized spectrum of this nolse increment relative to OASPI, of the low-
subsonic clean wing is given by the curve in Figure 20 labeled Leading Edge
Slat.

3.6.3 Trailing Fdge Flaps

Maximum flyover OQASPL for the noise increment caused by trailing edge
flaps is obtained from two figures. OASPL amplitude due to flight velocity
and trailing edge flap area is obtained from Figure 21. This quantity must be
decreased by the adjustment for flap deflection angle given in Figure 22.
Deflection angle affects both the flap noise amplitude and directivity, so
maximum flyover noise is predicted to occur near 70° rather than at 90° flap
deflection. These values of flap OASPL are independent of the type of flap.
However, the normalized spectrum shape for trailing edge tlap noise (Figure
23) is different for triple-slotted flaps. Note that Strouhal number for
trailing edge flaps isreferenced to the total flap chord (ratio of flap plan-
form area to flap span as scaled from a top or bottom view of the wing plan-
form).

J.6.0 Landing Gear

Maximum OASPL, for flyover cf a pair of two-wheel or four-wheel main
landing gear ausemblies cean be obtained from Figure 24 in terms of the tire
diameter and tlight velocity. These values should be decreased 3 dB for
aircratt which have a one-wheel main landing gear. They should then be
increased in proportion to the total number of main landing gear on an air-
craft (3 dB for four main gear as on some wide-body jet transperts). Noise
from the nose landing gear can be neglected relative to that from the main
gear. Normalized one-third octave spectrum, which is different. for four-wheel
gear thuan for one- or two-wheel gear, zan be obtained from Figure 29,

!




3.6.5 Annoyance-Weighted Noise lLevels

Variations of calculated A-weighted ncise level (AB(A)) and perceived
noise level (PNL) with overall sound pressure level, as determined by the
noise component methed for a range of test cases, are plotted in Figure 26.

As a rule of thumb, it seems reasonable to approximete airframe noise dB(A)

as 4.6 dB less than OASPL with a standard deviation of 1.2 dB and PNL as 7..
dB more than QASPL with a standard deviation of 2.1 dB. A more accurate pre-
diction would be obtained by (1) use of the preceding method to calculate the
spectrum for each noise component, (2) adding these spectra logarithmically to
obtain the aircraft noise spectrum for the particular configuration, and

(3) calculating dB(A) and PNL by standard methods.
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4.0 NASA ANOFP METHODS

Two NASA Aircrart Noise Prediction Frogrem (ANOPP) methods for
caleulating aivfrane noise were obtained from NASA within one computer pro-
gram. Option 1 uf that computer program is the total aireraft noise method
developed by Hardin (Ref. h) for clean airframes. It was derived from a
resression analysis of measured peek OASPL for selected aircraft flyovers.
Mesn syuaure acoustic pressure was assumeda tn vary inversely with distence
squaved. Exponents f£nr velocity, wing erree, wing aspect ratio, and gross
weight were determined whica minimize the rms error. The data base did not
include any jet aircraft cther than vhe C-58. This method was shown in Ref., 5
to undercstimate OASPL of business jets by about 8 dB and low aspect ratio
delia-wing aircraft by about 20 dB. Comparisons between measured and calcu-
lated spectira for this method had not been published.

Optic s 2 through 8 of the NASA-supplied computer program calculste air-
frame no.se from seven components as given by Revell's drag element method
(Ref. L), These components are tne noise caused by wing profile drag
fincluding trailing edge flaps), wing induced drag, and pceefile drag of the
fuseluge, nacelles, horizontal tail, landing gear, and leading edge siat.
Input deta for these calenlaticns include flignt speed, altitnde, airframz
geonetry, lift ccefficient, and the drag coefiicient for each component. Flow
velocity at the wing upper surface trailing edge, as calculated [rom the mag-
nitude aad chordwise locaticn of wing maximura velocity by use of Eq. [43) of
Ref., 14, also is needed. For prediciion of airframe flyover noise, spectra
calculated for the selected options must be logarithmically summed by the user
and adjusted for the variation of far-1ield distance with airframe direction

angle.

The computer program developed by NASA for the drag element metihod
contains Mach number convection terms which were rot included in Ref. 1k, Use
of the low Mach number approximation was discussed on pp %-6 of Ref. 1k,
dJowever, the resulting cquations were applied in Ref. 1h to flyover noise
prediction for the Lockheed JetStar aircraft at Mach numbers from 0.38 to 0.9
where these effects are not small. Convecticn effects on divestivity patvern
ure inelwled in the ANOPP method, cauvsing calculated ieaximum OASPL to occur at
a retarded-time position upstream of the overhead position. However, the
Doppler shitt of calculated spectra was omitted for all direction angles,

Thus “he spectra caiculuted by the corrected NASA ANOPP drag element method
and presented in this report would match those given by direct application of
squntions in Ref. 14 for the limit of very ilow subionic Mach numbers (lens
than 0.1 ) buat would not necescarily match any other version of that method,
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Congsiderable acrodynamic information is required as irput for calculaticn
of airframe noise by the drag element method. Profile druap coefficients for
airframe wing, tall, fuseloge, and nacelle surfacer were estimated Ly use of
the table on p 95 of Ref. 20. The increment of profiie drag caused by Lrail-
ing edge flap deflection was obtained from Figure 2-68 of that reference.
Lift coefficient for each flight-test case was caleculated from the known
gross velght, wing area, flight speed, and standerd-atmosphere siv irasity.
Induced drag coefficient was calculated from the 1lift coefficient and wing
seometr)y by uvse of Eq. (2-66) of Bef. 20. Resulting calculated variations of
toral drag coefficlent with lift coefficient, at 1ift coefficieats correspon-
ding to fiignt conditions, generally were within 104 of available uripublished
flight test data for one of these aircraft with landing gear retracted and
flaps bnth retracted and extended. As had been recommended in Ref. 14, drag
coefiTicient of the landing gear (referenced to wing plarfori area) was taken
equal to the ratio of total lsuding-gear trcontal area to wing planform area.
Airfcil velocity distributions, and therefore the trailing edge velocity,
wera calculated for each airfoil shape and 1ift coefficient by use of tables
in Ref. 21.

&Ts . ' : . : . : o 111
L()prﬂckru;, Co Do ane Huypey, Mo ke Alreratt Performance, Stability, and

Cortrol. John Wiley & ons, 'ne., New York, 19L9,

b} . . . N . N .
“‘llll'k“()t,i., 1. He and von Daenholsy, A0 E.: Theory of Wing Seotions,

frstudine o dommary of Airfodl Daca. Dover Pubiications, lne., New York, 19909,
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4.0  COMPARLISON OF MEASURED AND PREDICTED FLYOVER NOISE

5.1 Limitations of Available Data

Airframe noise data utilized for these comparisons were measured by three
different organizations. The measurements and data reduction processes used
in each test program are discussed here. Most of these duta were obtained by
NASA Dryden Flight Research Center; overall sound pressure level (OASPL) and
some spectra were repcrted in Refs. 11, 17, and 22, Tabulated flycver spectra
were supplied by NASA for the 0,1 second time increment which ylelded maximum
OAGPL. These spectra were sdjusted by NASA for the difference between atmo-
spheric attenuation at the measured temperature and humidity and thest for a
standard atmosphere, over a path length equal to flight altitude h. They were
turther adjusted by NADA to a 500 ft altitude by adding the increment
20 1o (B/500) at all frequencies, plus the change in standard-atmosphere
attenvation over the distance (h-500) at each center frequency. Values of
OVASPL and perceived noise level (PNL) were calculated by NASA for the result-
ing spectra. Such spectra have been described by NASA as maximum OASPL con-
dition, corrected to standard atmosphere and 500 ft altitude. The aircraft
peometric position at this measurement time was not specified., These data
had been measured with microphones flush-mounted in large flat plates laid
over the pground. Tc obtain sound levels that could be compared with predic-
tions for tripod or post-mounted microphones as for FAA noise certification
measurements, the tabulated values of OASPL, PNL, and one-third octave SPL
were decreacsed 3 dB. The assumption that a 3 dB decrease in all one-third
octave 8PL's produces a 3 dB decrease of PNL is not rigorous but introduces
less than 1 PNdB error at the maximum amplitude for these data. Values of
A-weighted sound pressure Jevel, dB(A), were calculated for these decreased-
amplitude spectra as part of this contract.

Cpectra measured by Lockheed-~California Co. and tabulated in Ref. 9 were
obtained an the maximum measured values in each one-~third octave band during
each f1ipht. The recunlting composite spectra therefore consists of individ-
ual one-third octave maxima which 1id not all occur at the same instant of
time. Hewever, OASPL oo these composite spectra only slightly exceeded the
largest measosured value of OATPL,  Measured spectra and OADPL were presented
in two {orma. the actual composite spectra and their OAUSPL's were tabulated.
Alva, smoothed spectra were plotied.  ‘These smooth curves eliminated strong
prround reffections at low frequencies, narrowband-random peaks caused vy
tenthared propellers, and diserete peaks caured by airframe protrucions such

CClerch, AL UL, Putnam, Tl Wo, lasagna, PooLo, and Burchem, oW, Jr.c
cewd shmpirical Adrtframe Noise Prediction Model. AITAA Paper 76-927, July 14970,

.




as radio antennas. OASPL's for the smoothed, idealized spectra also were
tabulated. The smoothed data were regarded in Ref. 9 as representing funda-
mental airframe noise excluding the peculiarities of each specific airframe
and measurement installation. These data were taken with lripod-mounted
microphones and correspond to 500-ft flight altitude, unspecified atmospheric
properties, and no corrections for atmospheric attenuation. Values of PNL
and dB(A) for the selected spectra were calculated from both tabulated and
smoothed spectra as part of this contract.

Spectra measured by NASA Lewis Research Center (Refs. 23 and ©4) were
presented as functions of the retarded-time direction angle. These one-third
octave spectra exceed the engine noise for only a limited frequency range.
NASA had fitted the normalized spectrum curve of Ref. 9 to these data. The
resulting smoothed extrapolated spectra were utilized by NASA to calculate
airframe-noise maximum OASPL and the variation of PNL with direction angle.
The spectra were measured with tripod-mounted microphones and were not
corrected for ground reflection.

Calculated spectra and integrated amplitudes utilized for comparison with
these data were evaluated for the retarded-time angle, in 10 deg increments,
that gave maximum OASPL. Calculated maximum PNL always occurred at the same
angle as maximam OASPL, Individual calculated one-third octave sound pressure
levels could exceed these levels because of Doppler shifts between the air-
frame-fixed and ground-fixed coordinate system and different directivity
shapes for various noise mechanisms. Composite spectra comprising the largest
calculated one-third octave SPL's during a flyover would be within 1 dB of the
spectra presented.

4.2 Alrcraft for Noise Comparisons

The aircraft for which meacured and calculated noise spectra were
compared had been chosen to provide a large range of Lype and shape. Within
each type, the specific aircraft chosen way one for which data existed over a
range of flignt configurations., Another constrain®t was the need to choose
aircraft for which propulsion-system noise did not cverwhelm the airframe
noise.

- - o
“jburley, R. R.: Preliminary Measurement of the Airframe Noise From an
#-106B Delta Wing Alrcraft at Low Flyover Speeds. NASA TM X-119%2'7, March
LY7h.
ol : -
'*Burley, R. R.: Suppressor Nozzle and Aiframe Noise Measurements During

Flyover of a Moititied F-106B Aircraft With Underwing Nacelles, ASME Paper
Th-WA/Aera-1, Nov. 17k,




L e S A e R A A A At A e A A

Data are uvailable for the Boeing 747 (Ref. 11) and Lockheed C-5A (Ref.
) large wide -body Jet transports and the Convair 990 (Ref. l1) and Vickers
VC 10 (Ref. 12) four-engine and BAC 1-11 (Ref. 12) two-engine narrow-body

Jet transports. Spectra for the C-5A heve the disadvantaze that engine noilse
al, and above fan blade passing frequency was dominant at fregquencles that

‘ Co] strongly affect annoyance-weighted noise levels. Also, flyover altitude was
v‘?;v.i- roughly equal to the wing span so the data may not have been far-field. The
‘.’ ' BAC 1-11 and Convalr 990 were only tested at three of the four combinations
»$g?‘}fi of flap and gear position (clean airframe, landing gear extended, trailing

AR odpre flaps extended, and both gear and flaps extended). Spectra were avail-

1 ".: able for the Vickers VC 10 over the largest range of configurations (three

r: A flap deflections), However, calculated flyover spectra are available for the
:”'jdﬁ Boring 747 as given by the highly detailed airframe noise component prediction
:};"‘f of Ref. h. That method had not been evaluated by any publisked comparisons

with data. Therefore, use of the Boeing 747 as a test airframe would allow
evaluation of 2n additional airframe noice prediction method. Data from the
Vickers VC 10 and Convair 990 were used, however, in developing the airframe
noise component method given herein,

B Dita are available for two business jets, the Lockheed JetStar (Refs. 11
z,;:_;f it 17) and Hawker Siddley 125 (Ref. 12). The same range of configurations
R (clean, gear extended, flaps extended, rlaps and gear extended) were available
for both alrcraft. However, spectra for the Hawker Siddley 125 were clearly
dominated by engine noise at and above 1600 Hz center frequency even with the
flaps and landing gear extended, Also, spectra calculated by the drag element
method had been published (Ref. 14) for the JetStar. Proper use of the NASA
§S ANOFP computer propram for this method could be checked by seeing whether an
ﬁhfﬁ,?, independent cctimate of aerodynamic inputs for this aircraft would yield the
T : same predicted spectrum.

; AN

i ‘ Another important class of general-aviation airframe is the light twin-

l;' ;ﬁf_ eryrine propeller-driven aircraft. The only aircraft for which spectra were
) .: available both in the clean configuration (Ref. ) and with landing gear and

£ ;' tlaps extended (Ref. 17) was the Aero Commander Shrike. Data were supplied

gﬁ f,.; by NAGA for pear extended and both gear and flaps extended at on  airspeed,

: e antl pear extended at. a higher airspeed. Clean-airframe data existed at both

‘ g thone alrapeeds,

~5.-;' ' satiplane noice dnta were of interest because there is no question of

L ' confamination from propulcive-system noise. As noted in Ref. 4, much of vhe

%_ﬁ callpiane noise data are relatively old and had been measured ut low flight

B I

. , e
?3, T Couibson, Joofor o Nonenpine Aerodynamic Noise Investipation of a Large
‘ AT Adrorafto NAUA OR-0378, oct, 197h .
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aliitudes. The data of Ref. 9 for the Prue-2 sailplaﬁe avolded thes
difficulties. Comparisons were made at three airspeeds to evaluate the
unexpected poor apreement found between data and predictions which used one
of the rpecified methods.

Finally, the Convair '-106B delta-wing supersonic aircraft (Refs. 22 and
24) was picked as a small-scale representative supersonic transport configur-
ation. Aircraft with low aspect ratio wings, nuch as this and tne Handley
Page 115 (Ref. 12),. tend to have their airframe noice levels greatly over-
estimated by simple prediction methods. Directivity hnd been measured for the
F'-106B.

The resuiting aireraft configuration test ceases and run numbers are
listed in Table 1. They comprise o total of thirteen configurations and five
airframe:. Because comparisors were made for some confligurations at wore
than one alrspeed, a total of seventeen cases were examined. ‘'The airspeeds
for thece cauves, along wilh measured and predicted OASPL, dB(A), and FNL, urc
given in Table . Messured and predicted spectra are plotted in Figures 27
through Ll. Other comparisons are given in Figures U2 throuch L5,  Tabulabed
epectra and airframe peomeiric properties are fiven in Tables 3-8 of
Appendiy [TT.

5.3 Prue- Dailplane

Spectra measured with this aircraft in two runs at each of three nominal
alrppeeds are plotted in Fipures &7 through 29. The lower run number for each
set of data dernotes a ¢ross weight 81% of that for the higher run number.
Predicted spectra are shown for the NAGA ANOPP total aircraft method and drag
element method, and for the FAA noise component method developed under this
contract. The difference in gross weights was calculated to cuvse a 0.6 dB
change in spectrum level:s f'or the total aircratft methed and less tnan 0.1 dB
for the other methods. Only one calculated curve 13 shown for each meivhod.

At the lower two velocities, the strongest individual one-third octave
bandn were below 200 He center frequency uand had amplitudes approximately
independent, o1 velocity. Measured OASPL's were dominated by the low-frequency
background noise, which had been taired oul of the smoothed spectra. Upectra
calculated by the NAUA ANOPP total aircraft noise method generally matched
these mensured hiph value: of OANPL., However, they were about 8 dB above the
measured spectra for center frequencies greater than 1000 Hz. PNL aud dB(A)
were overpredicted by abont the same increment. 'This method had previously
been evaluated in Refn. 3 and b by comparing only the measured and calculaled
OADPL.  Good apreement had been obtained, a:n chown in Table

.
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The NASA ANOPF drag element method underpredicts the data at low
frequencies and overpredicts at high frequencies. It gives good predictions
of annoyance-weighted noise levels even though the spectrum shape is not
closely matched. The FAA noise compeonent method comes closer to the general
trenc. of the data. The calculated curve tends to be parallel to the data at
highly weighted frequencies (1000 to 4000 Hz). This method also gives good
predictions of anncyance-weighted noise levels.

Data for the highest airspeed of 100 knots (Fizure 29) are dominated by
a laminar instability tone that protrudes 20 dB above the lower-frequency
base. This combination of roughly 1400 Hz frequency and 10O knots airspeed
was calculated by the method of Ref. 10 to be associated with Tollmein-
Schlichting laminar instability at the trailing edge of a 17 in. checrd sur-
face. That dimension corresponds to the Prue-2 horizontal tailplane mean
geometric chord, rat!er than the larger (28.5 in.) wing tip chord. Such tones
are usually associat:d with low Reynolds number and therefore low flight speed,
it radiated by the wing. Evidently this tone can occur only for the Droper
range of horizontal tail deflection, which is a function of airspeed. OASFL
given by the NASA ANOPP total airframe method approximately matches that of
this narrowband-random peak. Both *he total airframe method and drag element
method generz11y matct the measured one-third oclave levels at frequencies
above this peak, between 2000 and 5000 Hz center frequency. These measured
levels may ve dominated by harmonics of the laminar instability peak. The AA
noise component methol underpredicts those levels but is cliene to the data
below 200 Hz 1nd above (300 Hz center frequencies,

vaminar lns abi ity tcones can be eliminated by trippin; the boundary
layer upstre:m cf tne trailing edge. Inability of the noice compoiient method
to predict sch oige ig unimportant., Tone noise can be identified by the
frequency prediction off Ret'. 10 and eliminated al negligibie cost in weipht
and friction drag.

S Acre Commindder Jhrike

Meusured cpectra (Ref. 4) for the Aero Commander Shriloe at 159 knoto in
Lhe clearn conllipuration and two gross welphts are plotted in Yipure 00 Both
platon ecorines were of'f and the propellers were teathered., Toe liphter
weight wes 78% of the heavier weipht. No systematic eftfect ol prosns welght
occurred in the deta. Peak amnplitudes in the spectra occurred as oa ponnible
pround reflection near 100 He and noise from the feathered propellers in the
319 and o0 He o one-third octave bands.  The specetrum caleualated by the NADA
ANOFP total aireratt method boe an OASEL vhieh mat chens that of the actueal dnta
incedludine these peake. Thic methol proyresscively overestimater the mencured
et o ave SPLT e frequency ie inerease D above hoo o Ohoer wpree-

moent wen b have boeep obdained by g method 00 CANPL Lot beern deerenned
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several dB and peak frequency had been reduced by about two one-third octave
bands. Spectra calculated by both the diag eiement method and the nolse com-
ponent method are in good agreement with each other and with the data between
500 and 4000 Hz frequencies. BRoth methods therefore closely predict annoy-

ance-weighted noise levels.

An Aero Commander Shrike had been tested by NASA Dryden Flight Research
Center (Ref. 17) at this airspeed and the smaller gross weight with landing
gear extended. Both the nose and main gear have single wheels. Acoustic data
were measured with flush-mounted microphones. Reported levels were decreased
3 dB for compsrison with these predictions. Resulting adjusted levels are
plotted in Figucre 31, This spectrum is considerably higher than that for the
clean airframe (Figure 30) below 125 Hz becauce of landing gear cavity noise.
It matches the propeller-noise peak of the clean airframe at 315 and 400 Hz,
is about © dB higher near 1000 Hz. and decays to the clean-aircraft levels
above 5000 Hz. landing gear noise 1s calcuiated by the drag element method to
peak al a2 relatively low frequency. Thus the cavity noise is qualitatively
predicted near 50 Hz, but the calculated spectrum matches that calculated for
the clenn airframe above 400 He. The drapg element method therefore under-
predicts annoyance-weighted noise levels for this configuration. In contrast,
Lhe npolse compouent method underpredicts the low-frequency cavity noise but
vlosely predicts the landing gear aoilse spectrum at high-annoyance frequencies.
Both methods overpredictad the measured noise above 5000 Hz frequency.

Spectra Lor the clean configuration (Ref. 9) at 113 knots are plotted in
Figure 42,  Amplitudes ot he low-frequency peaks at 100 and 319 Hz center
frequencies match those shown in Figure 30 for this alrcraft at 193 knots air-
specd.  The gpectrum predicted by the total aircraft method ranges from about
t to 10 dB above the data above 500 H: center freguency. As with the compari-
sonoat. the higher alrspeed, this predicled spectrum appears to be displaced
about two one-third octave bands Loo hiph iu frequency in addition to being
about. 5 AR high in amplitude.  The drapg element and noise component methods
closely mateh the data at trequencies above the feathered-propeller neise
prak

NAA cpectra Popr thic alraspeed and two Slipnts, one with the landine pear
extonded o cne with Tanding pear and simgrle=clottod tratving edye lape
extendesdooore chown in Figare 40 Extendinge the flaps decreaced the JTow-
Cregaeney podce Peom o the Taniings pear cavity but o inereased the noise seversl
Hoat preater than D00 Hz center frequency.  Thus OATTPT was decresced bot PN
Wi inereased by Ulap extension with the landing gear down.  As st the higher

ropees Mipare 2), noice radinced by the airplane with laadinge pear down
Wi snrer, redieted by fhe arag element method and was clooely predicted by
Cheone oo component e el s Hedo e meacare owath both the penr and Ciape

oWyt e e e e above oo o owas clos ety predtieted by bothone thioda s Dato

Sorotil, conlay gt o At not eXtena bigh o enouhs b regquency too clieck the
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jifference between predictioans above 5000 Hz. Nnte that for the frequency
range of gool ugreement, noise froa the trailing edge flapn as predicueed by
the drag element method is im coianidental good agreement with the sum of
neasured fiap end landing gear noise.

5.5 Tockheed JetStar

Noise measurements for the Lockheed JetStvar business Jet were oblained
by NASA Lryden Flight Recearch Ceater and were reported io Pefs. 11 and i7.
A flwvcver noise gpectrum for the clean coafiguration at 247 knois slrooveced is
plotted in Figure 34, This aircraft and sirspeed were of interest bacauvse
gora agreement had beern shown in Figure 10 nof Ref. 14 between thege data nnd
predictions by tue drag elemen*t method. The spectrum cual culated by the NAlA
ANIFP computer program for that method, shown ia Flgure 34, generally wotches
chat calculated spectrum. The total airframe method senerally predict. cne-
third ccte.2 SPL's 15 a3 above the dats, and the nolse component method

genetliy 1s 5 wo 1C dB low.

Ore peculiarity of gpectra pre-~ent~3d in Refs. 11 and i Tor clean jof
sire 1t was a peak localed near 1600 Hz for a rangs of aircraft sive
(lockbeed Jetltar, Convair 990, aad Boeing 7r) at all fiight speeds. Ualens
laticne therefore wers repeated “oo the JetStar in clesn confipuration and
558 knets, the highest speew for which data were available. The compa.ison
nf rcalculations and aata for this condi*ion is given in PFigure 39, Heve,
apectra determined from the drag element rethod and the roise component
metbod are about 10 dP apart. The mess.red speclrum is cons.stoitly lowee
than thet from the drep element metnod. Tt is bove the nolse component
methond excepl for good agreement near 500 Hz and abore H000 Hz frequerncic:,

These data were ohtained by NAZA with the engines setl at whatever throod
level provided steady level flight. Thrust :aud thereJore engive ncise hao
been increased to achleve iLhe higher advspoed. ‘the Jetlilar aue  Locbhoot
englines which penerate conslderable low-frequoncy exhaust nolse and bigh-
ireguency compressor noilse. It is llkely thatl the broad pear near 1600 He
shown in Figurcs 3% aad 5, which domwnates both OASPL and PRI oo o wWan

ergine compressor nolse rather than airtrame noise.

A Turther jndication exists of the importance of engdrne noise 7 mercaye-
mentys $or the olean contipguration. The variation of CASPL with aidel ne Gio-
Lance ror this alrcraft rad beea ploitted in Fipure 9 of Ref'. 7. 1L wan noted
that CASPL varied inversely with measurement distance squared, witnont an
aingular directivity dependence as would be ewpected for airirame unoii-. Theve
spectra had been requested from NACA Dryden Flipht Research Center for annl-
yais in this sftudy. Jlhey were not supplied because they were stated to be
contaminated by engine noise at mos’. measuremernt direction:.
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A spectrum for this aircraft at 182 knots with landing gear down is
plotted in Figure 36. As with the comparison for the Aero Ccmmander Shrike,
itanding gear noise as calculated by the drag element method was predicted to
occur only at low frequencies. This method underestimated the measured noise
by &bout 10 JdB between 1000 and 2500 Hz and about 5 dB over most other fre-
quencies. The noise component method gave the general level of the data,
which oscillated roughly -5 dB relative to this prediction. Worst agreement
occurred near the peak which was attributed to engine noise.

Measured spectra are shown in Figure 37 for the JetStar at 170 knots
with trailing edge flaps down and at 158 knots with landing gear and flaps
down. There was no systematic difference between the two gpectra; the
decrease of flap noise caused by reduced velocity was approximately matched
by the added landing gear noise, These spectra, as with all others for
different configurations of this aircraft, contain a peak from 1000 to 2000
Hz frequency. The drag element method predicts a large amount of trailing
edire flap noise caused by high profile drag at 50° flap deflection. Airframe
nolse is generally overestimated about 10 dB for this configuration.
Decreasing the airspeed and lowering the landing gear is predicted to cause
about 2 dB rnoise reduction, contrary to the lack of change in measured levels.
in contrast, the noise component method closely predicts these spectra except
for the peak of apparent engine noise. This peak occurs at frequencies which
are highly weiphted in predicting annoyance-weighted noise levels, so the drag
element, method more closely predicts dB(A) and PNL. Spectra calculated by the
noige component method for the two configurations and airspeeds intersect each
other, in agreement with the data.

5.6 Boeing ThY

A flyover peak noise spectrum for the clean configuration at 233 knots
in compared with predictions in Figure 38. Both the drag element method and
the noice component method predict the general level of data up to 500 Hz
center trequency. Above 630 Hz the data have higher levels as would be
expected for enyrine noise.  This portion of the spectrum aprees with the
noise levels predicted by the total aircratt method. The aircraft used in
Phese tests wies an early Boedng 7W7-100 with thin-lip inlets equipped with
blow=-in doors.  Turbulence penerated by this type of inlet and convected into
the ton 1o known Lo cause engine installation noise.  Current Boeing 7Thy's
s o thibck-lip indet without blow-in doors, and have less propulsive-system
Tl e,

A tent prog van Lo megsure airtrame noise of the MeDonnell -Dowlas DO-1G

wites deseribed in Rero IS, That alrcrart aces a large high-bypass-ratio turbo-
Pan emeine simiiar in peneral cize Lo that in the Boeirg 7hy7. 1t was found
necelsnary o prort o the DC-10 tests to tnntall additional sowd-aboorbing:

>
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material in the inlet, fan exit duct, and core exit duct to suppress flight-
idle engine noise. Only after those changes was it pcssible to measure the
clean—-airframe noise. 7Thus it is likely that spectra from the unmodified
larger, louder Boeing 747 were dominated by installed-engine noise at frequen-
cies where such noige is important.

A spectrum measured for the Boeing TW7 at 233 knots with landing gear
extended is plotted in Figure 39. This aircraft has four four-wheel main
landing gear and a two-wheel nose landing gear. As with other aircraft, the
spectrum predicted by the drag element method matches that predicted for the
clean airframe oxcept at low frequencies. Measured one-third ontave JSPL's are
underestimated by about 10 dB between 100 and 500 Hz frequencies and more than
15 dB in the apparent engine-noise peak. The noise component method is 2 to
3 dB high below 500 Hz, about 8 dB low for most of the higher-frequency peak,
and in general agreement above LO0OO Hz. Anothker predicted curve, obtained
from the component prediction method described within the NASA ANOPP airframe
noise document (Ref., 4), is plotted as a dot-dash curve. This curve waa
ocbtained from the predicted spectra plotted in Figures 55 and 57a of Ref. 4
for this aircraft with landing gear extended and flayps down to ottain landing-
gear noise and clean-aircraft noise et 177 kncts. Amplitude was scaled with
velocity to the sixth power and inversely with altitude squared; frequency was
scaled directly with velocity. The resulting predicted spectrum closely
watches that shown for the noise component method. However, the noise compo-
nent prediction is Jdominacved by calculated landing gear noise. Landing gear
noise had been calculated by the component predicticn method ¢f Ref. b to be

3 Jﬁy"i about 15 dB below the clean wing and horizontal tail noise at the frequencies
'\7'?‘ shown, Landing gear noiuse as given by that method appears only as cavity
i f}; noise at very low frequencies. Thus the spectrum shown for the component pre-
Pﬁ “f" diction method really applies to clean airfranes. Comparing with the clean-
‘{‘.‘f ? girframe spectrum shown in Pigure 38, it would match the general level of the
4 ,»".: engine-sttributed noise above 800 Hz but would be mere tﬁan 10 dB higher than
'ﬁ' :/t§ mos. of the lower~frequency data. The arreement shown yh Figure 39 between
. ‘.4' . data and the component prediction method for the air(tray"i‘t., wilh gear down
therefore 1o fortuiitous. d
EEL L ;
SRE ,j ;
B Spectra measured with the Boeiny 707 a. &pprnximgtely 198 knots with
-§,&3]'ﬁ trailing edire {laps extended, and with flaps and landﬁnu gear extended, are
AR plotied in Fipure H0, Extending the landing gear edded ¢ to W 4B at Trequen-

cles from aboue 250 to H000 Ha., DJpectra predicted by the drap element method
for the confiparation with de¥lected flaps are about 5 dB too hiph between

}i".'*-:f . SO0 ad No0 e ant sboul & 4B too Low between 2000 and 6300 He center frequen-
T cies.  The inereased noise caused by landing pear extencion at trequencies ot
: interent o oact predicted, The NADA-sponsored component prediction taken from
,. S eure S0 of ket combines specirn separately caleilated for the wing, the
ngL !;;5 horieoacial tosdy and each of tue three chordwinze tflap cegments,  This predic-
; cion in onty oto 348 low for most of che frequency range below the region ot




E: 100
& ] faa)
s R 3
R ) NASA ANOPP TOTAL
B 5 AIPCRAFT METHOD
TR - - e
IEERC 90} - =~
[ 2 ! ECJ /” . \N\\
oo > ’ e
»n P ~
%] s ~
W L DATA RUN S5 o
o O ~
o ~ NASA ANOPP DRAG
@ 804— 0 o o ELEMENT METHOD
2 \
2 o650 . o o o \\/ O ° o
z N
, . b f 0/'7_‘ N\
ra ) . N\
. 70 e Q
> T g FAA NOISE \ \\
a als
i b= COMPONENT ME THOD ——— \ \\
i3 L 8 \ ©
y ™~ \
SR . 60 | | i | i ~N N D
? : B 50 100 200 500 1000 2000 5000 10.000
:
g Loy L30CTAVE BAND CENTER FREQUENCY M/
b

PLOURE <80 - COMPARISON OF MEASUPED AND CALCULATED FLYOVER NOLGE SPRFOTY FOR
BOEING 7h7 TN CLEAN CONFIGURATTON AT <o KNOTD ALROGPRED

7




1 30CTAVE BAND SOUND PRESSURE LEVEL, dB

F1GURE

3¢

{
ik

L LHG

‘IOOF

4
80

)\\—

oO

/ \—-NASA ANUPP DRAG

NASA ANOPP COMPONENT PREDICTION METHOD (CLEAN AIRFRAME,

FAANOISE CGMPONENT METHOD
90 —
== o 2000
- )

(o]
O pata RUNG
o ,

ELEMENT ME THOD

N
~ AN
~

GEAR NOISE NEGLIGIBLE)

o

70 p~ \
650 p
50 1 ] 1 1 |
4() 100 200 200 1000 2000 5000 10000
LI OCTAVE BAND CENTER FREQUENCY, H»
i COMPARTDON OF MEACTIRE D AND CATCTATED FIYOVRR Nl e KA DK

/“v IR [. W

PR TANB TG ©

PAK BOCITNGR Ar o KNOTS AT R

RS




Pt

.
i

P 3OCTAVE RAND SQUND PRESSURE LEVEL gR

FIGUIRE

100

6(

O

wl © &7

FAA NOISE COMPGNENT METHUOD
FLAPS AND GEAR DOWN
FLAPS DOWN

° .7

NASA ANOPP DRAG ELF MENT ME THOD \ ~

FLAPS AND GE AR BOWN

= FLAPS DOWN \

NALA ANOPP COMPONENT PREDICT IUM \
METHOD, HOTH CONF (GURA HONS

)
SYMBOU HUN CONFIGURATION
@) 3 FUAVS DOWN J
Fa 2 FUAPS AND Gt ALt DOWN
L L L | | | |
6H0) 100 200 L0 1000 2000 H00Q 10 000

T3 OCTAVE BAND CENTER FRE QUENCY M,

- OCOMPARTDCN CF MEATTRED ANDY CALL HTATEN FLYCVER NOTOE OPRCOTRA FOR

BOETNG 7L WUTH TRAT NG Bk RLA T FXTENDED O AND WITH FTAPS AND LANDI NG
CEARCENTTERDRD S 0l KN A TROPRR
LETR R Y T¥
76
i o~ i - Al s ki i i




possible engine noise. However, this method incorrectly predicts too low a
lavel of landipz gear noise. The noise component method developed under this
study closely predicts the flaps~-down spectrum and generally predicts the
spectrum measured with both flaps and gear down. Tt is about 3 dB below the
data for the highly weighted range between 800 and 2500 Hz, but the closest
other prediction (component prediction method) is abcut 7 dB too low. Both
the noisre component method and comporent prediction method gave a close
approximation to the general spectrum shape. For aircraft with deflected
trailing edge flaps, the drag element mmethod gives a more sharply peaked
spectrum which has the normalized shape assoclated with clean-airframe noise
end an amplitude set by deflecled-rlap profile drag.

5.7 Convair F-100B
Airtframe noise spectrum and directivity measurements are available trom
a study (Reifs. 23 and 2i) of in-flight jet noise suppression, In those tests,
cenducted by NAGA Lewis Ke.earch Center, an FLO6B turbojet-powered supersonic
delta~-wing interceptor was used as a test airframe. Two cmall afterburning
turbojets were attached beneath the aircraft, Various nolse suppression
devices were mounted on these turtojet::, and changes in noise amplitude and
spectrwn were determined at supersonic trancport climb-out conditions. Becau.e
Jet noice has considerable variation with direction angle, the flyover noise
inctrumentation and data reduction was chosen to permit accurate measurement
over a considerable range ol aircraft position. Ai:frame noise was determined
as background noise that would have to be subtracted from the total noise
spectrum at euch direcition angle. The spectrum of measured maximum airframe
noise without the cmsll enginesy nt center freguencies from 200 to 1050 Hey is
shown in Figure W1 along with several predictions. The portion of the spec-
trum below 200 Hrx was dominated by jet noise from the main turbojet at
flight-idle thruct; the hiyh-freguency portion was dominated by compreccor
noice from that engine, pectra are given in Fipures 7 and 11 of Ret. 24 and
Figure 13 of Ref. Oh for retarded-time airection angle:r from O g Also,
the normalized rpectrum shape given in Fipure o of Ret'. ' jnd been fitted 1o
this airtrame noise portion of' the spectrum to allow calceulation of maximum
CAGPL,,

The total aircratt noise method overpredicts the measured spectrum by
20 to 30 4B, As noted on p 31 of Rei. L, this measurement wis specitically
excluded from the least-squares data correlation utilized in developing: that
method.  This 20 t6 50 dB overestimats wlso occurs (hot shown here) it the
total arrceralt noise method b0 applied to predicting: airframe noice from the
Haridiey Papo HP=110 Low aspect ratic delta-wing asveratt (Ret, Y).
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Lf ~i The drag element method predicts a spectrum that generally asgrees with
| the data. A comparison between these data and a calculation by this method
g had been shown in Figure 11 of Ref. 14, the major presentation of the drag
element method. The calculated curve shown in that figure is less wavy,
somewhat larger in amplitude, and in closer agreement with the data. Differ-
ences between these two spectra calculated by the same method reflect differ-
ences in aerodynamic coefficients and wing trailing edge velocity ratio esti-
| mated for the same aircraft in these two studies and small differences in the
B Lockheed~California and NASA ANOPP computer programs.

Two curves are shown for the noise component method. The method as
. prosrammed uses a relatively simple analytical expression for wing trailing
| R edre noise spectrum. This prediction matches the general level of the data
L tor imw frequencies but pives too small a peak frequency and too rapid a
decay. However, that result had found (Fijure 4) to underestimate the high-
- fregnency noise at, wing taper ratios less than 1/4. The spectrum theretfore
< wiars recemputed for zero taper ratio. The resulting curve weuld be about 1 dB
lTower nesr peak trequency nd, as shown in Figure L1, does not give as bad an
interest imate (v, AR rather than 9 AR) at 1240 Hz frequency. 'The noise compo-
nent method clearly giver a worse prediction than the drag element method for
353: this cupersonic-trunsport type of highly tapered low aspect ratio wing.

. By nuse of a normulized apectrvm fitted to these data for different

: tirecuion angles, the variation of OAUPL with direction angle had been
'x:” obtained and was fLiven in tigure 10a of Ret'. 23, ‘[his variation is repro-
. luced in Figure 2. Maximum OACPL and PNL occurred near FOV from the approsch
drection.  Aloo shown are directivities calculated by the three prediction
me-thods . both the total aircraft method and drag element method as proprammed
by NALA have the directivity ot a 1ift dipole with convective amplification.
Forochio trly nt Mach number off Ol the calculated directivity is relatively

3 cornitant between o g 40 from upstreatn, he: nel.e component method, which

' | uoen, the directivity of trailing edpe noise withear convective ampditication,

!"" - qio0 cives relatively constant levels in this angele ramye, The data mpree

‘._ with thes predicte ! trend. AU Jarper angles the caleovduted anplitude for a

‘ . cnvect el Fi o dipole decays more rapidly than that tor tralling edpe noioe.
‘ ; Thee ottt rodlow the lecn rapid o decay uaet in the ncloe component methol.  The

3 T cripinal calealation of directivity for the dray element method, EKq. (r) v

{ Yo Re-ff. 14, was that tor o ittt dipole without convective amplitication.  That

Sirectivioy would be maximam at 90 appde and symmetrical abeat that oanele,

P poci o reement with o tata,
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5.8 Addivional Aircraft

To turther evaluate this noise component method, flyover spectra were
also calculated for several other airframes for which tebulated data were
available., Measured spectra had been given in Ref'. 9 for the Douglas DC-3
and Convair 240 twin-engine propeller-driven transporis in the clean config-
uration with engines off and propellers feathered. C(Calculaticns were corduc-
ted by the noise component method and the NASA ANOPP total aircraft metnod for
these two aircraft at their highest airspeeds tested, Tor 900 ft altitude.

- Spectra measured with the Convair 990 jet transport with 36% truailing edpe
flap deflection, and the landing gear retracted or exlended, aluo were com=~
pared with predictions by the noise component method,

Spectra for the Douglas DC-3 at 148 knot:s and the Convair 2O at 190
knots are compured with predictions in PFigures 42 and Lhhi. Roth alreraft had
local spectrum peaks centered at 125 Hz which caused CASFL of the actual
spectra to be about 2 dB lurger than that for smoothed spectra. Spectru cal-
culated from the total aircraft method generally were about 3 dB larger than
those from the noise component method. They matiched the actual OASPL but. -
5 overpredicted the measured spectra, particularly above 1000 Hz where large
N contributions Lo noise annoyance occur. The noise component method under-

e predicted the duta below 200 Hz frequency but generally arreed with the data

- X for higher frequencie:.

A Ncte that the two spectra thown in Figure Ll tor the Convair 2LO huve

o essentially the same levels velow 1000 Hz center treauencies but differ at

hiphar frequencies. Spectra for test runs 5, 6, anl 7 of Reft. 9 for this

I airplane, flown on the same day, have a more rapid hirh-frequency decay than

.? T those ror test runs 1-h for the same airplane and same range of airspeeds but,

13% hirher procs weipht,  Thic difference has proven to be important. becau:se

‘ ‘he methol for prediction of peak frequency developed in Kef, 9, and utilived

1 in the NAUA ALOPP tolsl aireraft metlhod of Refo. 3 and I, wan strengly

intluenced by there data,  iteek frequency was delermined from spectra menssgred
with the Aero Commander Shrike, Douplas bhO-40 and Convair cho. The first two

; airplane: have winpg thickness ratios of 12.04 and 10.8%: their peak frequen-

' o cien could have been ccaled by nse ot either wi iy chord or wing: _mnximum t k-
neas.. - u lery'th parameter for Utrouhal number, “he Convair PLO has 18,89
LR thickness ratio, no sealing the peak frequency inversely with maximum thick-

' nes: reduces that frequency by aboutl one-third octave, Upectra meuasored tor

test runs L-b ot the Convair 24O cun be shown Lo match (hose tor the other
two sirplanes when scualed with o Strouhal nambsr bacsed on wing chord.  How-
cver, the othor vhree vest roas £or o the Convalr DO woald then z..x}mt;‘.u." Lo Lo
Hoaplaced nt woo Jow o Jtrouwsal numbeyr,  Uee of Jtrouhsl uwmber baced on wing

MaX i chaciness causes the two gets of sealed cpectra for this nlr jane Lo
briacket the spectrn for the other two nirplanes The dow medsured ampl s tades
atc fiph tregquencies foroone day's tlichty of voe Sonvalr O may o baeen
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caused by a change of atmospheric humidiiy and theretore atmospheric
attenuation that day. This difference has resulied in use of wing maximum
thickness as the Strouhal number ~ference length for predicting clean-air-
frame spectra by some current me - ds.

A comparison of measured spectra for the Convair 990 with predictions by
the noise component method is given in Figure 45, The peaks near 500 and 1250
Hz correspond to peak frequencies in the noise :pectrum for the engines at
idle power (Figure 4 of Ref. 26). The data for tue flight with trailing edge
flaps extended oscillated 13 4B about the prediction below 1250 Hz frequency.
However, vapid decay of spectrum amplitude at high frequencies was predicted
to occur about one or two one-third octave bands too low in frequency. The
measured spectrum above 500 Hz frequency was underpredicted about 5 dB by the
noise component method. Decreasing the airspeed, and extending the landing
gear in addition to the flaps, caused about 3 dB noise reduction at midfre-
quencies and no reduction at low or high frequencies. The noise component
method correctly predicted the size of noise reduction and its variation sbove
500 Hz frequency. As with the flaps-extended configuration, ncise at impor-
tant frequencies was underestimated by about 5 dB. Any modification to the
trailing edge flap noise prediction method that would improve agreement for
this aircraft would worsen agreement for the Lockheed JetStar. Additional
data are needed on trailing edge flap noi«e, including dependence of the
spectrum shape on chord of each flap serment rather than overall flap chord.

cF
ot . . N ) m . . :
White, K. Coy basayena, Po Lo, and Patnam, T, O Predimiaary
Mesasurement . ol Alrvcerat, Avrtframe Nortoe With the NASA CV=o0 Alveratt,
NAGA TM X-"/<iley Jun. 1.,
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Iype

Sailplane

Light Twin

Business Jet

Jumbo Jet

Delta

TABLE 1 - FLYOVER NOISE TEST CAS

Aircrafs

Prue-2

Shrike

JetStar

Boeing TW7

F-106R

Clean

Runs 21-26
Ref. 9

Runs 1k=-20
Ref. 9

Runs 2,5
Ref. 11

Run 5
Ref. 11

Ref. 23

el &

Gear

Runs 6,7
Ref. 17

Run 9

-~

Ref. 11

Run 3
Ref. 11

B

5

Flaps

Run 7A
Ref. 11

Run 6
Ref. 11

Run 4
Ref. 17

Run 10
Ref. 11

Run 2
Ref. 11



Configuration, Methed

Prue-2 Sailplane
61 kt Actual Spectra
: Smoothed Spectira
i Total Aircraft
) Drag Element
Noise Component
82 kt Actual Spectra

:,ﬂi Smoothed Spectra

Total Alrcraft
Drag Element
Noise Component
100 kt Actual Spectra
Smeothed Spectra
Total Aircraft
Drag Element

"51 Noise Component

Aero Commander Shrike
Clean 118 kt
Actual Spectra
Smoothed Spe-tra
Toti 1 ailreratt
Driyr klement
Noise Component
Gear Down, 212 kt
Actual Spectrn
Drag Flement
Noise Component
Gear and Flaps Down, 113 kt
Actaal lpectra
Drap Element
Noj se Component
Clenn, 196 kit
Actunl Jpectra

smoothed Spectra

v Totul Alreraf't

iy B lement.
hulse Cemponent

OASPL

52.1
35.4
L7.8
35.5
Lh2.8
L9.5

69.6
63,1
69,73
509.9
Oh O

1.
(.

[T

(‘v‘,).;%
9.0
SN E

o
‘T8
Thod
R
0.

dRr(A)

TABLE 2 - COMPARISON OF MFASURED AND PREDICTED MAXIMUM NOISE

PNdB

43.7
Lo.5
51.8
4.8
3.1
51..0
51.0
58.3

2.7
5201
67.5
57.0
3.1
58.5
58,5

TR
(o
Hho
s
o

e G ahatessedelio_s.
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Configuration, Method OASPL aB(a) PNdB
Gear Down, 153 kt
Actual Spectra 76.5 68.7 81.7
Drag Element 75.3 66.1 78.0
Noise Component 76.7 73.1 83.5
Lockheed JetStar
Clean, 247 kt
Actual Spectra 81.5 80.5 92.0
Total Aircraft 94,5 92.3 103.9
Drag Element 81.0 79.5 91.3
Noise Component 75.5 72.8 83.4
Clean, 358 kt
Actual Spectra 8.0 87.6 98.8
Total Aircraft 102.5 101.6 113.1
Drag Element 92.6 91.7 10L.0
Noise Compcnent 82.2 80.9 91.9
o Gear Down, 182 kt
'»ff Actual Spectra 86.6 85.0 97.0
| Drag Element 88.0 76.8 88.4
8 Noise Component 85.8 €3.1 93.7
| ’ Flaps Down, 170 kt
i R Actual Spectra 84,3 81.6 03.3
. B Drag Element 91.3 89.3 99.9
ST Noise (omponent 82.8 78.8 90.9
. Gear and ilaps Down, 199 kt
" i Actual Spectra 83.8 81.9 93.8
;_ Irag Flement 89.9 87.2 97 .9
; Neine Component 8o .9 787 0.0
s . ‘ Boeing 7y
Clewn, 733 ki
; : ‘ | Actual Gpectra 9oLy SIS 101 .5
| 5 Total Aircruati 101.1 aly . 1004
. Drap Element ISR By 9l
- O Noi e Component Bl Thot HBe.0
X Geur Down, 1 kit
C Actusl pectra oI Gy FOXT LY
; » Drapy Element Pl Hi.o by,
. N Noise Component Tuda a8 L Loy

(10
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Configuration, Method

Flaps Down, 198 kt
Actual Spectra
Drag Element
Noise Component
Gear and Flaps Down, 197 kt
Actual Spectra
Drag Element
Noise Component

F-106B, Mach Number 0.4
Actual Spectra
Total Aircraft
Drag Element
Noise Component

CASPL dB(A)
97.0 9k .0
97.4 93.4
95.1 93.3
98.8 96 .4
99.9 93.k4
98.2 g9k .9
83 -
107.5 106.2
81.4 79.8
80.2 753

PNdB

107.4
10k .4
107.1

109.%
104k
108.3

99
1175

93.0

86.3



6.0 POTENTIAL CONCEPTS FOR AIRFRAME NOISE REDUCTION

6.1 Basic Geometry

Chances of the airframe basic geometry have relatively negligible effects
on calculated airframe noise. Variations of wing taper ratio between 0.25
and 1.0 at constant wing area csuse less than 1 dB change in one-third octave
gound pressure levels. Reduction of wing aspect ratio at constant wing area
would, in concept, lower the peak frequency of broadband noise from the clean
wing, leading edge slats, and trailing edge flaps. This change would tend to
reduce annoyance-weighted noise levels., However, reduced aspect ratio is
accompanied by reduced 1ift coefficient and therefore higher airspeed during
climb-out and approach. The increased noise amplitude and increased peak
frequency associated with higher alrspeed generally dominates the calculated
change in annoyance. lIncreased lrailing edge sweepback will reduce noise
invensities by cosine squared of the sweep angle. Increased sweep also
causes increased wing ostructural weight, decreased maximum 1ift coefficient,
and increased minimum f1ipht speed. Neglecting those adverse effects, tht
maximum noise reduction attainable by increasing the trailing: edge sweepback
Crom 209 Lo 49Y would be only 1.2 dB.

fv o extrewe charpe of basic geometry, the wing area could be greailly
inereancd Lo allow red ~tion of airaspeed during takeoff and approach.
Congider the erfrecet of doubling the wing area at constant wing planforin and
wing flup technologsy. Wing welpbt of commercial transportis is about 8% of
prose weiprht,  Flight speed i proportional to the square root of welipyht
divided by the vroduct of Tift coefficient and wing nrea. AU constant 11t
nqu‘J'i«?n;n? , Jdoubling the wing area then would allow reducing airspeed to
(1.0 cp 0074 time, that of the basic aircraft.  (The additional tuel
woilpht necded to maintain the same range and payload with the larper wing's
profile trap 1o ey lected, ) This smatler airapeed, combined with the ertect
of s denbled wing area and tlap aren, would decreass the clean-winy noise,
trailine cdee Plap noise, and Tanding pear noize by .7, GO0 and Y0 4k
respect ively. Althoayh these potentinl noise reduction:s are not negplipibly
cmad b, they woes bt be accompanied by oo omajor fherearce ot aireraft firot oot
il operat g conte o The doubling of pust recponce ) and reculting impairment
of ride juality, robatly woua!d al-o be unucceptable.  Theret wre, sirtrame
todee re et ion choald be achieved Ly ottempts to moedity ench noloe rource

o tant Uidyht o condit bons,



6.2 Trailing Edge Flaps

The strongest single airframe ioise component of commercial transports
during landing approach 1s the trailing edge flap system, Noise from trailing
edge flaps seems to be lift fluctuation noise caused by the wing turbulent
wake convected past the flaps. One method for achieving small reductions of
perceived noise is the avoidance of smali-chord vanes within a multiple-

slotted flap. Rapid decay of the flap noise spectrum then begins at a lower
frequency. Use of the smallest flap deflection consistent with fiight safety
will also cause small noise reductions. For example, OASP! of the Vickers

VC 10 airframe (clean except for deflected flaps) was reported in Ref. 12 to
decrease 2.2 dB when flap deflection was decreased from 45° to 35°. The
method developed herein predicts 1.8 dB noise reduction for this decreased
deflection. Clearly, changes of flap geometry alone are inadequate to cause
muich noise reduction.

Experimental studies have been ccnducted (e.g., Refs. 27 through 33) of
shape and surface modifications to reduce noise of airfoils with incident
turbuler.ce and of externally blown flaps. As described by Hayden in Ref. 28,
these modifications usually can be classed &s (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

27Potter, R. C.: An Experiment to Examine the Fffect of Porous Trailing
Edges on the Sound Generated by Blades in an Airflow. NASA CR-66565, March
1968.

28Hayden, R. E., Kadman, Y., and Chanaud, R, C.: A Study of the Variable
Impedance Surface Concept as a Means for Reducing Noise from Jet Interaction
with Deployed Lift-Augmenting Flaps. NASA CR-112166, July 1972.

29Hayden, R. E., et al.: A Preliminary Evaluation of Noise Reduction
Potential for the Upper Surface Blown Flap. NASA CR-1122hL6, 1972.

3OMcKinzie, D. J. and Burns, R, J.: Externally Blown Flap Trailing Edge
Noise Reduc*ion by Slot Blowing - Preliminary Study. AIA Paper 73-2kY,
Jan. 1973.

31Scharton, T. D., et al.: A Study »f Trailing Edge Blowing as a Means
of Reducing Nrige Generated by the Interaction of Flow With a Surface. NASA
CR-132270, Sept. 1973.

32Pennock, A, P., Swift, G., snd Marbert, J. A.: ©Otatic and Wind Tunnel
Tests for the Development ot Externnlly Blewn Flap Noise Redaction
Techniquen, NAGA CR=13L07%, Feb. 19749,

33H9rsh, A. ., Hayden, R. FE., and Joderman, P.: 1Investigetion of
Acoustic Effects of Leading-Edye Jerrations on Airfoils. J. Aircraft, Vol. 1il,
No. b, April 197h, pp 1797-202,
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trailing edges (Rers. 27 and 32) to provide spanwise variation of edge
location, perforated or porous surfaces near the edges (Refs. 27, 28, 29, 32,
and 34) to provide a gradual change of impedance with distance, and compliant
flexible surfaces near the edges (Ref. 32) for the same purpose. Serrated
leading edges tested at low Reynolds numbers and low turbulence (Ref. 33)
have caused transition of a~ airfoil laminar boundary layer and therefore
eliminated airfoil laminar tone noise (Ref. 10). Except for that one case at
a low Reynolds number, serrations and slots at leading and trailing edges have
not reduced noise and sometimes (Ref. 27) increased noise. Porous material
with a relatively large (40O%) open volume, and perforated thin sheet surfaces
with or without acoustic bulk-absorbing backing, sometimes (Refs. 28, 29, and
3L) were reported to give 6 to 10 dB noise reduction. In contrast, nther
studies (Refs. 27 and 32) achieved a maximum of 2 to 3 dB reduction with
simiilar materials and geometry. Flexible surfaces (Ref. 32) had no effect on
noise radiation, as might be expected from the relatively high frequencies at
which acoustic radiation is important and the relatively large inertia of
practical surface materials. Diztributed surface impedance by use o1 com-
pliant surfaces (Ref. 32) had no effect on noise.

Many of the above tests were conducted at small scale (chords of s:veral
inches). Tests with an 18-in. chord uncambered airfoil in grid-generated
turbulence were reported in Ref. 13. Porous leading and trailiing edge regions,
interchangeable with hard surfaces, had perforated sheet metal surfaces backed
by a bulk acoustic absorber. This nonlifting airfoll represented an engine
internal strut. Lifting airfoils, representing trailing edge flap segments,
would also need an impervious central plate within the bulk absorber to pre-
vent. airflow from the lower to the upper surface. Porous trailing edges werc
found to cause no reduction of incidence fluctuation noise. Porous leading
edees, however, caused 6 to 10 dB noise reduction abeve a frequency that
increased with increasing airspeed. The level and extent of this noise reduc-
tion was difficult to evaluate because the measured noise spectrum rapidly
Jdecayed into tLunnel background noise, Reductions of ai least 6 dR were
achieved at 1000 Hz center frequency for 150 knots (80 m/sec) airspeed and
1250 1z, center frequency for 243 k.ots (129 m/sec) airspeed, Use of practi-
cal-consiruction porous leading edge regions of wing trailing edpe flaps
shounld therefore yield at least 6 dB noise reduction at approach airspeeds for
frequencies which significantly affect perceived noise level. Perforated
metal sheets with acoustically absorbing backing material, capable of with-
standing otrong acoustic pressure fluctuations without fatigue failure, are
currently uced in turbofan engine nacelles. Such material is comewhat
heavier and more expencive than the conventional aluminum ckins of wing trail-~
ing edge flaps, for the same structural reliability.

al,
” Hayden, R. E.: USB lloise Reduction by Nozzle and llap Modifications.

Powered -Lift Aervdynamics and Acoustics, NAGA SP-LO6, May 1976, pp 283-30%.
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Another possible method for reducing truiling edge flap noise is the use
of screens (Refs. 28 ard 13) extendzd below the wing lower surface ahead of
the flaps. The screens generate turbulence which has a small integral length
scale. If this length scale dominates the wing wake and does not couple
effecvively with the flap chord, the flap lift force fluctuations and there-
fore flap noise would be reduced. The screens themselves would generate high-
frequency noise, but such noise would be attenumted by the atmosphere and has
low annoyance. Noise reductions due to screens have generully been less than
those from porous surfuces. However, retractable screens should impese
negligible weight penalty.

6.3 Tanding Cear

As rhown by Heller (Ref. 18), landing gear noise is primarily bluff-body
vortex sheddiny: noise caused by the struts, dampers, axles, and other strut-
mounted hardware. Noise from the wheels themselves was found to be small.
Isolated landing gear cavities were noisy, but the presence of struts pro-
truding from the open regions inhibited the organized cavity oscillation modes.
Bluff-body wake fluctuations can be suppressed (Ref. 35) by use of a splitter
plate extending about 2 diameters downstream, This concept has been used for
reducing hydrodynamic drag of underwater cables. The splitter plate prevenls
formation of a Karman vortex stireet in the strut wake. 1t is not clear
whether the altered strut wake would continue to reduce cavity noise. Cavity
noise was shown in Ref. 30 to be eliminated or reduced by air injection with-
in the cavity base, As the injected air is convected out of the cavity, it
shields he cavity downstream edge from flow disturbances within the shear
layer. Flow disturbances otherwise would impinge against the downstream edge
to produce inflow to the cavity which generates alditionul pericdic shear-
layer disturbances. With flow injectiion, these osciilations of the shear
layer and cavity internal flow are .uppressed. A cavity tone which protruded
about 2% dB above backpround noise was shown in Figure 10 of Ref. 36 to be
eliminated by air injection. The required flow rate for arbitrarily chosen
uniform injection was about 1/8 the product of cavity planform area and free
stream density and velocity. Gther concepts for decreasing cavity noise were

%SSHTJGtL, D. W.: Splitter Plate for Prevention of Vortex Shedding
Behind Finite Circular Cylinders in Uniform Cross Flow. Naval Ordnance Lab.
NOLTR 6,9-31, July 1967.

%LSarohiu, V. and Massier, P, F.: Control of Cavity Noise. ALAA Faper
76,-.08, July 1976,




discussed in Ref. 37. Cavity noise generally occurs at such low frequencies
that its contribution to perceived nolse is small, High Reynolds number
bluff-body noise, which is broadband end decays slowly st moderate and high
frequencies, should be greatly reduced by use of lightwelght inexpensive

splitter plates,

6.4 Clean Aerodynamic Surfaces and Leading Zdge Devices

Airframe noise from slats, leading edge flaps, and clean aerodynamic
surfaces has been shown to be trailing edge noise caused by the turbulent
boundary layer. One concept for decreasing trailing edge noise, described in
Ref. 38, is the use of sawtooth trailing edges to take advantage of the edge
sweepback effect. Depending on whether sweepback ig assumed to affect the
spanWise correlation length, the ratic of acoustic energy is predicted to vary
between cosine and cosine squared of edge sweep angle. Model data were pre-
sented in Ref. 38 for two different sized sawtooth trailing edges, both having
60° sweep. Noise reductions ranged from about 3 to 6 dB, in agreement wi .
prediclion. Effects of a sawtooth trailing edge on weight and aerodynamic

performance are not known.

Porous trailing edge regions have been extensively tested (e.g., Reis.
28, 29, and 34) for decreasing trailing edge noise from upper-surface-bliwing
externally blown flaps. Tests have indicated up to 10 dB maximuia reductions
and about 5 dB reduction over a fairly wide frequency range. Methods for
tailoring the perforated material acoustic resistance and streamwise extent
for the required noise attenuation properties were given in Ref, 39. As with
porous leading edges for wing flaps, a central impervious structure wculd be
needed to sustain aerodynamic lift. A very small increase of wing profile
drag would be caused by the small chordwise extent of perforated material.
This passive noise reduction concept seems to have no other disadvantages
except the need to provide drains for rainwater collected within the acoustic
absorber.

j/l{eller, H. H, and Bliss, D. B.: Mow-Induced Pressure Fluctustions in
Cavities and Concepts for Their Suppression. Aeroacoustics: OTOL Noise;
Airframe and Airfoil Noigse, Vol. 45, Progress in Aeronautics and Astronautics,
M.I.T. Press, Cambridge, Mass., pp 281-296. Also, AIAA Paper 79-L9gl, Mar. 19/Y.

jﬁFiller, L.: GOwept Edge to Reduze the Noise Generated by Turbulent Flow
Over the Edge. J. Acoust. Soc., Am., Vol. 99, No. 3, Mar. 1976, pp 697-099.

39Bohn, A. J.: Edge Noise Attenuation by Porous-Edge Extensions. AIAA
Paper 76-80C, Jan. 1976.
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Use of trailing edge blowing to interpose a layer of low-turbulence air
between a trailing edge and a turbulent flow has also been examined (Refs. 27
through 31, and 34). This concept has not worked consistently for externally
blown flaps, possibly because the blown air must have a very low turbulence
level. The need to obtain engine bleed air, and provide ducts and control
valves, causes increased weight, increased cost, and decreased relisbility.
Use of a passive device such as porous trailing edges appears preferable.

Data are not openly available for the noise radiated by a clean airfoil
or wing in low-turbulence airflow at Reynolds numbers large encugh to provide
turbulent boundary layers on both surfaces. This noise level of trailing edge
noise caused by the wing turbulent boundary layer is less than acoustic open
jet or wind tunnel background noise. Trailing edge noise of clean airfcils
has been measured in a small number of unpublished tests with directional
microphones rather than conventional microphones. A directional microphone
uses a single microphone placed in a physical reflectcr, or an array of con-
“Venticnal microphones with electronic signal addition at appropriate time
delays. The resulting output containg an enhanced acoustic signal from the
geometric region being scanned and an attenuated signal from other regions
which produce background noise. Such microphones had originally been developed
for studies of jet exhaust noise source location. Measurement of airframe
noise from clean wing surfaces and leading edge devices is within the current
state of the art for direccvional microphones. Accurate measurement of large
reductions in such noise for much of the frequency range of interest may be
beyond current state of the art.

Ut

T O



7.0 CONCLUSIONS

1. The noise component method developed in this report correctly
predicts the amplitudes and spectrum shapes of noise due to extended landing
gear and trailing edge flaps. Measured noise of clean jet aircraft is
correctly predicted at relatively low frequencies but is underpredicted at
higher frequencies where engine noise probably occurs. Measured noise of
clean propeller-driven aircraft and a sailplane was correctly predicted.

2. The NASA-recommended drag element method correctly predicts the
general level but not the spectrum shape of trailing edge flap noise at small
deflections, and overestimates the overall level at large flap deflections.
Tt poorly predicts noise from extended landing gear but correctly predicts
clean-airframe noise.

3. The NASA-recommended total aircraft noise method for clean aircraft
gave poor predictions of spectra and annoyance-weighted noise levels.

N It is likely that trailing edge flap noise, at frequencies which
are highly weighted for annoyance, can be reduced 8 dB by porous leading edge
regions on all flap segments.

5. Landing-~gear noise can be reduced by use of splitter plates down-
stream of struts and axles to inhibit bluff-body vortex shedding. Additional
devices such as cavity bleed may then be needed to reduce landing-gear cavity
noige, which generally is decreased by the strut flow field.

6. Trailing-edge noise of clean wing and horizontal tail surfaces can
be reduced up to 6 dB by porous trailing edses.

7. Directional microphones will be needed to measure basic trailing-
2dge noise levels of cl=an wing models in acoustic wind tunnels.
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9.0 APPENDIX I: MATHEMATICAL CONVENTIONS FOR COMPUTER PRC 'RAM

As with the NASA ANOPP method for airframe noise, the acoustic field is
represented in spherical coordinates r, 6, ¢. The polar angle # is measured
from the aircraft forward direr:ion, which for calculation of airframe noise
can be taken as the forward horizontal direction. The azimuth angle ¢ is
measured from a reference plane containing the flight direction and the verti-
cal direction. It is assumed that the distance from the airframe is large
enough so that acoustic pressure varies as the inverse of the radius.

The Fourier transform of the acoustic pressure is

| @© .
Pus 537 [w (e dy (A-1)

so that the mean-squared acoustic pressure is

e? :2fom|pw|2dw (A-2)

The integiral in Eg. (A-2) may be expressed as a sum of integrals over all
frequency bands. For one-third octave bands, the mean-squared acoustic
pressure in any band is

2 Wy .
P =2 2 A=

where uuenmlw“ are the lower and upper limits of the frequency band,

Since the acoustic pressure varies inversely with radius, the intensity
I may be piven as

10,9 - A b, (8 ¢ (A=)
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where A is a representative area of the noise source. The acoustic power
which is within this frequency band and is radiated through a solid angle dQ

is
PO,®): 121 2 P2(.¢) (A-5)
] %CO f 1)

‘}"' = Neglecting acoustic abscrption, the acoustic power is thus independent of
SRR radius and is a convenient quantity to represent each acoustic source.
;: o Equation (A-5) may be written in terms of dimenuionless ratios by dividing
£ the acoustic pressure by /hcaa to obtain
_> PlgP) :( E’f(e.dﬂ_)? (A-6)
g Acg® A N fale?
| S

;‘j_<ﬁ g The term on the left of Eq. (A-6) is a dimensionless acoustic power which is
equal to the square of the dimensionless pressure on the right of the equa-
tion. That is,

P(B,¢) = pf2(9,¢) (A-T7)

y . in dimensionless notation. As with the NASA ANOPP noise prediction programs,

- . . . . - s N N . .

f R thias computer program is writien entirely in terms of dimensionless variables
s0 that they will be valid for any system of unitu,

- » All subroutines tollow the same computation sequence. ‘ifhe dimensionless
oo total acoustic power ftor each noise source is calculuted first. 'The power
! e P(#,4) rudiated in any direction is then found by multiplving the total power

; R Ly a directivity factor D(6,¢) /47, where D(#,6b) has been normalized by the
t o coudition

. 1 /-277

f" 8 46 (h-8)
R sin 8 DBP)de qm A-8
s . ‘}o o)

In other words, U(#,$) is defined cuch that its average value 1s egqual to one,
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The power within any one-third octave band may be round by multiplying
the power by a spectrum function S(fn) which satisfies the normalization

condition

(0 0]
Z S(fa):=1 (A-9)
nz|

Thus the total acoustic power produced by a noise source in a one=third

octave band is

P(fn )= PS(fa) (A-10)

and the power within a band and radiated in a given direction is

P(9.¢,fn):P(&f'$))S(fn,9,¢) (A-11)

The mean-squared acoustic pressure at a given distance in a given direction
is found from the power by multiplying by the factor A/r?; that is,

n(8P)

aT S(fn.9,¢) (A-12)

pf2 (r.89): P(A/r2)

These mathematical conventions are identical to those of the NASA ANOPP
computer program for airframe noise. Differences occur in the specific noise
mechani sms assumed for noise produced by varicus airframe components. These
mechani sms can have directivity functions D(@,¢), convective amplification
functicn (not described in tne preceding analysis), and spectrum functions
S(fn) which differ from those used in the NASA ANOPP method for airframe

noise.

All airframe noise radiaticn was represented in the NASA ANOPP method as
being produced by 1ift dipcoles. In a coordinate system moving with the air-
frame, the directivity factor would be proportional to ningﬂcos?¢. Mot ion of
this acoustic field past a fixed observer causes the frequency and amplitude
measurec by the fixed observer to differ from those of the moving coordinate
system. A frequency { in the pround-fixed sy.tem cerrenponds to a frequency

103




(1-M cos@)f in the moving system. This Doppler shift occurs for all types of
noise sources. For a 1lift dipole, the directivity factor in ground-fixed

coordinates is

DL(6,¢) = sin2@ cos? #[A(M)(l—M cos 9)‘] (A-13)

Here, the function A(M) is an average convective amplification factor caused
by compressibility. It is defined by

sin@cost ¢

-l W pU SINCoLLS P d de:—l—- _ 2,-2 _
A(M)-z;j; j; sin@ T WMcoso P 3(l ME) (A-14)

Convective amplification for wing and horizontal-tail trailing edge
noise and leading edge slat noise was taken as

DeB,¢)= cos?(§/2)cos? ¢/ [A(M)(I-Mcos 9)“] (A-15)

Edge noise from the vertical tail is rotated in orientation from that of the
wing and horizontal tail. Its directivity function is

Dv(@):=cos2(g/2)sine ¢/ [A(M)(n— McosB)“] (A-16)

However, measured airframe noise directivity for clean airframes has been
found (Ref. 1Y, and Figs. 9 and 6 herein) Lo be more closely given by
neglecting the Mach number dependence in Eq. (A-19).

Landing-gear noice has been found experimentally (Ref. 18) to be
approximately independent of azimuth angle. Variation of directivity with
polar angle was not specified but is arbitrar:ly assumed to be that for a 1ift
dipole us in Ref. L. Sound rauiation from the wheel-well cavity would be
expected (Pef. 4, p 4li) to be that for a monopole source in an infinite
baffle. However, cavity noise is not specifically represented in the method
developed here. The directivity function for landing-gear noise then i
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06 (8,¢) =sm29/[AG(M) ( —Mcose)"] (A-17)

where

| f27 (™ sin36 (5-18)
. [T 379 d¢dB:2aM )
AdM)4v'L 0 (I=Mcos ¢ ™

The equations used in the method developed herein for calculating noise
radiation from various airframe components are listed below.

Convective

Airframe Component Directivity Amplification
Wing (A-15),M=0 A(M)=1/3
Horizontal Tail (A-15),M=0 A(M)=1/3
Vertical Tail (A-16),M=0 A(M)=1/3
Trailing Edge Flaps (A-14) (A-14)
Leading Edge Slats, Flaps (A-15),M=0 A(M)=1/3
Landing Cear (A-17) (A-18)

Although the mathematical conventions used in this noise prediction
method are the same as those of the NASA ANOPP method fcr airframe noise,
there is a difference in viewpoint. The NASA ANOPIF method starts with a
basic acoustic quantity (cound power) for a basic well-understood noise
source (1ift dipole). Calculated sound power is distributed in space by use
of readily available solutions for directivity in compressible flow.
Empiricism occurs only in choosing equation: for maximum amplitude and
normalized spectrum shape. In contrast, calculation of noise from landing
gears and trailing-edge flaps as given herein has started with empirical
correlations of acoustic-pressure spectra. These spectra were integrated
numerically to obtain maximum OASPL. Directivity functions had to be assumed

arbitrarily, and compressibility effects caused by relative motion had to be
picked, to allow back-calculation of acoustic power. That is, &coustic

power is the most fundamental quantity from an analytical viewpoint but the
least readily obtained quantity from empirical correlations of airframe noige
data.
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10.0 APPENDIX B: COMPUTEK FROGRAM FOR CALCULATING AIRFRAME NOISE

10.1 General Description

This digitel computer program, written in FORTRAN IV, predicts airframe
noirse thet would be measured by microphones mounted on posts or tripods above
the ground, in lines parallel to the flight path, at input-designated azimutin
and sideline angles. If the atmospheric properties are not specified as
input but allowed to remain at their default values, and the input integer
UNITS in specified as 1, the alrcruft altitude and linear dimensions should
have the dimensions of feet, areas sqnare feet, and airspeed knots. 1If UNITS
is net cqual to 1, and the atmospheric properties are not specified, airspeed
should be input as feet per second. Input values of atmospheric properties
for use with input dimensions and airspeed in the metric system (meters,
square meters, meters per second) are given in the first set of comments
within the program listing. Comment statements are placed throughout the
program listing to describe the purpose of each portion of the program and to
define the program variables.

The program consists of a main control program, four subroutines which
calculate noise radicted from seven airframe components, a subroutine NOYS
which calculates perceived noise level (PNL) of the combined noise spectrum,
and an output subroutine OUTP which organizes the printout. Subroutine
OPT123 calculates trailing edge noise from the wing, horizontal tail, and
vertical tail, respectively. Subroutine OPT4 calculates trailing edge flap
noise and subroutine OPTH caiculate. leading edge slat noise. Subroutine
OPTOT calculates landing gear noise from the main landing gear and nose land-
ing gear, respectively. Each of these last four subroutines follows the
same flow path. Normalized acoustic power is computed first. This quantity
1s multiplied by the appropriate directivity factor, and by the ratio of
reference area to faer-field distance squared, %o ottain the ratio of overall
mean square acoustic pressure to reference pressure squared. Finally, ihe one-
third octave spectrum for that noise componer:t is computed. The main program
calculate:; the resulting CASPL and one-third octave band SPL for each compo-
nent,. It also adds the acoustic pressure ratios to obtain the sum of noise
from all designated components. These airframe acoustic pressure ratios are
utilized to celculate complete airframe OASPL, one-third octave band SPL,
A-weighted noise level dB(A), and perceived noise level (PNL) at each designa-
ted position.

The following is a list and definition cof the input variables and their
default values, Wherever possible, the program symbol:; and default values are
equul Lo those of the NASA ANOPP airframe noise digital computer proprum
JCHARKM. However, numerical default values correspond to use of Englich-sys-
tem unit:: rather than metric-system units,




Program
Symbol

CA
RHOA
NUA
PREF
FL

FU

DELTH

PHIL

PHTTi
DELPHI

UNITS

AW

AT
BT
AV
BV
NF

AF
CF
DELF

NS1

Definition D

Atmospheric speed of sound

Atmospheric mass density

Atmospheric kinematic viscosity

Avoustic reference pressure

Lower limit for one-third octave
center frequency, Hz

Upper 1limit for one-third octave 1
center frequency, Hz

Lower limit for polar angle, dey

Upper limit for polar angle, deg

Increment between successive polar
angles, deg

Lower limit for azimuth (sideline)
angle, deg

Upper limit for azimuth angle, deg

Increment between successive azimuth
angles, deg

Alti tude

Equal to 1 if velocity is in knots and
any other integer if ft/sec (integer)

Velocity

Wing area

Wing span

Korizontal tail area

Horizontal tail span

Vertical tail area

Vertial tail span

Numbher of trailing edge flap chordwise
segments (integer)

Tralling edge tf'lap area

Trailing edge flap total chord

Trailing ~dge flap aft-segment deflection,
deg

Number o main landing gear units
(integer)

Number of noce landing gear units
(integer)

Equal to O if wing is aerodynamically

very clean or 1, tfor typical low subsonic

speed aircraft and for extended leading

edpe slats or flaps
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efanult Value

1116 4k
0.002377
1.576E~k
4.1773E-7

50.

0000.

10.
170.
10.

-30.

80.
10.

3.281
0

100.
10.765
3.281
10.765
3.281
10.765
3.281

2

1.615
0.82
30.

2

O.




Program

Symbol Definition Default Value
N1 Number of main landir.g gear wheels per 2
unit (integer)
N2 Number of nose landing gear wheels per 1
unit (integer)
D1 Diameter of main landing gear wheels 1.
D2 Dianeter of nose landing gear 1.
Ll Ratio of main landing gear strut length 2.94
to wheel diameter
2 Ratio of nose landing gear strut length 2.94

to wheel diameter

All input lengths (altitude, span, chord, diameter) and areas must have the
dimensions ft and ft2 if the first four gquantities on this list are kept in
English units (tt/sec, slugs/ft3, fte/sec, and lb/fte). The default values
correspond to flight in sea-level standard atmosphere, Input quantities can
be given in metric units (m and m?, with velocity m/sec) if these first four
quantities are supplied as metric-system input. For sea-level standard
atmosphere, these are CA=340.3, RHOA=1.225, NUA=1.46LE-5, and the mewric-
svstem acoustic. reference pressure PREF=2.E-9.

This program has been run on a UNIVAC 1110 large digital computer but
should operate on all machines of generally similar capability. Each
execution and output cycle (one aircraft configuration and flight. condition,
for the full range of polar angles at one sideline angle) requires only
several tens of seconds of central processing unit time.

10.2 Program Input Format

The input for each case comprises (1) a title card which provides an
identification label in the printed output, (2) the calculation frequency
range, angular positions, flight condition, and airframe geometry, (3) the
specific program options (noise components) to be used, and (4) an indication
that all required program options have been called, so that noise of the
complete confipuration can be determined. Data input is done using the
NAMELIST format.. A sample input is given on the next page for calculating
airframe flyover noise of the Lockheed JetStar aircraft with trailing edpe
tlaps extended and landing gear retracted (NASA Flipht Research Center Flight
TA). Because the vertical tail does not radiste noine directly beneath the
aircraft, subroutine OPT3 and its input quantities for vertical tuil noise are
not used. Each line denotes a separate input card. The range of polar angle
TH has been decrearsed from the default range but, 10° inerement: have been
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retained. Specifying zero sideline angle for both PIHIL and PHIU causes
calculations to be held tc the flyover line. Default values for frequency
range and atmosphere properties are retained., UNITS is input as 1 so that
velocity can be input in knots.

JETSTAR, FLAPS DOWN, GEAR UP, RUN 7A
$INPUT

THL=30., THU=90., PHIL=0., PHIU=0.,

AW=542 .5, Bd=53.67, AT=149., BT=2L.75, ND=0.,
AF¥=53,67, CF=2.2, DELF=50.,

H=500., UNITS=1, V=170., IOPT=1,

$END

$INPUT

I10PT=2

$END

$INPUT
TOPT=L
$END

$INPUT
TEND=1

$END

This sequence of cards can be followed by another title card and
calculation case or by a termination card. All of the above cards start in
column 2, Output for this case is given after the program listing.
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Program output for the sample input given in the preceding section is

Pl
B
M
{
A

Samplé Program Output

10.4

The output tanle for each of the three airframe noise components

is preceded by a table of all the NAMELIST variables and their numerical

values, not reproduced here.

shown here,
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11.0 APPENDIX III: TABULATED AIRFRAME FLYOVER NOISE SPECTRA

Flyover noise one-third octave spectra, at the measurement time that
produced maximum OASFI,, were plotted in Refs. 11, 17, and 26 for tests con-
ducted at NASA Dryden Flight Research Center. The aircraft teosted were the
Aero Commander Shrike, Lockheed JetStar, Convair 990, end Boeing 7'7. Values
of OASPL, fliyht speed (m/sec), and mass (Newtons) were given in ‘luvle 2 of
Ref, 22 for ten flights of the Lockheed JetStar, four flights of the Ccnvair
990, and five flights of the Boeing 747. The aircraft configurations comprise
the clean aircraft, trailing edge flaps extended to one deflection for each
aircraft, landing gear extended and flaps retracted (for the Lockheed JetStar
and Boeing 7h7), and both the landing gear and flaps extended. Spectra were
supplied for the Aero Commander Shrike at two airspeeds with landing gear
extended and flaps retracted, and at one airspeed with landing gear and
trailing edge flaps extended.

ﬁ.q-A j; These data were measured using & microphone installed flush with a large
| EEE around board. The resulting one-third octave band sound pressure levels {SPL)
"_ 3 shovrld be regarded as 6 dB above free field because cf in-phase reflection of
3 . acoustic waves at the microphone. 1In contrast, noise certification measure-
s ments generally are obtained with microphones mounted 4 ft atove a hard sur-

) face. The resulting measured sum ol directly radiated and randomly-phased
@4-5  i reflected acoustic waves is 3 dB above free field at greater than several
hundred Hz center frequencies,

Measured flyover noise spectra were corrected by NASA for differences
between measured and 500 ft flight altitude. Two adjustments were applied.
Amplitude at all frequencies was adjusted for the altitude difference by uce
of an inverse squared variation with altitude. The spectra were further
corrected for the atmospheric attenuation over a path length equal to the
difference between 500 ft and the actual altitude. This frequency-dependent.
_ correction was crlculated for the attenuation properties of standard-atmo -

i “'.‘ g sphere temperature and humidity. Therefore the tabulated spectra correspond

‘ . to the direction for peak OASPL of a flyover at 500 Ft altitude. They include

the effects of atmospheric atteniation between that altitude and the ground.

Both OASPL and preceived noise level (PNL) of the resvlting adjusted spectra ’
) were generally calculated by NASA. These spectra and .ntegrated levels for

. ; ; the four aircraft types are listed in Tables 3 through ¢ herein, Velocity

?. v (knots) and grcss weight (ib) were taken from NASA-supplied data shezets for

et 't- most runs. For other runs, they were calculated frcm Table 2 of Ref. 2

RN which provides flight information in metric-system units.
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Spectra for the Vickers VC 10 in the clean configuration and with several
individval components deflected were ~btained by the Royal Aircraft
Establishment (RAE) and reported in Rer.12. These flyover peak-OASPL spectra
also were measured witk a flush-mounted wmicrophone and are 6 dB above free
field. All of the eight spectra supplied by RAE were obtained at 160 knots
nominal airspeed and 600 ft nominal altitude. These spectra, which include
whatever eimospheric attenuation was present, are given in Tapble 7. Values of
OASPL for these spectra were given in Ref. 12 only for the frequency range
from 40 to 1600 Hz because engine tone noise dominated the spectra at higher
frequencies. Those values are not tabulated herein.

Airframe noise spectra were measured by Lockheed-California Co. for the
Douglas DC-3, Convair 240, Aero Commander Shrike, Prue-2, and Cessna 150.
These measurem2nts used microphones mounted on tripods 4 ft above the ground.
I'abulated spectra are readily available from Tsble A-1 of Ref. 9 and are not
repeated herein.

These spectra are being published to facilitate the evaluation of other
methods for predicting airframe noise. Geometric properties are given in
Table 8 for the five airframes f'or which spectra are listed in Tables 3
tarough 7.
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TABLE 3

ALLRO COMMANDER SHRIKE, 500 FT ALTTYUDE

1/3 Run 4, gear down, Run 6, pgear down, Run 7, gear down,
Octave flaps down, 113 kt, flaps up, 112 kt, flaps up, 153 kt,
freq., Iz 6566 1b, 5pL,, 4B 6475 1b, SPL, dB 6440 1b, opPLL, dB

50 63 66 68.9
63 62 66.5 70.4
80 61 65.5 69.9
100 60 £5.5 5G4
125 59.5 63.5 69,4
160 59 61 664
200 59,5 60.5 66.9
250 59.5 58.9 6L,y
319 C59,5 58 66 .4
400 60 v3 654
500 60.5 57.5 65.8
630 61 58.Y 06,7
800 61 59 66.6
1000 59.5 58 65.5
1250 57.5 50 6L, o
1600 50 52,4 60,7
2000 53.5 51.5 604
2500 50 hg.y 58,0
3150 46, h3.5 53.1
Looo hé .y 4o.5 W1
5000 - 34 Wl k4
6300 - - 394
3000 - - 34,3
10000 - - -

OALP), 12.3 Th.1 ORE

let
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VABLE W

LOCKHEKD JEISIAR , 500 T ALITLIUDE

{ Run 2, Run 3, Run 4, Run La, Run 9,

‘ " 1/3 clean, clea, clean, clean, clean,
g Octave 247 kt, 297 kt, 342 kt, 350 ki, 358 ki,

F freq., 11z 36,186 1lb 35,586 1b 34,986 1b 33,986 1b 33,336 1b

50 58.0 61.1 63.8 65.0 63.8

63 65.3 Oh.1 6.5 65.8 63.l

80 66.9 69.73 72.0 (9.9 71.1

3 100 69.2 70.9 73.2 71.9 T2.7

125 70.6 T1.7 .3 2.9 73.9

SN 160 68.5 T1.5 5.9 75.2 Th.?
' 200 69.5 72.3 779 .2 T79.h

250 71.8 73.5 77.8 &7 76.1

315 2.3 .6 78T T7.2 7.2

400 70,6 T2 .8 T1.2 5.3 6.3

3 500 697 1.0 76 Th .9 6.1
F 630 2.1 TG 78.2 7.3 79.0
B 800 3.0 76.2 (8.6 9.1 30.2
= 1000 75.0 78.2 850.'( £1.1 52,3
z 1250 5.3 75,8 $0.9 B42.3 42,9
i : 1600 YONE 0 80,5 W1 82 .0
v 20C0 4.3 5.2 78.3 799 T9.4
R 2500 1.9 ™., 0 16T (4.1 19
- 3150 (4.6 70.7 73.0 .7 159
A 4000 6L b 6006 GO 71.3 2.9
R 5000 Ht3.9 Ok 6HH.T O7.7 Sy
6300 55.1 SR (,1.0 2.9 650

8000 “2.3 ')14.1’, ! ‘,,):'li.‘,) HO.Y

1000 HHLY Ty £l (3.0 1.3
ONAPL Bh,Y BV 90,7 G0 h a1.0
PNL 99,0 TG 1004 101.7 101,
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TABLE 4+ (Concluded)

LOCKHKFD JETSTAR , 500 FT ALTI'TUDE

Run 7A, Run 3, Run 9, Run 10, Run 11,
flaps 50°, flaps up, flaps up, flaps 90°, tlaps up,

gear up, gear down, gear down, gear down, gear down,
1/3 Octave 170 kt, 194 kt, 182 kt., 158 kt, 204 kt,

freq., Hz 31,539, 1b 31,011 1b 30,386 1b 29,686 1b 29,486 1b
50 71.6 68.8 65.7 70.8 66,1
63 72.6 60.7 63,5 72.5 67.8
30 5.0 72.6 : 71.5 2.3 T0.7
100 76.4 Th.ly .1 75.0 72.8
125 6.4 73.8 75.9 Th.6 73.5
160 73.5 75.9 77.1 73.0 5.4
200 73.6 3.7 T7.7 w7 76.3
250 Th.o 75.0 0.8 .6 76.1
315 75.0 5.5 (0.6 75.3 5.7
400 1.7 Tl 75.0 73.0 .7
500 7.0 2.2 H.2 72.0 2.y
630 5.6 . 1.y 72,0 T0.1
800 .3 N(EPD 13,0 7.0 I
¢ 1000 7o, 1 R HOL6 7Y 7.1
1250 7¢.9 7.8 30.5 (0.2 THLE
1600 V6.6 L $50.1 6.2 T
2000 3.7 76.2 7.0 3.4 7.4
2500 68,7 70.0 3.7 08,7 1.0
3150 Oh LY 0Y .0 (.'J‘,)-'j GhL L 56,3
Lo00 61,9 02 34 .8 Gl.h 3.0
L000 N8 HO. 3 Glab O (0.4
(300 Hh e SO N Hh 3 H6.6
BOO0 - - - Sluh ho2
10000 - - - ol Thil
OA L, WL SV SENE TR Sy
P, K, b Aol P Sl
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TABLE 5

CONVAIR 990, 500 FT ALTITUDE

Run 11, Run 10,
Run 3, Run 17, Flaps 36°, Flaps 36°,
Clean, Clean, gear up, gear down,
1/3 Octave 312 kt 187 kt, 189 kt, 160 kt,

_freq, Hz 182,000 1b 157,000 1b 166,000 1b 168,600 1b
50 68.5 68.1 T7.7 76.1
63 69.1 66.5 V7.6 76,9
80 7h, 1 70,3 79.7 19.3
100 77.2 Th,7 8.2 81.0
125 80.1 74,0 82.7 &1.7
160 80.0 73.Q Be e 81.2
200 79.4 71.5 81.8 80.2
250 79.3 71.6 80.7 80,9
315 79k 71.3 91.5 80.9
400 78.2 72.3 83.3 82,9
500 79.2 73.0 biy by 824
60 79.4 Thou 8h.6 81.6
800 80.2 W0 82,5 9.9
1000 80.5 3.7 OL.3 793
1250 81.3 Y4RE 804 79.0
1600 82,6 75.°( 80.7 18
2000 82.6 73.1 AN 16,1
2500 81.8 2.9 5.1 736
3150 1.1 69,2 72.0 70,0
L4000 79.8 61.0 68,6 7.8
5000 ISNE 03.5 05.2 oh L0
6300 773 60N 61.0 60O
800G 75.2 50.3 58,2 58.5

10000 731 51.73 (0.3 61,3 &
OASPL 9.9 8.1 ())} .1 Gl i

PNL 106.5 SIPE 102.0 1004




TABLE 6

BOEING 747, 500 FT ALTITUDE

Run & Run 3,

ilaps 25°, Flaps 259, Run 4, Run 5,

gear down, gear up, clean, clean,

1/3 Octave 197 kt 198 kt, 264 kt, 233 kt,

freq, 1z 512,000 1b 507,000 1b 502,000 1b 501,000 1b
50 85.5 H1.h 5.1 TTe1
63 85.4 85.1 7.0 75.3
80 88.1 88.0 81.1 79.0
100 90.5 90.6 80.5 77.8
125 88,2 88.0 80.7 78.2
160 83,1 87.1 80.3 83.3
200 8.8 86.9 794 85.2
250 88.8 87,2 79.0 78,5
315 89.8 87.2 79.9 79.2
400 89.1 87.3 80.3 719
500 89 .4 87.6 81.9 78.1
630 89.8 87.2 83.8 79.0
800 90.5 86,0 83.06 83.6
1000 90.h 87.1 85.5 83.8
1250 89.5 86.0 8.5 80.8
1600 88.6 $7.0 80,7 80.9
2000 88,65 86.6 8,1 81.6
2500 8L 864 8l 80,2
3150 85.8 8h,1 831.5 8.7
iTelel0) 83.7 80.0 8ol T3
5000 80.6 19.6 78.2 16,6
300 M2 76.5 ‘h.o 73.0
8000 714 71.3 - 67k
10000 - 59,1 - (3.0
OASTL 101.8 100,0 95.73 93.'(
PNL 1120 110k 107.2 104.5
132

Run 6,
"laps up,
gear down,

215 kt,
497,00 1b




TABLE 7 ,

f
VICKERS VC 10 FLYOVER SPECTEA
160 knots airspeed, 600 ft altitude, 195,000 1b
|
1/3 Octave Freq. Clean 0PL, Dirty SPL, CGear Down, Gear Down,
Hz an dn Doors Shut Doors (Qc_ep_
: o 70.0 8h.5 7h.5 8h.0
50 TL.5 83.0 75.0 2.0
63 70.0 83.0 7h.5 80.5
80 71.0 82.0 75.0 81.0
100 .5 3.0 77.0 82.0
105 7.5 83,5 77.0 83.5
160 2. 83.0 7.5 83.0 ;
200 73.5 83.5 $0.0 82.0 ’
250 7.0 84,0 81.5 82.5
317 73.5 82.0 £0.0 81.0 i
100 7h.0 81.0 77.5 79.0
500 .5 £0.0 76.5 78.5
630 73.5 81.0 77.0 79.0
600 7h .0 81.5 77.0 79.5
1000 s 79.5 76.5 80.0
125 7.0 78.5 76.0 78.0
1600 73.0 78.0 .5 76.5
2000 74.0 79.0 75.5 79.5
2500 8.5 83.0 83.0 83.5
3150 75,0 81.5 77.0 78.0
000 70.0 76.5 7.5 73.5
5000 66,5 73.0 70.5 7.5
6300 68,0 7°.0 70.0 70.5
8000 67.0 (9.5 (8.5 70.5
10000 60,5 hHRL5 67,0 68,0
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TABLE 7 (Concluded)

VICKERS VC L0 FLYOVFR SPECTRA o
160 knots eirspeed, 600 £l altitude, 195,000 1t 4

1/3 Octave Freq. Slats Out Flaps Extended, Angle =
Hz SPL, dB P0%, 4B 257, 4B 45°, a8
Lo 73.0 72.5 79.3 3L.6
50 7h.5 4.0 80.0 83.1
63 73.5 7.6 80.3 82.1
80 75.5 75.5 80.6 81.8
100 76 .0 77T 80.5 82.0
15 77.0 77.3 80.3 81.0 :
160 77.5 77.8 79.6 80.8
200 78.5 77.0 79.6 81.0 &
250 79.5 774 79.2 81.0 3
315 78.0 76.1 77.8 80.3 é
Loo 7.5 7G.3 7.7 80.0
500 78.0 76.3 7.2 79.0 3
630 7.5 76.0 78.3 79.6 i
800 77.5 77 . TT o 80.3 5
1060 78.5 76.1 76.5 78.. B
1250 7G.5 76.1 76.5 76.5 !
1600 7.5 7.1 75.7 76 . !
2000 76.0 5.5 75.0 78.5 1
2500 83.5 3.5 81.7 83.5 :
3150 7.5 77.3 78.5 80.7 ;
11000 70 .5 7.5 73.1 75.0 g
5000 71.5 70.7 70.7 73.8 ;
6300 71.5 (9,0 (9.3 T1.7 |
8000 70.5 67,7 68.0 69.4 )
10000 70.0 668 G7.0 GRLY N
, :
i
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TABLE 8

AIRFRAME GEOMETRIC PRCPERTIES

Airframe Property Aero Commander  Lockheed Convair  Boeing  Vickers

Shrike JetStar 90 Th7 VC 10
Wing area, ft2 255. 542.5 987, 5500. 2932,
Wing span, ft 49,0 53.67 95. 195.7 146.2
Horizontal tail
e area, ft? 33.1 149, 185. 1470, 508.
.*ﬁ{f; Horizontal tail
LRI span, ft 16.75 24,75 25.67  72.75 13,83
TR Flap area, ft2 21,2 62.6 337.5 847, 508,
b Flap chord, ft 1.3 2.28 b7 7.5 6.Ll
o Flap angle, deg 22, 50. 36. 25, 20,35,45
i ; Main gear/aircraft 2 2 2 4 2
?;W't Wheels/main gear 1 2 2 L4 L
5 Main wheel diameter,
SO > ft 2.22 2.17 3.25 3.83 L.17
1 ﬂf Wheels/nose gear 1 2 2 2 2
| A Nose wheel diemeter,

SRS | £t 1.46 1.5 2.L2 3.83 3.25




