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A METHOD FOR CALCULATING
EXTERNALLY BLOWN FLAP NOISE

Martin R. Fink
United Technologies Research Centér

SUMMARY

A method is described for calculating externally blown flap noise as a
sum of several simple basic noise components. These components are (1) com-
pact lift dipoles associated with the wing and flaps, (2) trailing edge noise
associated with the last trailing edge, and (3) quadrupole noise associated
with the undeflected exhaust jet, deflection by a flap surface or nozzle de-
flecting surface, and the free jet located downstream of the trailing edge.
These noise components are combined to allow prediction of directivity and
spectra for under-the-wing (UTW) slotted flaps with conventional or mixer
nozzles, UMW slotless flaps, upper-surface-blowing (USB) slotless flaps, and
engine-in-front-of-the-wing slotted flaps. The development of this method
as part of a four-year effort under this Contract is described. A digital
computer program listing is given for this calculation method.

Directivities and spectra calculated by this method, the current NASA
ANOP method, and a method developed by Lockheed-Georgia Co. are compared
with free-field data for UIW and USB configurations recently tested by NASA
Lewis Research Center. These data had not been part of the data base used in
development of these three methods. The UTRC method best predicted the
details of the measured noise emission, but the ANOP method best estimated
the noise levels directly below these configurations.



INTRODUCTION

Noise generated by stationary solid bodies in the presence of the

~turbulent airflow in fan ducts is & mejor part of the noise of installed
turbofan aircraft engines. For example, acoustically treated splitters
within the engine inlet and exhaust ducts can attenuate turbomachinery noise
but produce noise at their edges. Internal struts, necessary for structural
support of the engine and splitters, are likely to be immersed in high-veloc-
ity turbulent engine airflows. Turbofan stator blades are subjected to
fluctuating wakes produced by the fan rotor blade. For STOL aircraft,
externally blown flaps deflect engine exit airflow in order to generate
additional wing 1lift force at low flight speeds. 1In all these cases, a solid
surface of finite extent is scrubbed by airflow containing velocity and
pressure fluctuations. The same basic aerocacoustic mechanisms should be pre-
sent for all of these examples.

The subject of this report is prediction of noise caused by externally
blown flaps. This comprised the major portion of the investigation conducted
under this four-year contract. Experiments with simple configurations were
utilized to develop simple analytical models of gseveral noninteracting noise
components. Some components could, in concept, be calculated by rigorous
methods. Such a theory would be extremely complex and is not presently
available for externally blown flaps. Therefore a semi-empirical noise
component method for externally blown flap (EBF) noise was developed instead.
This UTRC method can be applied to under-the-wing slotless or slotted flaps
and conventional or mixer nozzles, upper-surface-blowing configurations with
uniform exhaust'flow, and engine-in-front-of-the-wing installations. Other
prediction methods also exist for some of these types of EBF configurations.
A1l of these methods are described and are evaluated herein by comparing their
predictions with NASA-designated free field data for a range of EBF configu-
rations. These recent data had not been used in development of these methods,
so that the comparison-wotld not be biased. Crosscorrelation measurements
to identify noise source locations are reported in Appendix D herein.

A companion final report describes the remainder of the contract effort,
devoted toward the development of a method for predicting and reducing noise
radiation from gas turbine engine struts and splitters.

Editorial review of this Contractor Report was performed at NASA Lewis
Research Center and by colleagues within UTRC in order to assure clarity of
ideas expressed. Drafts of this report were also reviewed by persons at
NASA Lewilis Research Center and at Lockheed-Georgia Co. who have developed
conpeting methods, in order to assure correct evaluation of their EBF noise
prediction methods.



DESCRIPTION OF THE UTRC EBF NOISE PREDICTION METHOD

Development of Analysis Under This Contract

The work conducted under this Contract was based on an earlier noise
component method developed at UTRC and first presented in reference 1. That
method had regarded under-the-wing (UTW) externaly flown flap (EBF) noise as
a sum of three types of noise components. Scrubbing noise as described
therein was taken to be a 1lift dipole noise acting on the wing and flap
panels scrubbed by the exhaust jet. The noise generating process was taken
as that described by Sharland (reference 2) for noise produced by a turbulent
boundary layer on an airfoil surface. Such noise was assumed proportional to
velocity raised to the sixth power, surface area scrubbed by the jet, and
surface pressure fluctuation squared. Pressure fluctuations on the flap
surfaces were assumed equal to those for the free-jet mixing region, an order
of magnitude larger than those for an attached boundary layer. It was shown
that equation (10) of reference 2 predicted lobes of flap-generated 1lift
dipole noise that generally matched the available EBF noise data at low ex-
haust velocities for directions above and below the flaps. Another noise
component was quadrupole noise generated by deflection of the exhaust jet.
This noise contribution was evaluated from the data of reference 3 for a jet
deflected by a large flat surface. Slotted and slotless UIW configurations
were noted to have approximately equal peaks of quadrupole-like noise at
shallow angles above and below the deflected jet. Measured deflected jet
noise radiation was therefore assumed to apply at both these directions de-
spite lack of an explanation for the upward-radiated noilse. The sum of these
guadrupole and 1lift dipole components generally matched the available data
except for underprediction of noise measured in the upper forward quadrant.
The only noise generating process that is strongest at directions opposite to
the deflected flap trailing edge would be trailing edge noise. This addi-
tional noise component therefore had been assumed in order to match measured
UIW directivity shapes in all gquadrants.

The first fiscal year's work under this Contract, reported in references
4, 5, and 6, consisted of experiments directed toward evaluating the several
available theories for incidence fluctuation noise, trailing edge noise, and
scrubbing noise. Results for incidence fluctuation noise were presented in
reference 5. That portion of the Contract effort, and additional Contract
effort directed to predicting noise generated by struts and splitter rings
within turbofan exit ducts, is summarized in reference 7. The study of
trailing edge noise was also presented in reference 5. Those data, and 2/3
of the summary data given by Hayden in reference 8, were found to substan-
tiate the functional dependence of trailing edge noise developed by



Ffowes Williams and Hall (reference 9) and by Chase (reference 10). They did
not agree with the dependence stated by Hayden in references 8 and 11.
(Hayden has published a rebuttal in reference 12 which presents his data for
the characteristic decay flow regime, which agrees with his equation and was
not shown in reference 4. That comparison did not contain his data of
reference 8 for a large range of velocities in the potential core or radial
decay regimes, shown in figures 19 and 20 of reference 4 and in figure 6 of
reference 5.)

The study of scrubbing noise, published in references 4 and 6, had a
major effect on the EBF noise calculation method developed under this
Contract. It was shown by crosscorrelation experiments that regions of the
flap surface which experienced large fluctuations of static pressure were not
strong generators of noise. This result is frequently found in crosscorrela-
tion experiments, as noted in Siddon's basic studies (reference 13) of sur-
face-radiated noise. It contradicted the major noise process assumed in
reference 1. Variation of maximum normalized crosscorrelation coefficient
with chordwise position and variation, with chordwise position, of the times
at which maximum first derivative of crosscorrelation coefficient occurred,
were utilized to develop a different description of this noise process during
the second fiscal year. This concept also utilized the then-recent concepts
of large-scale vortex structure in a UIW exhaust jet as influenced by feed-
back from the downstream solid surface (reference 14). These vortexes, con-
vected past the wing and flap surfaces, were assumed to induce 1lift force
fluctuations on those surfaces. Strength of the 1ift force fluctuation and
therefore the noise radiation depended on distance between the vortex trajec-
tory and the surface. The first year's study of incidence fluctuation noise
provided analytical justification of the empirically assumed asymptotic
spectrum slopes at large and small Strouhal numbers for this noise concept.
The explanation developed at NASA (reference 15) to explain the measured
variation of UIW noise with exhaust velocity to the 6.7 power rather than
sixth power was also included for this component. That is, local exhaust
velocity as calculated for the nozzle exit Mach number and flap trailing edge
location was taken as the relevant flow velocity.

During this second fiscal year, a method was developed for predicting
the increased quadrupole noise caused by an exhaust jet impinging against a
flap surface. This calculation procedure used the NASA-developed method of
reference 16 for noise radiated by an isolated jet. It was shown that if
this noise was increased by an amount proportional to sine squared of deflec-
tion angle, and the directivity pattern was rotated through that angle, the
data of reference 3 could be closely matched. OASPL directivities and 1/3
octave spectrum shapes were then calculated for most of the small-scale EBF

configurations tested at NASA Lewis Research Center. A detailed description
of the calculation method, and comparisons between predictions and data, were



given in reference 17. Sketches of the twelve small-scale EBF .
which form the data base from which this UTRC method was develo:
in Table I.

TABIE I

EXTERNALLY BLOWN FLAP MODELS FOR COMPARISON
OF MEASURED AND PREDICTED NOISE

Sketch Descrip. Sketch
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5 vary diameter b
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During the third fiscal year, the calculation method was modifed to
account for the fact that all the reference data base had been obtained under
nonfree-field test conditions. Crosscorrelations among surface pressures on
flap upper and lower surfaces, and far field acoustic pressures, were conduc-
ted for both UIW and upper surface blowing (USB) configurations. These
results generally validated the assumed conceptual model. Noise calculations
were conducted for large-scale UIW and USB EBF configurations tested at NASA
Lewis Research Center and corrected to free field. Comparisons with these
UIW and USB data, for which the exhaust jet was either a nominally half-
scale cold jet or a TF-34 engine, were given in reference 18. The UTRC
method for calculating EBF noise was frozen at this time, except for two
changes. Forward flight effects were included later this third year. Pre-
diction of noise radiation from UIW slotless wings was modified during the
fourth year because of poor agreement found during the third year. At this
time the calculation procedure consisted of two separate time-sharing digital
computer programs, one for OASPL directivity of each noise component and of
their sum, and one for spectrum. Considerable manual effort was needed in
preparing inputs for each program. Forward flight effects on local flow
properties, surface pressure fluctuations, and far field acoustic pressures
were measured in an acoustic wind tunnel for a range of exhaust velocities
at different ratios of flight velocity to exhaust velocity. A method was
developed for calculating the resulting effects of forward flight on various
noise components. One unexpected result was that the spectrum of USB sur-
face-radiated noise is decreased in amplitude and shifted to higher fre-
quency. Full scale spectra, at high-annoyance frequencies, also decrease in
amplitude as frequency is increased. The result is a large predicted noise
reduction at low frequencies, where the contribution to annoyance is small,
and negligible forward flight effect on high-annoyance noise. This predicted
behavior is substantiated by data. The UTRC method for predicting EBF noise
was modified to include these predicted effects of forward flight. Results
obtained during the third fiscal year were presented in reference 18. Papers
containing portions of the results were given in references 19 and 20.

Activities conducted on EBF noise during the fourth (final) fiscal year
included a test program to examine USB noise source locations by crosscorre-
lation of local velocity fluctuations and far-field acoustic pressures. The
noise calculation method developed by Tam and Reddy in reference 21 had
agssumed that one of the dominant components of USB noise is the flow mixing
process in the highly sheared region downstream of the trailing edge and below
the deflected exhaust jet. Instead, the crosscorrelation results presented
in APPENDIX D herein indicated that the nolse was associated with large-
scale structure of the exhaust jet that existed in the wing upper-surface
boundary layer. These convected eddies produced noise only as they moved
past the trailing edge. As another task, the several parts of the computer



programs for EBF noise as used in late 1975 were combined into one FORTRAN
program, and a geometric error in calculating the effect of azimuth angle was
corrected. This program calculates OASPL and 1/3 octave spectrum for ranges
of polar angle and azimuth angle specified by the input, for UIW configura-
tions that can have conventional or mixer nozzles and slotted or slotless
wings, USB configurations, or engine-in-front-of-wing configurations. Calcu-
lations were compared with free-field data obtained by NASA Lewis Research
Center and with limited additional data. Results for this fourth year are
presented herein; portions of the results were presented in references 19 and
22.

Assumptions Within UTRC Method

Basic Concepts

The noise component method described in this report calculates the total
noise as a sum of several components which are acoustically but not aerody-
namically independent. In its initial development, each component had the
analytically predicted functional properties of noise radiation from a simpli-
fied physical situation. If a fundamental analysis existed for noise radia-
tion from surfaces in nonuniform flow, and if spatial distributions of mean
veloclty and turbulence spectrum were known for each EBF configuration, then
the noise radiated by each component could be calculated rigorously. This
information is not presently available. Empirical constants therefore have
been developed in the analytical description of each noise component. Thege
constants represent a combination of both the unknown local exhaust proper-
ties of the deflected jet (mean velocities, turbulence rms amplitudes, and
turbulence integral scale lengths) and the unknown interactions between
adjacent flap segments. From this viewpoint, the same basic simple noise
components are assumed to occur for UIW slotted or slotless EBF configura-
tions with conventional or mixer nozzles and for USB configurations. Ampli-
tude of each noise component is calculated for the specific geometry of each

case, and the resulting OASPL's and spectra for all components are summed as
statistically independent quantities.

Noise radiation from surfaces in turbulent flow can have different
behavior depending on the relative sizes of the chord, turbulence, and acous-
tic wavelength. One convenient approximation used in reference 25 was to
compare measured noise radiation patterns with those predicted for two
limiting cases: very small and very large chord relative to turbulence scale
length and acoustic wavelength. The EBF noise prediction method given herein,
denoted as the UIRC method, approximates the actual noise directivity pattern
of surface-radiated noise as a sum of those two limiting cases. The limit of



very small chord is called fluctuating 1ift noise, and that of very large
chord is called trailing edge noise. Functional dependence of noise ampli-
tude is teken from theory; absolute level had been picked to match selected
EBF data. The empirical agreement with data was improved if another compo-
nent, having the directivity shape and general behavior of jet mixing noise
rotated through the exhaust deflection angle, was also included.

Typical directivity patterns and relative amplitudes are sketched in
figure 1 for each of these assumed noise mechanisms as it occurs for UIW and
USB configurations. Fluctuating 1ift noise, also called scrubbing noise or
inflow noise, is sketched in the upper part of this figure. It is defined as
an acoustically compact 1lift dipole noise oriented perpendicular to each
chordwise segment of the wing. As shown experimentally in references L4 and
6, local fluctuations of airfoil loading occurred which were coherent along
the width of the region scrubbed by the exhaust jet. They moved downstream
along the surface at the eddy convection velocity of about 80% of local maxi-
mum velocity. Local pressure fluctuations induced by this process resemble
those caused by discrete vortices convected past an isolated airfoil. Ampli-
tudes of these pressure fluctuations are small compared with pressure fluc-
tuations generated by the shear-layer mixing process and impressed onto the
adjacent surface. Thus the regions having strongest surface pressure fluc-
tuations generally do not have strongest local noise source strength. This
result that local dipole noise radiation is not necessarily proporticnal to
local surface pressure fluctuation has been found in other studies (e.g.,
reference 13) of noise generation processes investigated by crosscorrelation
techniques.

As sketched in the upper part of this figure, far-field 1lift fluctuation
noise from the undeflected portion of a wing and from each separately deflec-
ted chordwise flap segment was represented by a separate dipole. Because an
UIW flap (upper left sketch) is deflected into the jet exhaust and therefore
closer to the hypothetical outer edge of the jet, the dipole associated
with the aft flap segment is relatively strong. In contrast, an USB flap
(upper right sketch) is deflected away from the jet exhaust. Its strongest
assumed dipole tends to be that from the undeflected part of the wing.

Trailing edge noise, sketched in the second row from the top, has a
directivity pattern that is strongest directly upstream from the deflected
trailing edge. Other properties of trailing edge noise are discussed in ref-

erences 4 and 5. Noise generated at intermediate trailing edges such as that
of the undeflected forward part of the wing was neglected. Thus the calcula-

tion method developed here does not prédict more trailing edge noise for mul-
tiple slotted flaps than for single slotted or unslotted flaps. The trailing
edge noise component was included because its directivity pattern tends to

fill the gap in the upper forward quadrant between lobes of fluctuating 1ift
noise, and thus produce better agreement between predictions and data.

8



Quadrupole noise, sketched in the third row, 1s represented as a sum of
three components for both UIW and USB installations. One component is the
Jet mixing noise from undistorted, undeflected parts of the exhaust Jet.

This noise is calculated for the isolated exhaust nozzle and increased 2 dB
to account for reflection of noise by the wing surface. Such noise is
radiated beneath the UIW and above an USB configuration. UIW installations
also generate a quadrupole noise from the region where the jet is deflected
by the flap. This noise was called impact noise in references 2k and 25. For
conventional UTW installations, this guadrupole noise generated by deflection
of the jet is stronger than that from the undeflected jet. This noise is
radiated both above and below slotted flaps. USB configurations generate a
gsimilar increase of nolse, radiated only above the wing and .flap, caused by
deflection of the exhaust jet through the nozzle roof angle or cant angle.
Both types of configurations produce additional gquadrupole noilse from the
shear layer that forms beneath the deflected exhaust jet downstream of the
trailing edge. Finally, as sketched in the lower right portion of the figure,
external flow deflection devices which produce attached flow of the USB ex-
haust jet to the deflected flap can radiate noise. Flow deflectors can gen-
erate high-frequency dipole noise which is usually shielded by the wing, but
some of this noise can be radiated below the wing.

This empirical analysis models the exhaust jet as a line of discrete
vortexes at the jet edge. Discrete vortices convected along an airfoil are
known to induce local loadings concentrated near the vortex. The loading
strength is a function of vortex chordwise position and varies approximately
inversely with distance between the vortex and surface at constant chord.

Too close a spacing will cause viscous dissipation of the vortex, reducing
the scrubbing noise. If the spectrum of vortex strength is that for jet tur-
bulence and the 1ift force response is that for a discrete vortex in subsonic
compressible flow, power spectral density of an acoustically compact source
should vary as frequency squared at low reduced fregquencies and frequency to
the -7/3 power at high reduced frequencies. The resulting 1/3 octave slopes
of 9 dB/octave and -4 dB/octave for low and high reduced frequencies, along
with dipole directivity and dependence on local velocity to the sixth power,
are typical properties of observed fluctuating 1ift noise.

The concept of fluctuating 1lift noise as a 1lift dipole noise radiated on
both sides of a wing and deflected flap, but generated by hypothetical coher-
ent vortices in the exhaust jet on one side of the wing and flap, is funda-
mental to the prediction method. This explanation was validated by tests
described in reference 4 in which far-field spectra measured on both sides of
a wing were compared. If this concept is correct, spectra measured on the
side opposite from the jet should have a sum of trailing-edge noise and 1lift-
dipole noise. Spectra measured at the same angle from the wing chord plane,



but on the side adjacent to the exhaust jet, should be the sum of those two
noise processes plus jet mixing noise radiated directly to the far field and
Jjet mixing noise reflected from the wing to the far field. To test this
assumption, spectra measured both above and below an undeflected wing tangent
to an exhaust jet were compared in figure 34 of reference 4. Spectra for the
isolated nozzle at the same direction angles and pressure ratios also were
shown. Part of this figure for 250 m/sec exhaust velocity is reproduced as
figure 2 herein. At directions 60° and 90° from upstream, spectra measured
on the side adjacent to the jet (dotted line) were closely predicted
(circles) by taking the spectra for the nozzle alone (dash line), adding 3 dB
for reflection of jet noise from the wing, and adding that sum to the spec-
trum measured on the shielded side (solid line). Further comparisons of
spectra measured on the shielded side at different directions and exhaust
velocities, described in reference U4, substantiated that those spectra were

a sum of two simpler spectra. One of these components had maximum amplitude
at a relatively low frequency, decayed rapidly in amplitude at higher fre-
quencies, and had the fifth-power velocity dependence and cartioid direction-
angle dependence of trailing edge noise. The other component had a broader
gpectrum shape with less rapid high-frequency decay. Its amplitude varied
with velocity to the sixth power, and its directivity was that of a 1ift
dipole. This latter noise component is what has been described herein as

fluctuating 1lift noise.

UTW Slotted Wing

Geometric properties of a UTW slotted wing are given (figure L3) by the
number of flap slots, leading edge ordinates for the wing and each flap panel
relative to the center of the nozzle exit, deflection of the wing chord line
relative to the nozzle centerline and of each flap relative to the wing chord
line, and chord of the last flap segment. If aerodynamic data are available
for the effective turning angle of the flap segment, deflection angle of the
last flap segment is taken as this aerodynamic angle rather than the geom-
metric angle, Chord of the wing, and of all but the last flap segment, is
taken as the distance from its leading edge to the next leading edge. How-
ever, trailing edge location is calculated from chord and the input deflec-
tion angle. The computer program can accept up to four chordwise flap seg-
ments (quadrupole slotted flaps). UIW wings with retracted flaps are dis-
cussed in the following section entitled "UIW Slotless Wings'.

A hypothetical line of vortices is assumed to induce 1lift force fluc-
tuations on the wing and flap segments. Vortex trajectory is taken as a
straight line, parallel to the nozzle centerline, extending downstream from
the nozzle lower lip until 1t gets within half a diameter of the flap surface.
If the wing or flap extends below the nozzle centerline, the vortex

10



trajectory becomes parallel to the flap chord line and displaced half a
diameter away from it.

Lift force fluctuation caused by a vortex convected past an airfoil is
known to vary inversely with distance of closest approach. HNoise radiation
is assumed to vary with force fluctuation squared and therefore directly with
the product of nozzle diameter and total chord and inversely with average
distance squared. TYor each chordwise segment, the average value of inversge
distance squared, h'2, is taken as the average of this guantity evaluated at
the segment leading and trailing edge. Spreading of the exhaust jet by the
deflected flaps was neglected, so the mean square accustic pressure from each
segment is assumed proportional to the product of segment chord and nozzle
diameter divided by far field disitance squared. Noise amplitude caused by a
vortex distance of one diameter was gelected to match data from reference L
for a wing with retracted flaps. By varying the assumed trajectory, the vor-
tex minimum displacement of half a nozzle diameter was inferred as that value
which would predict the measured noise increase reported In reference 2 in
changing the flaps-retracted to the approach configuration for a double
slotted flap. (Absolute amplitudes for noise radiation were later decreased
because the data given in reference 26 are not free-field.) Thus for the
wing and for each of n flap segments

Kn= 1 X107 {cn/) (hy/cl 2 (1)

and the total overall fluctuating 1lift noise is given by
2
0ASPL, = 1010g (pU/ap e} (eD/%) U/ V¥ Bk, sin’8, (2)

As with the basic concepts of the NASA ANOP method of reference 27 for
EBF, fluctuating lift noise was assumed to vary with impingement veloclty
raised to the sixth power. Impingement velocity was defined as the maximum
velocity in an isolated axisymmetric exhaust jet at the axial distance of the
impingement point. TFor a flap configuration that extends below the nozzle
centerline, the impingement point is the position where the centerline inter-
sects the flap. For flaps that are not deflected that far into the exhaust
jet, the impingement point is taken as the tralling edge of the last flap
segment. The ratios of impingement velocity and trailing edge velocity to
nozzle exhaust velocity were calculated from the NASA-developed eguation (3)
of reference 15.

/v ={i+ [0 (/D) e w2 F (3)
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Large ratios of flap length to nozzle diameter have been found to generate
less noise than this procedure would predict. Lift fluctuation noise there-
fore was arbitrarily multiplied by the ratio of trailing edge velocity to
impingement velocity squared. Equivalent nozzle velocity for an unmixed
coaxial jet was calculated from eguation {5) of reference 27, the NASA ANCP

method for EBF.

Trailing edge noise 1s proportional to the product of turbulence
integral scale length and spanwise distance along the edge. Both of these
dimensions are proportional to nezzle diameter. Amplitude of trailing edre
neise is proporticonal to the ratioc of diameter squared to far-field radius
squared, and to trailing edge velocity raised to the fifth power. Directiv-
ity is given by cosine squared of half the angle from the last flap segment's
upstream direction.

OASPL; =10 109 0.5 x 10 (2uS/ap,ef) (0/rf cos?Pcos?[(6+8¢ /2)] (1)

Normalized 1/3 octave spectra taken from equations (11) and (12) of
reference 17 are used for fluctuating 1lift ncise and trailing edge noise.
These spectra have analytically justified asymptotic slopes at small and
large Strouhal numbers, but nevertheless they are empirical curves based
on published normalized spectra. The sole justification for use of these
egquations is the good agreement with measured normalized ERF spectra given

in reference 1.

N
—

{SPL /3~ OASPL)_= 1010g 0.037 St4(518/240.008)"2 (

(SPL,/5— OASPL); = (0 log 0.029 St4{st>/%1 0 5)7% “)

Calculation of the several kinds of quadrupole noise is based on the
HASA ANOF method of reference 16 for quadrupole noise of an isclated axisym-
metric subsonic exhaust jet. OABPL is calculated by an explicit equation,
with an empirical correction for refraction at direction angles close to the
downstream centerline. Wormal to the jet,

75 ol 2 2 4
OASPL g, = 141 + 10 log [MJ (1 + oolom*°) ] + 10 log [(AJ/r V oy /pign) (@a/915A) ] +
10 [3MJ35(O.60 + M) l—l] log (8, /5,) 0
For direction angles, relative to the deflected jet upstrean direction,

emaller than MJxlSOO,

OASPL, = 0ASPLog =30 log [1 + M {1+ M) ™% cos 5] (8)

where the convective Mach nunber L was taken as 0.62MJ.
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For relative direction angles between MJxlSOO and 1800, the negative quantity

AOASPJ=—I8[I——(6—MJ9/3O}] (9)

is added to OASPLy calculated from equation (8) to account for refraction
within the jet. Deflection of the exhaust jet by a flap segment is assumed
to add a gquadrupole noise term given by 6 sine squared of the effective turn-
ing angle (input as the last flap angle) multiplied by noise of the isolated
jet. The sum of these two quadrupcle terms

DASPL g = OASPL,+ 10 log [{ 1+6 5in2 8 ) {1+ cos? ¢)/2] (10)

has its directivity defined relative to the deflected-flow centerline.
Quadrupole noise is also assumed to be generated by the portion of the ex-
haust jet downstream of the last flap segment trailing edge. This noise is
arbitrarily taken as that for an isclated jet having a diameter equnal to the
nozzle diameter and exhaust velocity equal to the calculated maximum velocity
at the trailing edge. It 1s then muliiplied by the same factor, 1 + 6 sin2
(deflection angle), used with the jet deflection process. This quadrupole
noise component is also referenced to the deflected-flow centerline. All of
these quadrupole noise components radiate equal intensities above and below
the deflected jet. This assumption was made because experimentally deter-
mined UTW directivity patterns contain equal-amplitude peaks of guadrupeole
neise above and below the deflected jet.

Quadrupole noise at directions below the Jet, termed impact noise in
reference 24, was taken in that study as equal to the noise measured at the
same angle beneath a jet deflected by a large solid surface. Acoustic re-
flection from that simplified configuration raises the noise caused by the
undistorted portion of the jet between the nozzle exit and the impingement
region, and by jet distortion and deflection in the impingement region.
Whether slotted flaps were assumed to transmit or reflect this noise, it was
necessary to postulate an additional guadrupole noise process having approxi-
mately the same strength and orientation. Their sum would match UIW data at
directions 20° to 40° above and below the deflected jet. The quadrupole
noise arbitrerlly atiributed to the exhaust jet downstream of the trailing
edge was hypothesized for this reason.

UTW quadrupole noise is important at direction angles greater than 90°
from the upstream direction of the deflected jet. Within this region, nor-
malized spectrum shape for an isolated jet changes greatly (figure 5 of ref-
erence 16) with direction angle. GSpectrum shapes for directions near peak
QASPL amplitude have a more rapid high-frequency decay t¥an that for more
upstream directions. It was found that spectrum shapes which were correct
for an isolated jet at peak OASPL underpredicted the measured high-frequency
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neise for UIW slotted flaps at approach flap position. Closer agreement was
cbtained By use of the normalized spectrum for an isoclated jet at 140° direc-
tion angle for all angles between 140° ana 150°.

(SPL, .~ OASPL), = 10 Iog 01 sf* (st'"/ 240 (11)

The contribution of quadrupcle noise to total UTWnolse below the wing
decreases as direction angle is decreased from this range. Rather than in-
clude the complexity of a spectrum shape that varies with direction angle,
over a direction range vwhere this coniribution becomes small, this one nor-
malized spectrum for quadrupole nolse is used at all directicons.

As part of the development of the UTRC method, calculated variations of
UTW noise with changes in configuration geometry were compared with available
data. Measured effects of axlal and vertical displacement of a double
slotted flap approach configuration (reference 26) were shown in reference 17
to be c¢losely predicted. Measured effects of doubling and halving the nozzle
diameter of that model, at constant axial and vertical position of the nozzle
upper edge, were also {reference 18) correctly given. Although based on data
for that double glotted flap at 20% and 60° flap deflections, this UIW noise
prediction method was shown in reference 18 to predict closely the measured
noise from a LO° deflection triple slotted flap.

Forward flight effecis on UIW fluctuating lift noise and trailing edge
noise, taken from references 18 and 20, are represented as a decreased ampli-
tude given by the ratio of relative velocity to exhaust velocity squared.
Forward flight effects on quadrupcle noise from the undeflected portion of
the exhaust are assumed to vary with relative velocity ratio to the sixth
pover as with the NASA ANOP method of reference 16 for noise of an isclated
Jet. However, the increases of quadrupcle noise attriboted to impingement
against the flap lower surface and to the jet downstream of the trailing edge
are assumed to vary with relative veloclty ratio squared. This reduced expo-
nent was based on the data of reference 18. Relative velocity between the
exhaust jet and the surface against which 1t impinges is not affected by for-
ward flight, These calculations provide the predicted effect of forward
flight on EBF noise source strength in a coordinate system fixed to the air-
frame. They do not include the effect of airframe wmotion relative to a
ground-fixed observer. Corrections for this difference between an aircraft
flyover and an acoustic wind tumnnel test are given in reference 27.
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UTW Mixer Nozzle

Some UTW slotted flaps have been operated with mixer nozzles to decrease
the peak velocity and temperature at the deflected flaps. For this type of
configuration, ratio of local velocity at the impingement point to exhaust
velocity must be supplied as input. This gquantity is arbitrarily defined as
the average of the two largest local peak values of velocity ratio measured
in the exhaust of the isolated mixer nozzle at the impingement-point axial
location. The same velocity ratio is assumed to apply at the trailing edge.
Nozzle diameter is taken as the hydraulic diameter of the mixer nozzle total
exit area. Calculation of fluctuating 1lift noise and trailing edge noise
then follows the method for UTW slotted flaps having conventional axisymmetric
nozzles, except that the resulting levels are arbitrarily increased 3 dB.
This increased amplitude, possibly caused by higher turbulence levels or
larger-diameter core of high-velocity exhaust flow, was shown in references
17 and 18 to be necessary for obtaining good agreement with data.

This computer program does not calculate guadrupole noise for UIW mixer
nozzles. Although OASPL amplitudes for a mixer nozzle generally match those
for the unmixed exhaust jet, spectrum levels depend strongly on the mixer
nozzle geometry. It is assumed that measured noise spectra and OASPL ampli-
tudes are available for the isolated mixer nozzle at takeoff and approach
flight speeds. This measured noise must be increased by 10 log (1+6 (veloc-
ity ratio)® sine squared (flow deflection angle)) to account for deflection
of the mixed exhaust jet. The resulting gquadrupole noise should be rotated
through the flow deflection angle, and all amplitudes at directions below the
wing and flaps should be increased 3 dB. This increase had been stated in
reference 17 and 18 to be caused by reflection of quadrupole noise from the
wing and flap. However, improved agreement with data measured above the wing
is obtained if upward-radiated noise is assumed to bt transmitted through the
flap slots. The resulting quadrupole noise component (increased 3 dB below
the wing and flap, not increased above them) should be added to surface-
radiated noise given by the computer program,

Upper Surface Blowing

Geometry of a USB (figure 43) is idealized as two straight lines, one
Tor the wing and one for the last flap. The wing is described by the upper
surface coordinate at the nozzle exit plane and by the wing incidence rela-
tive to the nozzle centerline. The flap is given by its trailing edge coor-
dinates and by the aerodynamic turning relative to the wing chord line.
Coordinates at the intersection of those two lines are computed as part of
the solution. Effects of nozzle exit shape are neglected, and the nozzle is
specified by its hydraulic diameter and its roof angle, cant angle, or exter-

nal vane deflection angle relative to the nozzle centerline. Details of the
®
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nozzle and deflector shape have been found empirically to have significant
effects on noise amplitudes; these can be estimated using the data given in

reference 28.

Trailing edge noise and fluctuating lift noise OASPL's are calculated in
the same manner as for UIW slotted wings. However, amplitude of trailing
edge noise was taken as twice as large for USB as for UIW. The vortex tra-
jectory is assumed to be one hydraulic diameter above the wing. Lift fluc-
tuation noise from the flap is arbitrarily taken as 1.5 times that for a
hypothetical vortex trajectory one hydraulic diameter above the flap. Veloc-
ity ratio at the trailing edge is calculated for a distance equal to the path
length along the wing and flap. It was found that spectra calculated in this
manner decayed less rapidly than the data for large Strouhal numbers and low
exhaust velocities. Therefore the normalized spectrum shape for trailing
edge noise was arbitrarily used with OASPL calculated from the sum of 1lift
fluctuation noise and trailing edge noise.

Quadrupole noise caused by impingement of the exhaust jet against a
deflecting surface is assumed to increase the quadrupole noise of an isolated
exhaust jet. This increase caused by roof angle, cant angle, or vane angle
is given by the same factor as that for impingement of a UIW exhaust jet
against a deflected flap. The resulting guadrupole noise is assumed to be
shielded by the wing and flap upper surface. It is rotated through the aero-
dynamic turning angle and is calculated only for direction angles above the
wing and deflected flap. Quadrupole noise from the portion of the exhaust jJet
downstream of the trailing edge is increased by the same factor and rotated
through the same angle, but it radiates to all directions. As with UTW, one
normalized spectrum shape is used at all directions. It is likely that for
direction angles at which USB quadrupole noise 1s important, improved agree-
ment with data would be obtained if the normalized spectrum was assumed to
vary with angle relative to the deflected jet centerline as with an isolated
jet. Measured noigse of each isolated nozzle and deflector, without the wing
and flap, should be compared with gquadrupole noise calculated for the deflec-
ted jet. Any increment of measured dipole noise associated with the presence
of the deflector should be added to the predicted USB noise for directions
above the wing.

Forward flight effects on the sum of trailing edge noise and fluctuating
1lift noise was taken as a decrease of amplitude combined with an increase of
frequency. As with UIW, the OASPL amplitude is taken proportional to rela-
tive velocity ratio squared. However, normalized 1/3 octave SPL is calcula-
ted for Strouhal numbers that were multiplied by the quantity (1 + flight
velocity/exhaust velocity). This adjustment had been developed in references
18 and 20. Forward flight effects on quadrupole noise are taken equal to
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those for UTW. One reasonable validation of these predicted forward flight
effects on USB noise would be comparisons with flyover data for the Boeing
YC-14 Advanced Medium STOL Transport, the only full-scale USB airplane, if
noise from the installed engine proves to be sufficlently low.

UTW Sliotless Wing

Geometry of a UIW slotless wing is specified and calculated in the
same manner as that for USB. Quadrupole noise and trailing edge noise are
computed in the same manner as for a UTW slotted wing. To obtain closer
agreement between measured and predicted noise directivity, it was found
necessary to add a noise component having the general shape and velocity
dependence of a 1lift dipole oriented perpendicular to the deflected aft flap.
However, increasing the flap chord was experimentally found not to increase
this OASPL. This noise component was arbitrarily modeled as fluctuating 1ift
noise with an amplitude three times that which would be calculated for the
wing segment, rotated through the flap deflection angle.

This special calculation of fluctuating 1lift noise is applied only if
the slotless wing extends below the nozzle centerline. Any slotless UTW
which does not meet this condition is regarded as a wing with retracted
flaps. Geometry of a wing with retracted flaps is specified as that for a
USB configuration having zero flap deflection. It could also be specified as
a UIW single slotted flap having a flap with zero deflection and zero chord,
located at the wing trailing edge. Both calculations will give the same
result.

Engine in Front of Wing

This type of configuration has the wing chord line coincident with the
exhaust nozzle centerline, The wing is completely immersed in the turbulent
exhaust jet. For the one configuration- tested, maximum wing thickness was
about half the nozzle exit diameter. Therefore the exhaust jet was substan-
tially altered by the presence of the wing. Maximum local velocities at the
trailing edge flaps probably were reduced by viscous decay along the wing.
Spectra radiated by this model were characterized by a high-frequency decay
rate larger than that for other EBF configurations. This rate of about 12 dB
per octave for 1/3 octave band spectra agreed with data for isolated airfoils
in turbulent flow.

A calculation method developed in references L4 and 5 for predicting
noise radiated by isolated airfoils in three-dimensional compressible flow
was applied to the undeflected wing panel and each flap segment. Each 1ift
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dipole was assumed to act normal to the local chord. Calculated jet mixing
noise for an isolated undeflected exhaust jet was added to the 1lift fluc-
tuation noise. Width of the turbulent flow was taken equal to the nozzle
diameter, and flow velocity was taken as the nozzle exit velocity. It was
found that free-field spectrum could be matched if turbulence intensity was
arbitrarily set equal to 7 percent and turbulence integral scale length was
taken as one-eighth the nozzle radius. (The data had been measured with a
reflecting ground surface, and a 10 percent turbulence level was cited in
reference 17 to match those data.) Resulting calculated OASPL directivity
tended to overpredict the data for the first and third quadrant at approach
flap deflection. Closer agreement was obtained by neglecting the acoustic
contribution of the last flap panel. It is possible that local flow velocity
at that location was decreased by the presence of the wing within the jet,
causing a decrease of local noise radiation.

Calculated noise radiation for this type of configuration should be
applicable to interference noise of a wing-mounted propfan. Slipstream
velocities for highly loaded propfans designed for crulse at Mach numbers
near 0.8 would be comparable to exhaust velocities of lightly loaded high by-
pass ratio turbofan engines.

EVALUATION OF EBF NOISE PREDICTIION METHODS

Other ERF Noise Prediction Methods

The method developed under this contract is evaluated in this section by
comparing 1ts predictions, and those from other openly published methods, with
NASA-supplied data. These new data had not been part of the data base used
in development of the EBF noise prediction methods compared herein. Capabili-

ties and limitations of these methods are compared in Table IT.
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TABLE II - CAPABILITIES AND LIMITATIONS OF
EBF NOISE PREDICTION METHODS

USB, Front ILimitations
UTW UTW UTW Slot USB, of of These
Method Slotted Slotless Mixer TNozzle Deflector Wing Comparisons

UTRC Yes Yes Yes Yes Yes Yes

(1976)

ANOP Yes No No Yes Yes No

(1975)

GELAC Yes Yes No Yes Yes No Used for
(1973) UTW only.
GELAC Yes Yes No Yes Yes No Used for
(1975) USB only.
NASA Yes Yes No No No No Spectra
Lewis not given.
(1975)

Note that the UIRC method is the only one which can be applied to UTW config-
urations with mixer nozzles. The recent NASA Lewis method for UIW configura-
tions having a uniform exhaust jet is currently limited to prediction of OASPL
directivity; it does not predict spectra. One widely used method is the NASA
ANOP (Aircraft Noise Prediction Program) method of reference 27. This method
is based on empirical curves drawn through data available in 1975; these data
were corrected for ground reflection. Application to USB configurations
having noncircular exhaust nozzles was not specifically described. However,
noise from such configurations has been calculated by NASA using the ANOP

method by replacing the actual nozzle with a circular nozzle of equal exit
area., This same usage is made herein.

Another method used for this evaluation is the GELAC (Lockheed-Georgia
Co.) method developed for the FAA. It is a noise component method which con-
tains separate calculations of surface-radiated noise and quadrupole noise
from several geometric regions. The early version of this procedure (refer-
ence 29) included the effects of many UIW geometric variables (flap vertical

and axial position, nozzle pitch angle, and number of flap slots) not
represented in the ANOP method. A more recent version (reference 30) has

much less dependence on flap geometry and is more strongly directed toward
USB configurations. Both versions exist as digital computer programs and as
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hand calculation procedures. PFPredictions given herein were obtained by the
hand calculation method of reference 29 for UIW and that of reference 30 for
USB. Because the data base for the method of reference 29 consisted of mea-
surements that were affected by ground reflection, predicted levels were de-
creased 3 dB for closer agreement with NASA free field data. The earlier
method of reference 29 represents all UIW noise as varying with exhaust
velocity to the sixth power. This method was utilized because OASPL's and
directivity patterns calculated from reference 30 were in very poor agreement
with UIW data. It was later recognized that all quadrupole noise terms given
in reference 30 were of the order of 10 dB below expected levels. Quadru-
pole noise calculations developed in the GELAC method of reference 30 were
scaled from levels predicted by the NASA ANOP method for Jjet exhaust noise
(reference 16). Jet exhaust noise for an isolated circular exhaust nozzle is
given by equation (5) of reference 30, which agrees with the corresponding
equation (6) of reference 16 except for one item. The numerical value for
the constant K used in reference 16 was 141 dB. However, this constant as
specified on p. A-86 of reference 30 for hand calculations by the GELAC
method was 134 dB. This same constant, 7 dB less than that specified for the
NASA ANOP method for jet noise also appears within the GELAC computer program
listing (line 110 of subroutine JET, p. A-24 of reference 30). Comparisons
between calculated and measured OASPL were not shown within the GELAC docu-
ment. Although not explained in reference 30, this change from the constant
used in reference 16 was included to provide closer agreement with unpublish-
ed GELAC USB data and its effect on UIW predictions was not examined.

A method was developed at NASA Lewis Research Center for calculating
OASPL directivity of UIW configurations at directions under the wing in the
flyover plane. Use of this method for slotless wings was first deseribed in
reference 24. The significant noise sources for slotless wings were assumed
to be trailing edge noise and impact noise. Trailing edge noise was calcu-
lated from local maximum veloclity, boundary layer thickness at the position of
maximum velocity, and width of the exhaust jet (all measured at the trailing
edge). Impact noise caused by a jet impinging against a very large deflecting
surface was obtained from data such as that of reference 3. This method was
extended in reference 25 to include application to UTW slotted wings. An
additional noise mechanism, inflow noise (called fluctuating 1lift noise in
the UTRC method), is included for those configurations. This noise is assumed
to result from the large-scale turbulence structure, present in jet exhausts,
moving past the flaps to cause fluctuations of 1lift force. The noise was cal-
culated using local flow properties estimated at midchord of each flap panel.
This NASA Lewis method currently does not predict noise spectra. OASPL
directivities calculated for slotless wings by this method were provided by
Mr. D. J. McKinzie, Jr., of NASA Lewis Research Center.
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Other calculation methods for USB had been developed by Hayden (refer-
ence 11), Filler (reference 31), and Reddy (reference 21). Noise levels mea-
sured directly beneath two USB models were compared in figures 10-12 of ref-
erence 32 with predictions by the methods of references 11 and 31, and by an
early version (reference 17) of the method of this report. Upper surface
length from the slot nozzle to the flap trailing edge differed by a factor of
2 for these models. OASPL of both models was overpredicted roughly 10 dB by
the method of reference 11 and underpredicted the same amount by the method
of reference 31. For both of those methods, the predicted spectrum shape was
more sharply peaked than the measured shape. Good agreement on level and
spectrum shape was obtained with the early UTRC method. Those two prediction
methods were not evaluated herein because they gave such poor agreement with
those data. The more recent method of reference 21 was not available in
sufficient detail to be applied.

Designated EBF Model Configurations

The EBF model configurations shown in figures 3 and L were designated
by NASA Lewis Research Center to be used for evaluation of noise prediction
methods. These models were relatively small, with nozzle exit areas generally
equal to that of a 5.2 em (2 in.) diameter circular nozzle. All had been
tested at NASA Lewis Research Center in an outdoor facility equipped with a
mat of acoustic absorbing foam to give free-field data above 200 Hz. Data had
been corrected for atmospheric attenuation. Comparisons were also made with
nonfree-field data for specific unigue configurations.

Two designated models were under-the-wing configurations. Sketches of
these models are given in figure 3. These were a three-flap installation at
both takeoff and approach flap deflection, for a range of sideline angles,
and a slotless wing having the same lower surface contour as the three-flap
approach flap shape, for only the flyover plane. 7Portions of these data had
been presented in reference 19. They were compared therein with predictions
by the UTRC, NASA ANOP, and GELAC methods.

The other three models, shown in figure U4, were upper-surface-blowing
(over-the-wing) configurations. One was the QCSEE configuration having an
aspect ratio 2 slot nozzle, tested at nominal 1/11.5 scale with 14 cm (5.5
in.) equivalent nozzle diameter. Data were supplied for a range of flap length
and sideline angle at takeoff flap deflection and a range of sideline angle at
approach flap deflection, These data had been presented in reference 22 where
they were compared with predictions by the UTRC method. Another was a 1/18.5
scale model of the TF-34 over-the-wing aspect ratio 4 slot-nozzle short-flap
configuration of reference 33 with takeoff flap deflection. The third
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configuration (reference 34) had a circular nozzle above the wing and an
external jet-flow deflector to direct the exhaust Jet toward the wing upper
surface. This arrangement was expected to reduce adverse interference of the
exhaust jet on the wing drag force during cruise.

Aerodynamic performance data (1lift, thrust, and trailing edge velocity
profile) at zero forward speed are available for all these configurations.

Comparisons With Designated UIW Data

Predicted and measured UIW noise radlation are compared in the following
order: OASPL at the 90° polar angle O0° azimuth angle flyover position,
general shape of OASPL directivity in the flyover plane, effect of azimuth
angle on OASPL amplitudes, and normalized 1/3 octave spectra. The discussion
is directed primarily toward evaluation of the UTRC method, the subject of

this report.

Triple Slotted Flap, Approach

This configuration had been tested at nominal 1/28 scale. Data were
presented, and were compared with predictions by several methods, in refer-
ence 19. The free-field spectra contained small peaks and valleys at non-
uniformly spaced frequencies. These frequencies did not vary with exhaust
velocity but were altered by changing the flap deflection.

Calculated and measured OASPL directivities in the flyover plane for
apprcach flap deflection and four exhaust velocities are compared in figure 5.
At low exhaust velocities the UTRC and ANOP methods underestimated the mea-
sured OASPL at 90O polar angle by 3 to L4 dB, and the GELAC method was about
2 dB high. At the two higher exhaust velocities the UTRC and GELAC methods
were within 1 to 2 dB and 1 to 3 dB, respectively; the ANOP method remained
3 dB low.

Both the ANOP and GELAC methods use a constant directivity shape that
generally matched the data. In contrast, directivity shape calculated by
the UTRC method varied with exhaust velocity. Except at polar angles near
the deflected exhaust, the measured directivity shape did not change greatly
with exhaust velocity. Measured OASPL amplitudes varied approximately with
the 6.5 power of exhaust velocity.
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Effects of sideline angle on measured and calculated OASPL for this
approach flap configuration are shown in figure 6. These effects are plotted
as changes in OASPL relative to that for the flyover plane, at two exhaust
velocities, as a function of polar angle (angle relative to the nozzle cen-
terline). The GELAC predictions (defined only for 90° polar angle) essenti-
ally match the maximum noise reductions calculated by the ANOP method. In
contrast, the UTRC predicted maximum reductions are about twice as large and
generally agree with the data. These calculations differ from those given in
reference 19, which contained a trigonometric error. Detalls of the predic-
ted shape do not precisely matcn tne data; maximum reduction is predicted near
90° polar angle but occurred about 10° further downstream. For 60° sideline
angle the predicted and measured maximum reductions of about 6 dB generally
agree with the analytically expected dependence of surface-radiated noise on
sine squared of tne sideline angle. For 85° sideline angle the measured and
UTRC calculated sideline noise decrease roughly 10 dB to a floor set by
quadrupole noise from the deflected jet. Measured and UTRC calculated noilge
was increased several dB at 120° polar angle. This angle is within the re-
fraction valley of quadrupole noise from the deflected exhaust jet as viewed
in the flyover plane, but is near peak amplitude of quadrupole noise when
viewed from the side.

Calculated and measured 1/3 octave spectra normalized with respect to
OASPL, for approach flap deflection, are compared in figure 7. Frequencies
are normalized as Strouhal number based on nozzle dlameter and exhaust veloc-
ity. Data are shown for 70° and 110° polar angle and 120 and 228 m/sec ex-
haust velocity, in the flyover plane and at 85° sideline angle. For the fly-
over plane and large Strouhal numbers, the data points for TO° polar angle
were about 5 dB below those for 110° polar angle. OASPL was somewhat affec-
ted by irregular peaks in the spectra measured at forward polar angles;
actual 1/3 octave band SPL's for the two directions differed by about 10 dB
near peak amplitude but were within 2 dB for Strouhal numbers above 2. All
three prediction methods generally matched the normalized spectra for 110°
and (not shown) 90° polar angles. Normalized spectra for the 85° sideline
plane had about 8 dB data spread at large Strouhal numbers. The ANOP and
GELAC methods bracketed tne data for small Strouhal numbers and generally
matched the high-velocity spectra for large Strouhal numbers. Spectrum shapes
calculated by the UTRC method varied because the relative amplitudes of dif-
ferent noise components vary with exhaust velocity and polar angle. The
resulting calculated spectra lie within a narrow envelope. The UTRC method
was closer to an average of the data for large Strouhal numbers. It gave a
more rapid spectrum roll-off at high frequency than did the other two methods.
This stronger decay was in closer agreement with the data.
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Triple Slotted Flap, Takeoff

Calculated and measured OASPL directivities in the flyover plane for the
takeoff configuration and four exhaust velocities are shown in figure 8.
Calculation by the ANOP method used equation (16) of reference 27, rather
than equation (11) of that reference, for predicting the variation of CASPL
with flap deflection angle. Use of equation (16) was recommended for config-
urations in which the flaps extend relatively far into the high-velocity ex-
haust jet at small deflection angles. If the other equation had been used,
calculated noise levels would have been 5.2 dB smaller, Measured amplitudes
were underpredicted by all three methods. Near 90° polar angle the UTRC
method and the ANOP method with the more favorable equation were about 5 dB
low. The GELAC method of reference 29 was about 8 dB low. This ANOP equa-—
tion had been developed specifically from data for triple-slotted flap con-
figurations with this type of geometry. In contrast with this poor agreement,
these three methods were known to predict closely (within 2 dB) the OASPL
directivity data of reference 26 for an UTW double-slotted flap at takeoff
deflection. All three methods had been developed to match those data. That
double-slotted flap configuration had a smaller total flap chord than the
model triple-slotted flap, and about the same wing leading edge position and
wing chord. At takeoff deflection, the trailing edge of the double-slotted
flap's last flap segment was located above the nozzle centerline. From the
viewpoint of the UTRC method, the deflected flap panels did not greatly dis-
tort the exhaust jet so they did not produce much 1lift fluctuation noise.
Nearly all the last panel of the triple-slotted flap extended below the
nozzle centerline at takeoff deflection. None of these three methods correc-
tly predicted the resulting increased noise levels. The GELAC method, which
was the only method to overpredict measured levels near 90° polar angle for
the approach configuration, gave the worst underprediction at takeoff.

A fourth set of predicted curves, labeled NASA LEWIS, shows OASPL
directivities calculated by D. J. McKinzie, Jr. of NASA Lewis Research
Center by the method of reference 25, These calculations require extensive
knowledge of local turbulence and mean velocity. Such calculations were
supplied by NASA only for this takeoff configuration, where other methods
gave worst agreement with data. These calculated amplitudes were within 2 dB
of data near 90° polar angle. They generally matched the data from there to
the deflected jet and were up to 4 dB high in the forward quadrant. This
good agreement with data was achieved by use of estimated local flow properties
evaluated from data for isclated jets, and illustrates the need for such flow-
field information. As previously noted, this method has not yet been extended
to prediction of spectra or of sideline directivity.
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The effect of sideline angle on calculated and measured OASPL directiv-
ity is shown in figure 9. Measured maximum reductions, relative to those in
the flyover plane, were about 7 and 12 4B for 60° and 850 sideline angle,
respectively. These reductions were more than twice those predicted by the
ANOP method and were generally predicted by the UTRC method. The UTRC
method also correctly predicted that the difference between OASPL in the
sideline plane and the flyover plane would be positive at 150° polar angle.
This polar angle is in the deflected exhaust jet's refraction valley for the
flyover plane but not for the 60° or 85° sideline angles.

Calculated and measured normalized 1/3 octave spectra at takeoff flap
deflection are compared in figure 10 for two polar angles and two exhaust
. velocities in both the flyover and 85° sideline plane. The scatter among
normalized data points near peak amplitude in the flyover plane was 12.5 dB
for different polar angles at the same velocity and 4 dB for different vel-
ocities at the same angle. This scatter greatly exceeds the approximately
3 /L dB day-to-day repeatability of these data. The scatter was caused by
the previously mentioned spectrum irregularities., All of the noise prediction
methods use a smooth normalized spectrum or a sum of smooth spectra. There-
fore the existence of irregular spectra causes an inherent uncertainty in the
predictions. There was no systematic effect of polar angle or exhaust veloc-
ity on normalized spectrum. All three predictions generally matched the fly-
over spectra for Strouhal numbers from 0.2 to 2 and overestimated the levels
at higher Strouhal numbers.

A different situation occurred for the takeoff flap setting at 85°
azimuth angle. As shown in the lower part of figure 10, the normalized levels
at large Strouhal numbers were higher at the larger exhaust velocity. This
difference occurred because levels for large Strouhal numbers varied with ex-
haust velocity to at least the eighth power while those near pesk amplitude
followed approximately a 6.5 power variation. At Strouhal numbers larger than
2, corresponding to highly weighted frequencies for perceived noise at full
scale, the ANOP prediction matched the data for the higher exhaust velocity
and rearward direction. The GELAC prediction was closer to data for the lower
velocity, and the UIRC prediction generaliy was between the two.

Slotless Version of Three-Flap Wing

Measured directivity in the flyover plane for an UIW slotless wing having
a lower surface contour tangent to that of the three-flap configuration at
approach flap deflection is plotted in figure 1ll. The data are compared with
predictions by the UTRC and GELAC methods and with the NASA Lewis method of
references 24 and 25. This NASA method represents the OASPL noise radiation
from slotless wings as a sum of two terms. One term is the noise measured
for a jet impinging against a large flat surface at the same deflection angle
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and impingement velocity, scaled from the data of reference 3. Because these
data were influenced by ground reflection, they were decreased 2 dB for
comparison with these free-field slotless wing data. The other term repre=
sents trailing edge noise. It uses measured variations of deflected-jet width,
boundary layer thickness, and maximum velocity at the trailing edge within

an equation having the correct functional dependence. The GELAC hand calcu-
lation method of reference 29 predicts that a slotless UIW configuration will
be 3 dB quieter than the double or triple slotted equivalent shape.

Additional comparisons of the NASA Ilewis and UTRC methods are made in the
section entitled "Additional Slotless Wings".

Measured directivity shapes changed from a broad lift-dipole sort of
pattern at low exhaust velocities, with peak amplitude normal to the deflec-
ted flap region, to nearly constant amplitude below the wing and flap at
large velocities. The UTRC method matches these shapes and levels, although
it generally predicts too low a noise level for directions above the deflec-
ted aft surface. For directions below the wing and flap, agreement ranges
from 2 dB underestimate at the lowest exhaust velocity to 2 dB overestimate
at the highest. Levels calculated by the NASA Lewis method of references 24
and 25 agree with the UTRC predictions near 100° polar angle where both are
dominated by deflected-jet noise., This NASA Lewis method matches the data
within 2 to 3 dB over the range of polar angles from 20° to 120° for which
the method applies. Note that because the test model is relatively small, it
was necessary to use the flow-field data of reference 24 for the same model
size rather than that of reference 25 for a geometrically larger model. The
constant-shape GELAC curve tended to be about 5 dB above the data, and did
not match measured shapes for the higher velocities.

Free-field spectra measured at 90O polar angle are compared in figure
12 with those calculated by the UTRC method. Irregularities, including a
strong minimum in the 1/3 octave band centered at 630 Hz, dominate the low-
frequency portion of the measured spectra. These spectrum irregularities were
especially strong near Lo° polar angle, which is not an obvious angle for noise
generation or reflection for this slotless wing. Above 1600 Hz these spectra
at 90° angle contain mild oscillations of about 2 dB half-amplitude about the
calculated smooth curves. Oscillations were shown in reference 19 to be larger
for this slotless wing than for the three-flap slotted wing at either deflec-
tion. Possible causes of the nonsmooth spectra were discussed therein. Note
that according to the data of reference 33, this slotless wing was too many
nozzle diameters downstream to produce noise by acoustic feedback between the
nozzle and deflected solid surface. The measured spectrum oscillations strongly
affect the statistical accuracy of measured OASPL. Therefore the normalized
1/3 octave spectra for this slotless wing are less reliable than those for the
triple slotted flaps.
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Calculated and measured normalized 1/3 octave spectra for the slotless
wing are shown in figure 13. The spectrum measured at the lower exhaust
velocity and 70O polar angle contains the largest scatter. Measured normal-
ized levels for this spectrum and Strouhal numbers larger than 2 are about 5
dB below those for the other spectra. All the calculated normalized spectra
lie 2 to 3 dB above those other measured spectra for Strouhal numbers larger
than one. As with all other normalized spectra shown except those for the
flyover plane and takeoff flap deflection, the ANOP method markedly under-
predicts measured levels for Strouhal numbers less than 0.2. This may be
important for predictions of airframe structure acoustic fatigue.

Comparison With Designated USB Data

QCSEE USB, Takeoff

Acoustic and aerodynamic results for 1/11.5 and 1/28 scale models of the
QCSEE USB configuration were presented by NASA in reference 22. Acoustic
data were compared by NASA with predictions made at UTRC before the data were
availlable. These comparisons are plotted herein. Calculated and measured
OASPL directivities in the flyover plane are compared in figure 14 for the
larger model. Measured directivities clearly changed shape with exhaust ve-
locity. Amplitudes near 90° polar angle were predicted by the UTRC method
within 2 dB, and the directivity shapes were closely matched. In contrast,
the ANOP method matched the measured shapes only at low exhaust velocities
(not used at takeoff) and was about 4 dB low near 90° polar angle. Ampli-
tudes near 90° angle, as calculated by the GELAC method of reference 30, were
no worse than those from the ANOP method, but directivity shapes were in poor
agreement with data. This GELAC method contains several noise components
which vary with nozzle velocity raised to the eighth power. TFor USB config-
urations they represent noise from the exhaust jet downstream of the trailing
edge, the wall jet on the wing and flap upper surface, and the canted nozzle
exhaust impinging against the wing upper surface. However, the sum of these
calculated terms is 5 to 10 dB below what would be needed to achieve reason-
able agreement with the data. As mentioned in the preceding section entitled
"EBF Noise Prediction Methods", even the noise from an isolated exhaust

nozzle would be calculated as 7 dB less than that given by the NASA ANOP
method of reference 16.
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Effects of polar angle on calculated and measured sideline directivity
are given in figure 15 for 63° and 85° sideline angles. Results are shown
for the nominal flap length and for two other flap lengths to be discussed
later. Measured reductions between 75° and 105° polar angle were about 6 dB
and 9 dB for 63° and 85° sideline angle, respectively. These reductions were
predicted by the UTRC method and greatly underpredicted by the ANOP and GEIAC
Measured reductions between 75° and 105° polar angle were about 6 dB and 9 dB
for 63° and 85° sideline angle, respectively. These reductions were predic-
ted by the UTRC method and greatly underpredicted by the ANOP and GELAC
methods. The ANOP prediction for USB is defined only for 90° polar angle.
Details of the measured sideline effect in the aft quadrant were poorly pre-
dicted by the UTRC method. As with the comparison for UIW configurations,
maximum noise reduction occurred behind 90O polar angle but was predicted to
occur at or ahead of that angle. Increased OASPL at 63° sideline angle, at
a polar angle within the deflected jet exhaust refraction valley in the fly-
over plane, was larger than predicted and occurred at 20° larger polar angle.
This good qualitative agreement, but poor agreement in details, probably
results from the incorrect assumption that gquadrupole noise radiation from a
USB slot nozzle is axisymmetric about the deflected jet centerline.

Effects of polar angle and exhaust velocity on calculated and measured
normalized spectra for the l/ll.5 scale model are compared in figure 16. Data
are shown for 60° -and 120° polar angles at about 150 and 220 m/sec exhaust
velocities. Measured normalized spectra for the flyover plane and large
Strouhal numbers are highest for the aft polar angle at both velocities.

They are about 8 dB lower for the forward angle and lower velocity. This
change in spectrum shape and level 1s predicted by the UTRC method. Although
the GELAC method gave a poor prediction of OASPL at 120° polar angle, it
correctly predicted that noise at this direction would be dominated by
quadrupole noise. The resulting calculated normalized spectra also match the
high-frequency portion of the data. The ANOP normalized spectrum is inde-
pendent of polar angle and exhaust velocity; it would generally match the
data (not shown) for 90° polar angle and both velocities. Measured normal-
ized spectra at large Strouhal numbers were greatly affected by exhaust
velocity at 60° polar angle but not at 120° angle. For 60° angle, increasing
the exhaust velocity greatly increases the calculated amount of guadrupole
noise and therefore the spectrum amplitudes at high Strouhal numbers. It
causes only moderate increases of surface-radiated noise which dominates the
peak amplitudes and OASPL. The ANOP method overpredicts measured normalized
levels by about 3 to 11 dB at high Strouhal numbers. Normalized spectra
given by the GELAC method were a few dB closer to data than those from the
UTRC method for Strouhal numbers larger than 5.
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Three difference flap lengths had been tested with the 1/11.5 scale
model at 218 m/sec exhaust velocity. The effect of flap length on directiv-
ity and spectrum in the flyover plane is shown in figure 17. As can be seen
from the sketch at the top of this figure, the short flap was only slightly
shorter than the nominal length but the long flap was considerably longer.
The short flap was found to cause 3 to 4 dB increase, and the long flap about
2 dB decrease, of OASPL relative to that for the nominal flap. In contrast,
the UTRC method predicted no significant change with the short flap and about
2 dB increase with the long flap. The UTRC method tends to predict an in-
crease of surface-radiated noise due to increased flap length, and a decrease
of both gquadrupole and surface-radiated noise caused by viscous decay of ex-
haust velocity at the flap trailing edge. Data given in figure 4 of refer-
ence 22 showed 10 percent lower peak velocity at the trailing edge of the
long flap. This velocity difference would be expected to cause 3 dB noise
decrease below UTRC calculated levels, resulting in a 2 dB overestimate as
with the nominal flap. Negligible viscous decay was predicted for the short
and nominal flap lengths, and very little for the long flap. The UTRC
method therefore could predict the measured effect of increased flap length
on OASPL for this configuration if measured velocity at the trailing edge
could be supplied as input, rather than calculated as one portion of that
method. .

Measured normalized 1/3 octave spectra for the three flap lengths at
105° polar angle are plotted in the lower part of figure 17. Also shown is
the normalized spectrum calculated by the UTRC method, which was the same for
these flaps. This calculation was within 2 4B of data for the nominal and
long flap. The normalized spectrum measured with the short flap was 2 to 3
dB higher than the other data near peak amplitude and the same increment
lower at high frequencies. That is, for fregquencies above 435 Hz full scale
(5000 Hz model scale) which strongly affect annoyance-weighted noise, actual
measured spectra for the short and nominal flaps agreed within 2 dB with each
other and within about 3 4B with the UTRC prediction. Large differences be-
tween 1/3 octave spectra for these two flap lengths were concentrated below
about 110 Hz full scale (1250 Hz model scale), near peak amplitude of the
spectra. Calculated full-scale annoyance levels therefore would underpredict
data by about 3 dB for the small and nominal flaps. For the long flap, they
would be about 5 dB too high.

All three flap lengths had been tested at 63° sideline angle in addition
to the flyover plane. As shown in figure 15, there was no significant effect
of flap length on sideline noise reduction. This result is in agreement with
predictions by all methods. The measured 5 dB reduction at 90° polar angle
was predicted within 1 dB by the UTRC method and underpredicted by the other
methods.
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QCSEE USB., Approach

Calculated and measured OASPL directivities in the flyover plane for the
nominal flap length and approach flap deflection are compared in figure 18.
As with the takeoff configuration, the measured directivity pattern changed
shape as exhaust velocity was increased. It varied from relatively constant
amplitude in the forward quadrant at small exhaust velocities to a shape
which resembled jet noise rotated through the flow deflection angle at large
exhaust velocities. The ANOP method correctly predicted the measured levels
ahead of 60° polar angle but increasingly underestimated peak levels at 90°
as exhaust velocity was increased. The UTRC method correctly predicted the
change of shape but tended to overestimate by several dB the peak noise for
directions below the deflected jet. For the typical critical approach case
of 90° polar angle and 189 m/sec exhaust velocity, measured OASPL was about
2 dB above the ANOP prediction and an equal amount below the UTRC predic-
tion. The GELAC prediction for the sum of trailing edge noise and low-ampli-
tude quadrupole noise terms differed greatly from the data. Underestimates

of 10 to 13 dB generally occurred near 90O polar angle.

Effects of polar angle on calculated and measured sideline directivity
are shown in figure 19 for the approach configuration and 190 m/sec exhaust
velocity. The measured 5 dB maximum reduction at 90° polar angle and 630
sideline angle was predicted within 1 dB by the UTRC method and underestima-
ted 2 dB by the ANOP method. Reductions calculated by the GELAC method de-
crease to zero for directions near the deflected trailing edge, where calcu-
lated quadrupole noise components are much larger than the calculated trail-
ing edge noise. Measured maximum noise reduction was only about 1 dB
larger at 85° than at 63° sideline angle, contrary to the L dB increase cal-
culated by the UTRC method. However, the ANOP method incorrectly predicts
an increase of OASPL for that change of sideline angle. This relatively poor
prediction by the UIRC method of sideline noise reduction at approach flap
deflection and 85° sideline angle may be associated with the underprediction
of quadrupole noise at polar angles above the deflected flap in the flyover
plane (figure 18). The slot jet should be loudest at directions normal to the
narrow side of the jet. For this large sideline angle and large flap deflec-
tion, the microphone at 90° polar angle is not shielded from line-of-sight
view of the exhaust nozzle. Any underestimate of exhaust jet noise above the
wing would cause an overestimate of sideline noise reduction.

Calculated and measured normalized 1/3 octave spectra are compared in
figure 20 for noise radiated by the QCSEE USB approach configuration. Re-
sults are shown for 60° and 105° polar angles and nominal 150 and 220 m/sec
exhaust velocities in the flyover plane, and 60° and 120° polar angles in the
63O sideline plane. In the flyover plane, the UTRC method predicted a small
range of variation for normalized spectra. These calculated spectra were

30



close to that given by the ANOP method. In contrast, the GELAC method pre-
dicted a larger range of spectrum shapes that was in closer agreement with
data. The same differences occurred between predictions for the 63° sideline
plane. Spectra measured in this plane were more closely predicted by the
UTRC method at large and small Strouhal numbers.

TF-34 Scale Model

This model, shown in figure 4b, was 1/18.5 the size of a large-scale USB
model having a U4:1 canted slot nozzle and 40° deflection short flap, tested
with the mixed exhaust of a TF-34 turbofan engine. Free-field data for this
geometrically similar scale model had been compared in reference 22 with data
for that large-scale model, taken from reference 34. OASPL directivity at
high subsonic exhaust velocities was characterized by a relatively strong
peak of noise at directions just below the deflected jet. Data from previous
tests of large- and small-scale USB models had not contained this feature.

It was not apparent whether this localized apparent quadrupole noise was
peculiar to the nozzle and flap geometry or was somehow associated with use
of a real turbofan engine as an air supply. Both this scale model and the
TF-34 engine installation had uniform exhaust velocities. However, the ex-
haust of an engine would be hotter and more turbulent than that obtained with
unheated compressed air, and could have an incompletely mixed high-velocity
core. This small model of the large configuration was tested by NASA to re-
solve this question. It was shown in reference 22 that the model data,
scaled to the large configuration, did reproduce the measured directivity and
spectra. Data were obtained only for the flyover plane.

Measured and calculated OASPL directivities are compared in figure 28
for five exhaust velocities. At the lowest velocity (115 m/sec) the measured
directivity had no abrupt peak and was closely matched by the ANOP and UTRC
methods. Increasing the exhaust velocity caused a large increase of noise
radiation at 100° to 130° polar angles, as with the data of reference 3L.

The ANOFP method did not predict this change. The UTRC method predicted the
gqualitative increase of OASPL but underestimated its magnitude. However,
OASPL at 90° polar angle was predicted within 2 dB by that method for all ex-
haust velocities. The GELAC method of reference 30 again greatly underesti-
mated the data for all but the lowest exhaust velocity and less than 90°©
polar angle, as if the quadrupole terms were too low.

Calculated and measured normalized spectra are compared in figure 22 for
60°, 90°, and 120° polar angles at 116 and 239 m/sec exhaust velocities. At
both velocities the UTRC method predicts a narrower range of spectrum shapes
than the GELAC method and lower normalized amplitudes at high frequencies
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than the ANOP method. The UTRC method clearly gave the closest prediction
of data above 10 kHz model frequency (500 Hz large-scale frequency). This
would be the dominant region for predicting annoyance-weighted noise levels
of the large-scale configuration tested with the TF-34 engine. The measured
rapid decay of normalized amplitudes below 1 kHz model frequency (50 Hz
large-scale frequency) was not predicted by any of the three methods. The
ANOP method does predict this type of rapid decay but was 5 to 10 dB above

the measured levels.

USB Vane Deflector

This configuration, shown in figure l4c and described in reference 28,
has a circular nozzle at moderate height above the wing. A vane deflector,
mounted on a pivot located above and downstream of the nozzle, forced the
exhaust jet down against the wing upper surface for powered-lift flight. Ex-
ternal airflow would pass between the wing upper surface and the exhaust jet.
During cruise the deflector would be retracted and stowed away, reducing
aerodynamic friction drag relative to conventional USB (figure L4a). Addition-
al acoustic data, not given in reference 28, were provided by NASA for use in
this evaluation of EBF noise prediction methods.

Calculated and measured OASPL directivities in the flyover plane for
this configuration at takeoff flap deflection are compared in figure 23 for
three exhaust velocities. The ANOP method predicts the general level but
not the shape of these data. The GELAC method matches the measured levels of
OASPL near 90° polar angle but gives a very poor prediction of directivity
shape. The UTRC method matches the general shape but is about 7 dB too large
in amplitude. This large error was caused by the calculated 1ift fluctuation
noise component associated with the large chord. However, measured noise did
not exceed that for the TF-34 scale model which had the same nozzle equiva-
lent diameter but 0.425 times this chord. Unpublished velocity distributions
measured for this vane deflector show that the exhaust jet was spread over a
very large spanwise extent relative to that for USB slot nozzles. Thus the flow
field achieved with a vane deflector was not typical of that for which the pre-
diction method is based.

Calculated and measured sideline directivities for this takeoff config-
uration are compared in figure 24. At 60° sideline angle (figure 24a), the
measured reductions relative to those for the same polar angle and the fly-
over plane were closely predicted by the UTRC method. Maximum measured re-
ductions of about 5 dB at two exhaust velocities were about twice the reduc-
tion predicted by the ANOP method. This clese agreément with the noise
increments predicted by the UIRC method illustrates that the dominant noise
radiation process below the exhaust jet at both 0° and 60° sideline angles
must be surface-radiated noise.
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In contrast, noise radiation measured at 85° sideline angle was stronger
than that for 60° sideline angle. This result is predicted by the UTRC
method only when the nozzle exit plane and exhaust-deflecting surfaces can
be viewed above the wing surface. It is likely'that the high-mounted wvane
deflector was not shielded by the limited-span wing model for any polar
angle directions in the 85° sideline plane. Calculated and measured absolute
values of OASPL at that sideline angle are compared in figure 24b. All three
methods matched the general level of the data, with the UTRC method being
about 3 dB low. It is possible that deflection of the exhaust jet by an ex-
ternal circular vane causes more noise than deflection by a nozzle roof in-
clined at the same angle, as was assumed in the calculation.

Calculated and measured OASPL directivities in the flyover plane for the
approach configuration are compared in figure 25 for two velocities. The
ANOP and GELAC methods generally match these measured levels. The UTRC
method is about 8 dB too high near 90O polar angle and about 3 dB too high
at forward positions. That is, the underestimate of surface-radiated noise
associated with the highly deflected flap was not as severe as the underesti-
mate of noise associated with the undeflected part of the wing.

Calculated and measured normalized 1/3 octave spectra in the flyover
plane for the USB vane deflector model are compared in figure 26. Data for
takeoff flap and vane position, shown in figure 26a, had one broad peak at
the relatively low Strouhal number of 0.1 and another broad pesk at Strouhal
numbers near 2. The ANOP method matched the peak at the low Strouhal num-
ber. However, it and the other two methods predicted a second peak at
Strouhal numbers from 0.2 to 0.5 where the data had a local minimum. Both
the ANOP and UTRC methods generally matched the data for Strouhal numbers
larger than 1. The GELAC method predicted a wide envelope of normalized
spectra for this range of polar angles. For 120° polar angle the OASFL cal-
culated by the GELAC method was dominated by noise attributed to direct
radiation from the weke downstream of the trailing edge. This noise compo-
nent decays slowly with increasing Strouhal number at this measurement direc-
tion. Thus the upper dotted line at large Strouhal numbers, which lies
furthest above the average data, corresponds to the open triangle data sym-
bols which lie below the average data. -

Measured normalized spectra for the approach configuration, shown in
figure 26b, had sharper pesks than those measured for takeoff. The high-fre
quency peak, centered at a Strouhal number of 2, extended over about an
octave of frequency. It protruded more than 6 dB above the remainder of the
spectrum at the lower exhaust velocity. All of the noise prediction methods
gave smooth curves which did not reproduce this spectrum peak. The UTRC and
ANOP methods predicted the general level of data. The GELAC method again
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predicted a much larger range of normalized spectrum shape than was measured.
These 800 and 100° polar angles are relatively close to the deflected exhaust
jet downstream direction. For Strouhal numbers from 1 to 10, noise calcula-
ted by the GELAC method for 80° polar angle was predicted to be dominated by
guadrupole noise from the wake downstream of the trailling edge. At this mod-
erate angle from the deflected jet downstream direction, the resulting cal-
culated spectrum had a large decay rate. For 100° polar angle the calculated
guadrupole noise radiated from the flap upper surface wall Jet, and refracted
around the trailing edge, was calculated to dominate at large Strouhal num-
bers. This normalized spectrum has a small decay rate and produced the

upper dash curve. For Strouhal numbers near L4, this upper curve is about 8
dB higher than the 100° polar angle (triangle) data symbols. This strong
sensitivity of high-frequency spectrum shape to polar angle, at directions
within about 60° from the deflected jet downstream direction, is a property
of predictions by the GELAC USB method of reference 30. The predicted strong
variation is independent of errors in absolute level of quadrupole noise, and

is contrary to the data.

Normalized spectra for the takeoff configuration at 90O polar angle and
both 60° and 85° sideline angle are shown in figure 27. At 60° sideline
angle, shown in figure 27a, the data for high Strouhal numbers were bracketed
by the ANOP and UTRC methods. Each method was about 3 dB from the data. For
85° sideline angle, shown in figure 27b, the ANOP and GELAC methods generally
were within 3 dB of the data. The UTRC method gave worst agreement with
data for this configuration and sideline angle.

Discussion of Error

When EBF noise data are applied to prediction of full-scale flyover
noise, calculated levels of perceived noise level (PNL) are dominated by
the noise radiated at 90° polar angle. A rough estimate of error incurred
by use of each prediction method was obtalned from the difference between pre-
dicted and measured OASPL for this overhead position. These comparisons
were examined only at the second highest exhaust velocity for which directiv-
ity data are presented. Error in predicting annoyance-weighted noise was
obtained by comparing PNL for scaled predicted and measured spectra at this
direction and velocity. Model linear dimensions and far-field distance
were each multiplied by 10 in order to weigh the high-frequency portions of
the measured spectra in a manner similar to that for PNL at full scale.
Atmospheric attenuation over the increased path length was included in these
PNL predictions. The resulting prediction errors for each configuration,
mean error, and range about that mean for 50% confidence (0.67 times the

34



standard deviation) are shown in TABLE III for the UTRC, ANOP, and GELAC pre-
diction methods. These calculations of PNL, and the statistical analysis,
were conducted by NASA Lewis Research Center using spectra predicted as part
of this contract effort.

TABLE IIT - OASPL AND PNL PREDICTION ERROR FOR 90° FLYOVER POSITION

Notes: ZFErrors = Prediction-Data, PNL calculated for 10 times model scale,
Comparisons for the test exhaust velocity closest to 225 m/sec.

OASPL Error, dB PNL Error, PNdB
Configuration UTRC ANOP GELAC UTRC ANOP GEILAC
3-Flap UTW, T/O -3.5 2.7 6.7 6.6 .1 -8.k4
APP -1.5 -2.5 4.6 -0.7 -1.8 +40.5
Slotless 3-Flap +1.5 NA +3.0 +2.0 NA +2.7
QCSEE USB, T/O +1.5 -3.2 -h.9 +1.1  -5.2 -5.7
APP +1.9 -2.5 -10.h4 +#.6  -1.2  -9.4
TF-3L4 USB -1.6 -h.2 -5.8 -3.2 6.9 -6.7
Vane USB, T/O +9.0 +0.1 -2.3 +8.0 +2.0 +0.2
APP +7.1  -0.8 -0.1 +11.2 +2.3  -3.2
Mean Error +1.8 -2.,3 -3.3 +2.0 -2.1 -3.7
50% Confidence +2.9 +1.0 +3.0 3.9 *2.,3 3,0

Both the ANOP and UTRC methods have mean errors of about 2 dB in both
OASPL and PNL. Mean error of the GELAC method was about 50% larger. The
range of scatter about these mean errors (assuming a Gaussian distribution)
was about half as large for the ANOP method as for the other two methods.
The UTRC method best predicted the shapes of the polar and azimuthal
directivity, but it failed to predict OASPL and PNL at the flyover position
significantly better than the earlier empirical ANOP method. There are three
key reasons for this latter result: (1) calculated noise levels are sensi-
tive to local mean velocity and turbulence level, which are crudely repre-
sented in the UTRC method, (2) by summing several components whose levels are
maximum at directions determined by the flap geometry, it is easy to miss the
level at any one direction, and (3) the ANOP method was based on data corre-
lations for the specific 90° direction angle at which this comparison was
made. The resulting ANOP predictions, at this 90° direction angle and
exhaust pressure ratios near 1.4, apparently are at least as accurate as
those from the UTRC and GELAC methods which are based on summations of
separately calculated noise components. If the vane USB configuration had
not been included in this comparison, the UTRC method would have achieved
mean errors smaller in magnitude than 0.5 dB, with 50% confidence levels of
+ 1.5 dB OASPL and + 2.7 PNdB. These predictions clearly were better than
those of the other methods.
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One poséible alternate method for UIW and USB noise prediction would
regard measured noise amplitudes and spectra as a sum of two independent
components: surface-radiated noise and quadrupole noise. Quadrupole noise
as inferred from the data would be subtracted from those data to find an
amplitude at 90° direction, directivity shape, and spectrum shape associated.

with surface-radiated noise. These quantities would vary with configuration
type (UIW or USB) and flap deflection angle but would be independent of the
detailed configuration geometry, as with the current ANOP method. Use of
these two components, each optimized to give best results at the 90° flyover
directiorr, should give better prediction of amplitudes, spectra, and general
directivity shapes for this and other directions. This possible new method
would require less computation effort than the noise component methods. It
could be used with UTW mixer nozzle configurations and slotless wing config-
urations. Use of this empirical approach would give up all pretense of
describing EBF noise as a sum of simple bagic noise processes for which the
prediction accuracy is limited only by the accuracy of estimated mean and
fluctuating local flow properties.

Comparisons for Additional EBF Configurations

Additional Slotless Wings

The method presented herein for calculating noise radiated by slotless
wings had been strongly influenced by data for the UTW slotless version of a
triple-slotted wing (reference 19). That paper had included comparisons with
the calculated sum of a deflected-jet quadrupole noise component and a trail-
ing edge noise component with amplitude matched with data for the upper for-
ward quadrant. That sum greatly underpredicted the noise measured below the

wing at low exhaust velocities. The NASA Lewis method of references 24 and
25 used essentially these same two components. Attention was confined to the
limited range of polar angles below the wing and flap. The deflected-jet noise
data of reference 3, used in reference 25 for representing guadrupole noise,
is similarly limited because half the range of polar angles was shielded be-
hind the large flat surface. Also, data are given therein only for 15°, 30°,
60°, and 90° deflection without a simple method for interpolating to inter-
mediate angles. The UTRC method uses an empirical modification to the
accepted prediction (reference 16) of noise radiated by an isclated jet.
Therefore it can be readily applied for all deflection angles and exhaust ve-
locities, and includes noise radiated above the deflected exhaust jet down-
stream of the slotless flap trailing edge.

Calculated and measured OASPL directivities in the flyover plane are
plotted in figure 28 for the large double-slotted wing of reference 25 with
the slots closed by plug fairings. The caleculated curves designated NASA were
taken from reference 25; they closely match the data. The UTRC calculated
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curves did not match the fine detail of measured directivity near the deflec-
ted jet but generally were within 2 dB of the data. Therefore the UTRC
method for slotless wings gives acceptable prediction of these directivity
data.

Calculated and measured directivities in the flyover plane are compared
in figure 29 for the UIW slotless wing of reference 26, This configuration
matched the length and contour of a double-slotted wing at approach deflec-
tion; it was shorter than the slotless version of the triple-slotted wing.
Data were presented for two subsonic and (not shown) one supersonic exhaust
velocity. These data have not been corrected to free field, so all of the
predicted levels have been increased 2 dB to account approximately for ground
reflection. :

For the higher exhaust velocity, the NASA Lewis method closely matched
the measured trends and levels at directions below the wing, where this
method applies. DNote that if that method had been assumed to apply at all
directions, a broad peak of trailing-edge noise centered at 300° polar angle
would be predicted to occur. Maximum amplitude of that peak would exceed
the levels calculated by this NASA ILewis method for 20° polar angle. This
result is inherent in the analytical description and is contrary to the mea-
sured directivity shapes. The UTRC method predicted the general level but
not the precise shape of data below the wing. It matched the shape measured
above the wing, although levels were underpredicted 3 to 4 dB at most direc-
tions. ZFor the lower exhaust velocity the UTRC method closely matched the
measured shape and level below the wing and the NASA method was low. The
GELAC method was about 5 dB high for both velocities.

Measurements of OASPL directivity and sound power spectra had been
presented in reference 35 for a UIW slotless wing at several flap lengths.
The test model had a straight section corresponding to an undeflected wing,
followed by a circular arc with 45° turning angle. This curved portion ex-
tended below the nozzle centerline. Straight flap sections with lengths of
0.75, 3.75, and 12.75 diameters were added to the model. Measured directiv-
ity in the flyover plane at a jet exhaust Mach number of 0.84 (exhaust veloc-
ity 270 m/sec) was given in figure 13 of reference 35 for these three flap
lengths., These data are plotted in figure 30, with the flaps denoted as
short, medium, and long.

Calculations by the NASA method of reference 24 required scaling or
interpolation of the jet impingement noise data of reference 3 to this de-
flection angle. Those data have a more sharply peaked directivity shape for
30° than for 60° deflection. The slotless wing data of figure 30 for 45° de-
flection also have a sharply peaked directivity. Calculations by the NASA
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method used an interpolation between the noise data of reference 3 for 30°
and 60° deflection to obtain a prediction for the required 45° deflection.
Neither the slotless wing data of reference 35 nor the jet impingement noise
data of reference 3 were corrected to free field. Values for jet exhaust
width, boundary layer thickness, and maximum velocity at the trailing edge
were taken from data of reference 24 scaled for variations with flap length.

Increased flap length causes increased exhaust cross section area, increased
boundary layer thickness, and decreased maximum velocity, producing different
calculated noise for the short and medium flaps. The UTRC method predicted a
small decrease of noise as flap length was increased from short to medium.
Noise levels calculated by the UTRC method were increased 2 dB to account for
the measurements being conducted above a reflecting surface. Calculated
directivity curves are not plotted for the GELAC method of reference 29. The
normalized directivity curves given in figure 5-19 of that report change
shape drastically between 20° and 60° flap deflection. If the maximum rela-
tive amplitude shown in that figure for 60° was assumed to apply for 45° de-
flection, the resulting broad peaks of the calculated curves would match the
levels of data plotted in figure 30 for the medium flap length at 80° and
200° polar angles. It would not give the sharp peaks of noise measured near
the deflected exhaust jet. Because all flap lengths have the same impinge-
ment-point location, they would all have the same calculated noise levels.

As shown in the upper part of figure 30, the NASA method matched the
measured OASPL shape below the wing for the short and medium flap. It was
about 3 dB below data for the short flap and 1 dB above data for the medium
flap. The UTRC method did not reproduce the measured sharp peak at 110°
and 120° polar angle, 15° to 250 below the deflected jet, and was L4 to 8 dB
below data. The UTRC method underestimated angular extent of the noise peak
measured above the deflected jet but correctly predicted the measured levels
near 2700 polar angle. Levels measured with the short flap generally were
about 5 dB louder than with the medium flap. Neither method predicted this
difference.

Calculated and measured directivities for the long flap are shown in the
lower part of figure 30. The NASA method predicted the measured sharply
peaked shape and measured levels. The UTRC method poorly predicted the mea-
sured directivity shape for polar angles below the wing. A calculated curve
is not shown for the GELAC method because this geometry is beyond the range of
variables used in that method.
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UTW Mixer Nozzle

Noise radiation data for the nominal half-scale UIW mixer nozzle counfig-
uration of reference 37 were compared with those calculated by the method
given herein. Although the only UTW EBF airplane now flying (McDonnell-
Douglas YC-15) uses mixer nozzles, no other method has been published for
predicting the noise of such installations. This method calculates UIW sur-
face-radiated noise for an exhaust velocity equal to the average of the two
highest peak velocities in the isolated mixer nozzle's measured velocity pro~
file. Measured noise for the isolated mixer nozzle is increased correspond-
ing to the calculated effect of flow deflection by the flaps at the local

flow velocity (reference 18). For this configuration, maximum local velocity
at the impingement point was O.64 times the jet exhaust velocity. The
resulting increases were 0.l dB for takeoff and 0.6 dB for approach deflec-
tion. This measured, slightly increased noise associated with the mixer
nozzle flow field was rotated through the flow deflection angle. For polar
angles above the wing and deflected flaps, it was added directly to the cal-
culated surface-radiated noise. TFor polar angles below the wing and deflec-
ted flap, it was increased 3 dB and added to the calculated surface-radiated
noise.

These tests were not conducted in a free-field environment and are
affected by ground reflections. Acoustic calibration of the test area have
shown that wave cancellation tended to occur in the range from 400 to 630 Hz
center frequency. This frequency region, and frequencies from 800 to 2000 Hz
where ground reflection caused about 1.5 dB increase, generally dominated the
measured OASPL. Tabulated values of OASPL, plotted herein, are believed to
be about 1.5 dB too large.

Measured OASPL directivities in the flyover plane, and those calculated
by the method given herein, are compared in figure 31 for both takeoff and
approach flap deflections. Results are shown for nominal exhaust pressure
ratios of 1.2, 1.4, and 1.7 at both deflections. Calculated levels and di-
rectivity shapes closely match the data. At directions near 30° above and
below the deflected jet, the calculated levels are dominated by measured
noise from the mixer nozzle as modified in the manner described above.
Because data for the UIW configuration and the isolated mixer nozzle contain
the same ground reflection effect, the relative difference between calculated
curves and measured data symbols is unaffected by ground reflection at these
angles. Further away from the deflected jet, calculated levels are primarily
surface-radiated noise. Maximum OASPL was approximately independent of flap
deflection because it was dominated by noise associated with the mixer nozzle
rather than the flaps. Increasing the pressure ratio caused the measured,
nearly flat directivity shape below the wing to develop a peak near the de-
flected jet. This change was correctly predicted.
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For direction angles of practical interest, the portion of the frequency
spectrum which would dominate annoyance-weighted noise would be predicted to
be associated with the mixer nozzle. Surface-radiated noise would be signi-
ficant only at lower frequencies, Measured spectra therefore are not com-
pared with predictions. Such comparisons were given in reference 18. The
best evaluation of this noise prediction method for UIW mixer nozzles would
be comparisons with flyover noise data for the USAF YC-15 Advanced Medium
STOL Transport. This comparison would have to include measured, rather than
calculated, forward flight effects on noise from the mizer nozzles.

Engine in Front of Wing

Calculated and measured OASPL directivities for this configuration at
two exhaust velocities for takeoff and approach flap deflection are shown in
figure 32. Data for this small model {(reference 37) were not measured under
free-field conditions and are plotted 3 dB below the tabulated levels for
this comparison. Measured levels were unaffected by axial position of the
wing leading edge relative to the nozzle exit plane, and this parameter does
not affect the noise prediction. As compared with UTW and USB configurations,
the measured directivities are relatively unaffected by flap deflection.
Calculated noise levels beneath the wing were underestimated 2 to 4 dB at
the higher velocity but were closely predicted at all directions at the lower
velocity.

Calculated and measured spectra at the directions for maximum OASPL are
compared in figure 33. These spectra are characterized by a 12 dB per octave
decay at high frequencies. This decay 1s more rapid than that associated
with either UIW or USB. Measured spectra generally were closely predicted
but were underestimated at low frequencies which dominated the contributions
to OASPL.

Noise Predictions for Full-Scale QCSEE Configurations

Zero Forward Speed

Noise radiation caused by the presence of the wing and trailing edge
flaps was calculated for the full-scale QCSEE engine, wing, and flap instal-
lations. Both the UIW and USB configurations were represented at the engine
exhaust velocities specified as the design takeoff and landing conditions.
NASA tests of these configurations at zero forward speed are scheduled to be
run within the next two years. Calculations discussed in this subsection
were conducted for a 100 m (305 ft) far-field distance and zero forward
speed. Configuration geometries supplied by NASA are shown in figure 3k.
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The UIW configuration had a double-slotted flap with relatively large forward
flap chord. The aft flap panel extends relatively far into the exhaust jet
at takeoff flap deflection. Therefore it is likely that the predictions
given herein will underestimate the flap-radiated noise for this condition,
as occurred with the UIW triple-slotted flap model previously discussed.
Model tests of this QCSEE configuration are recommended, to determine whether
the increased noise does occur. The high bypass ratio engine had coaxial fan
and core exhaust jets. Equivalent exhaust velocity Vg was defined in terms
of the fan exhaust velocity Vyp and exhaust area Ay, and core exhaust velocity
Vo and exhaust area An, in the same manner as with the NASA ANOP method of
reference 27. That is, (AF+AC)VE6 = AFVF6 + ACVC6. Other velocity weighting
functions for defining an equivalent exhaust velocity, such as a mass flow
weighted velocity (references 22 and 3L), could also have been used. Deter-
mination of the correct weighting function for two-stream UTW installations
also requires additional model-scale tests. The sum of fan and core exhaust
area was 1.96 m® (21.1 ft2) corresponding to 1.581 m (5.188 ft) diameter.
Velocities specified by NASA for UTW takeoff and approach are:

Equivalent
Fan Velocity, Core Velocity, Velocity,
m/sec (ft/sec) m/sec (ft/sec) m/sec (ft/sec)

Takeoff 204k  (670) 2hs  (803) 215  (704)
Approach 146  (480) 194 (636) 161 (528)

The USB configuration had an internal mixer nozzle. Fully mixed exhaust
velocities were specified as 220 m/sec (722 ft/sec) for takeoff and 190 m/sec
(623 ft/sec) for approach. Nozzle equivalent diameter was 1.491 m (4.893
ft). Atmospheric properties were taken as those for standard sea level.

Because actual exhaust velocities for these planned full scale tests may
differ from those specified here, and other definitions of equivalent veloci-
ty may be examined, it is necessary to predict the effect of small changes in
exhaust velocity. This was done by regarding OASPL at each polar angle,
sideline angle, and flap deflection as varying with equivalent exhaust veloci-
ty raised to some exponent n. OASPL was calculated to two decimal places for
the nominal and 1.0233 times nominal velocity. Ten times the difference
between the two values of OASPL was then equal to the velocity exponent.

The calculated OASPL directivities in the flyover plane and at 63° and
85° sideline angles are plotted in figure 35 for UIW takeoff. Also shown are
the calculated variations of velocity exponent with polar angle for these
three sideline angles. The velocity exponent at 90° polar angle is largest
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for 85° sideline angle because calculated noise at this direction is dominated
by quadrupole noise. Calculated OASPL directivities at these sideline angles
for UTW approach, and the associated velocity exponents, are plotted in figure
36. TFor both takeoff and approach, the calculated OASPL in the flyover plane
increases by 1 to 3 dB as polar angle is increased from upstream toward the
deflected jet. Predicted velocity exponents have maximum values of about 9
near the edge of the jet exhaust refraction region. These values are some-
what larger than tend to be actually measured. Calculated 1/3 octave spectra
at 90° polar angle and the three sideline angles are plotted in figure 37 for
both takeoff and approach. Maximum 1/3 octave SPL is predicted to occur below
50 Hz center frequency, the lowest frequency used in many methods for predic-
tion of annoyance-weighted noise, for five of these six spectra. If OASPL is
measured as the sum of 1/3 octave SPL's for center frequencies from 50 to
10,000 Hz, this quantity would be about 3 dB less than the actual OASPL plotted
in figures 35 and 36.

Calculated OASPL directivities and velocity exponents for the QCSEE USB
configuration at take off and approach conditions are plotted in figures 38
and 39. OASPL in the flyover plane is predicted to have very little varia-
tion with polar angle at directions beneath the deflected exhaust Jjet. Again,
the calculated velocity exponents near the edge of the exhaust jet refraction
region seem unrealistically high. Calculated levels of OASPL at 90° polar
angle in the flyover plane are between 102 and 103 dB for both UTW and USB at
takeoff. They are about 97 and 98 dB for the two configurations at approach.
The specified geometries and exhaust velocities therefore are well balanced
to provide calculated conditions of about equal noise for both UTW and USB.
Calculated 1/3 octave spectra at 90° polar angle for USB takeoff and approach
are plotted in figure 40. As with the UTW spectra, only about half the OASPL
was predicted to be radiated above 50 Hz center frequency.

Effects of Forward Flight

Calculations were conducted of the effects of forward flight on spectra
at a position 100 m (328 ft) directly beneath the QCSEE configurations. The
flight speed was taken as 41 m/sec (80 knots), the QCSEE nominal design con-
dition for both takeoff and approach. As was previously mentioned, this cal-
culation method predicts spectra that would be measured in a coordinate
system which is fixed.relative to the airframe. Such predictions are
appropriate for comparison with data for models tested in open Jjets or
acoustic wind tunnels. They include the effects of a reduction in noise
source strength caused by changes in turbulence level of the exhaust jet.
They do not include the changes in directivity pattern caused by motion of
the noise sources relative to the atmosphere. This change would divide the
mean square acoustic pressure by the quantity l-MFcose raised to some posi-
tive exponent, where Mp is the flight Mach number. However, EBF noise
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annoyance is predicted to be largest for polar angles © near 90°, and EBF
flight Mach numbers for takeoff and landing are near 0.2. Thus the omitted
correction is unimportant for conditions of practical importance. Predic-
tions for a coordinate system fixed relative to the aircraft can be converted

to those for ground-fixed microphones by dividing mean square acoustic pres-
sure by 1-Mpcos € and Doppler-shifting the frequency. This correction also is
small for cases of practical interest. Calculated spectra are shown for the
flyover position, at which the omitted factors do not change the predicted
noise.

The calculated effect of Ll m/sec flight velocity on flyover spectra
for the QCSEE UIW takeoff and approach configurations is shown in figure 4l.
Fach predicted spectrum is decreased by nearly a constant increment at all
frequencies. The decrease is slightly larger for approach, with its larger
ratio of flight velocity to exhaust velocity, than for takeoff. In contrast,
the same comparison for the QCSEE USB configuration (figure 42) shows only

about 1 4B predicted noise reduction at frequencies of interest for noise
annoyance. This small effect occurs because forward flight is predicted not
only to reduce the spectrum amplitudes but to shift each amplitude to a
higher frequency. It was shown in references 18 and 20 that these qualita-
tive trends have been reported for tests of EBF configurations in acoustic
wind tunnels.

CONCLUSIONS

1. The UTRC method best predicted the variations of EBF nolse amplitude
with polar and azimuthal angle. The UTRC, ANOP, and GELAC methods
adequately predicted normalized spectrum shapes.

2. All three methods poorly predicted OASPL at the flyover position for

some configurations. The UTRC method failed badly for a USB circular
nozzle with vane deflector at both takeoff and approach flap deflections,
but generally was closest to data for the more conventional UIW and

USB installations., This discrepancy probably was caused by differences
between the actual and calculated or assumed local flow-field proper-
ties. The consequence of this poor agreement for two of the eight
example cases was that the ANOP method gave more accurate predictions of
average PNL at 90O direction than did the UTRC or GELAC methods.
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RECOMMENDATIONS FOR FUTURE RESEARCH

Flow-field turbulence properties such as turbulence streamwise and
transverse integral scale length and turbulence convective velocity, along
with mean and rms fluctuating velocity, should be measured for simple slotted

UTW and unslotted USB configurations. These data should be utilized along
with available theories for calculating the spectrum of 1lift force fluctua-
tion and noise radiation. For USB, it may be necesgsary to develop a numeri-
cal simulation for the pressure field induced by a random distribution of
discrete vortices representing the wall-jet boundary layer and upper shear

layer.

Noise measurements should be obtained for USB configurations having
conventional nozzles and at least a factor of 2 variation in the ratio of
upper surface flow length to nozzle diameter. These data would be utilized
to determine whether discrepancies between measured noise radiation for USB
models and levels predicted by the method given herein were caused by incor-
rect prediction of the effect of this parameter. If so, the prediction
method should be modified.

Noise measurements should be obtained with a scale model of the QCSEE
UTW configuration at takeoff flap deflection. Current EBF noise prediction
techniques poorly predict data for this type of flap position relative to
the exhaust nozzle.

Flyover noise data should be obtained and compared with predictions by
this and other methods. Ideally, these tests should be obtained with a
powered sailplane or some other type of aircraft having highly suppressed
engine noise. Tests could be conducted with the two USAF Advanced Medium
STOL Transport configurations (a USB and a mixer nozzle UTW) if it is pre-
dicted that flight conditions exist for which EBF noise exceeds noise
radiated directly from the propulsive systems.
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Q Directly radiated quadrupole noise

T Trailing edge noise

APPENDIX B: LIST OF PUBLICATIONS PRODUCED

The following three annual reports and two final reports were prepared
under this Contract and published as NASA Contractor Reports.

Fink, M. R.: Investigation of Scrubbing and Impingement Noise.
NASA CR-134762, Feb. 1975.

Fink, M. R.: Prediction of Externally Blown Flap Noise and
Turbomachinery Strut Noise. NASA CR-134883, Aug. 1975.

Fink, M. R.: Additional Studies of Externally Blown Flap Noise.
NASA CR-135096, Aug. 1976.

Fink, M. R.: A Method for Calculating Strut and Splitter Plate Noise
in Exit Ducts - Theory and Verifieation. NASA CR-2955, 1978.

Fink, M. R.: A Method for Calculating Externally Blown flap Noise.

NASA CR-2954, 1978.

The following AIAA papers,and subsequent publications of some of these
papers, provided wider distribution of major results obtained under this
Contract.

Fink, M. R.: Experimental Evaluation of Theories for Trailing Edge and
Incidence Fluctuation Noise. AIAA J., Vol. 13, No. 11, Nov. 1975,
pp 1472-1477. Also, Paper T75-206, AIAA, Jan. 1975.

Fink, M. R.: Scrubbing Noise of Externally Blown Flaps. Progress in
Astronautics and Aeronautics, Vol. 45, Aerocacoustics: STOL Noise,
Airframe and Airfoil Noise, M.I.T. Press, Cambridge, Ma., pp 3-25, 1976.
Also, Paper 75-469, ATAA, Mar. 1975.

Fink, M. R. and Olsen, W. A.: Comparison of Predictions and Under-the-
Wing EBF Noise Data. Paper 76-501, AIAA, July 1976.

Fink, M. R.: Forward Flight Effects on EBF Noise. Paper T77-131L, ATAA,
Oct. 1977.
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APPENDIX A: LIST OF SYMBOLS

Speed of sound, m/sec

a
c Total wing and flap chord, m
¢p Chord of nth flap panel, m
D Nozzle exit diameter or hydraulic diameter, m
One-third octave center frequency, Hz
h Average distance from flap panel to assumed vortex trajectory, m
K, Amplitude function for fluctuating 1ift noise of nth flap panel
Me Convective Mach number for jet, 0.62 My
My Jet exhaust Mach number relative to ambient speed of sound
My Jet exhaust Mach number relative to jet speed of sound
Pref Reference acoustic pressure, 2 x 1075 N/m?
r Far-field distance, m
St  Strouhal number, fD/V .
Ui Maximum exhaust velocity at impingement distance, m/sec
v Nozzle exhaust velocity, m/sec
Axial distance from nozzle exit to impingement point, m
bp Deflection angle of last flap segment, deg
© Polar angle relative to nozzle upstream direction, deg
8n Polar angle relative to upstream direction along chord of nth flap
segment, deg
p Density, kg/m3
o) Azimuth angle relative to flyover plane, deg
Subscripts
a Ambient atmosphere
ISA 1International standard atmosphere
J Jet exhaust
Lift fluctuation noise
n Nth flap segment
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The following AIAA paper, prepared by NASA Lewis Research Center,
compared NASA data with predictions calculated under this Contract.

Flap Noise and Aerodynamic

Olsen, W. A., Burns, R., and Groesbeck, D.:
Paper T7-23,

Results for Model QCSEE Over-the-Wing Configurations.
ATAA, Jan. 1977.

The following AIAA paper and publication, while not conducted under this
Contract, described a direct extension of contract results to an additional

practical application.

Fink, M. R.: Approximate Prediction of Airframe Noise. J. Aircraft,
Vol. 13, No. 11, Nov. 1976, pp 833-83L4. Paper T76-526, AIAA, July 1976.
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APPENDIX C: COMPUTER PROGRAM FOR CALCULATING EBF NOISE

General Description

This. digital computer program, written in FORTRAN IV, predicts
externally blown flap noise that would be measured in the free field at
points on a sphere centered at the nozzle exit. These points are equally
spaced in polar angle, in planes of designated sideline angle. The reference
angle direction (zero polar angle for all azimuth angles) is forward along
the nozzle centerline. If atmospheric properties are not specified as input
but allowed to remain at thelr sea-level standard default values, all linear
dimensions should have the dimensions of meters and velocities should be in-
put as meters per second. Comment statements are placed throughout the pro-
gram listing to describe the purpose of each portion of the program and to
define the program variables. The program is relatively small, requiring
less than 12K of computer memory.

Input quantities include geometric properties of the EBF configuration
as sketched in figure 43, For under-~-the-wing (UTW,CONFIG=1) and engine-in-
front-of -the-wing (IFW,CUNFIG=3) installations, these properties include the
coordinates of the wing and flap leading edges in a coordinate system center-
ed at the nozzle exit. Here, positive X is downstream and positive Y is up-
ward, normal to the wing plane. Other geometric properties are the wing in-
cidence relative to the nozzle centerline, deflection of each flap segment
relative to the wing, number of flap segments, chord of the last flap segment,
nozzle exit diameter, and far-field radius. Geometric lengths required for
upper surface blowing (USB,CONFIG=2) installations are the coordinates of the
wing leading edge and flap trailing edge, nozzle exit hydraulic diameter, and
far-field radius. Geometric angles for these installations are the nozzle
roof angle (also called cant angle or kickdown angle) relative to the nozzle
upstream centerline, wing incidence relative to the nozzle upstream center-
line, and flap deflectiaqm relative to the wing. An USB configuration without
a flap is described as having zero flap deflection.

Two special cases are under-the-wing configurations having slotless wings
or mixer nozzles. Slotless wings are represented by CONFIG=l and NFLAP=0 in-
put. Wing geometry is input as the leading edge coordinates XW, YW, the de-
flected trailing edge coordinates X(2), Y(2), incidence DELW of the forward
undeflected portion of the slotless wing relative to the nozzle centerline,
and deflection DEL(L) of the aft portion relative to the forward portion.
Slotted under-the-wing configurations having mixer nozzles are designated
separately (CONFIG=4). They require the same input as CONFIG=1 plus the iso-
lated-nozzle centerline velocity ratio at the impingement distance, input as
ROOF.
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A flow chart for the calculation process is shown as figure Ly, The
first portion of the computer program calculates various geometric quantities
such as chord lengths. For UTW and USB, it also calculates distances from
the nozzle exit plane to the impingement point and the trailing edge, average
distance from each wing and flap segment to the assumed far edge of the jet
shear layer, and resulting spanwise-coherent 1ift force fluctuation. Axial
distances downstream of the nozzle exit plane are utilized to calculate the
ratio of local maximum velocity to nozzle axial velocity. The program vari-
ables XW and XL(N) are the ratios of wing and Nth flap segment maximum fluc-
tuating-1lift mean square acoustic pressure to reference pressure squared.
(This noise component has also been called scrubbing noise or inflow noise.)
The program variable XTE is the ratio of maximum trailing edge noise mean
square acoustic pressure to reference pressure squared, calculated only for
the most rearward trailing edge. Calculated quadrupole noise from an iso-
lated exhaust jet, in the direction perpendicular to the jet centerline, is
adjusted for local velocity ratio and Jjet deflection angle to yield the
acoustic pressure ratios for quadrupole noise of a jet deflected by UIW flaps
or an USB nozzle and wing assembly, and of such a jet downstream of the
trailing edge. These pressure ratios apply for the direction perpendicular
to the deflected jet.

Next, the noise components are calculated at equally spaced increments
DELTH of polar angle at up to ten designated sideline angles PHL. For each
polar angle, the components of fluctuating 1ift noise from the wing and flaps
are computed and summed. Similarly, the viewing angle relative to the center-
line of the deflected jet must be computed so that quadrupole noise can be
determined. Calculations of gquadrupole noise pressure ratio GJET must take
into account whether the combination of polar angle and 'sideline angle yields
a direction within the jet refraction region and, for USB, whether the direc-
tion is shielded from noise generated near the nozzle exit. Individual 1/3
octave spectra for the different noise components are computed and added to
obtain the spectrum and OASPL of the UTW or USB configuration.

In contrast, gquadrupole noise from engine-in-front-of -the-wing
installations is taken as that from an undeflected isolated exhaust jet. ILift
fluctuation noise is calculated for loading distributions which become acous-
tically noncompact along the scrubbed span. The 1/3 octave spectra of noise
from the wing and flap is calculated taking this into account, and this spec-
trum is summed to obtain overall noise.
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Input Variables

The following 1s a list and definition of the 1lnput variables and their

default values.

Program Symbol

CONFIG

THL
DELTH
PHT(1)

PHI(2)

PHI (10)

RHOA

54

Definition

Integer equal to 1 for UIW, 2 for USB, 3 for IFW,

or 4 for U'W with mixer nozzle
Integer, number of flaps

Integer, number of sideline angles (maximum
allowable number is 10)

Exhaust velocity

Flight velocity

Nozzle hydraulic diameter

Far-field radius

Lower value for polar angle, deg

Upper value for polar angle, deg

Increment between successive polar angles, deg
First polar angle, deg

Second polar angle, deg

Tenth polar angle, deg
Lower 1limit for 1/3 octave center frequency, Hz
Upper limit for 1/3 octave center frequency, Hz
Ambient speed of sound

Ambient air density

Default
Value

1

50.
.1E5
340.3

1.225




Default

Program Symbol Definition _Value
PREF Reference acoustic pressure L2E-6
DELW Wing deflection relative to nozzle, deg 0.
DEL(1) Deflection of first flap relative to wing, deg 0.
DEL(2) Deflection of second flap relative to wing, deg W
BEL(NFLAP) Deflection of last flap relative to nozzle, deg 4s,
ROOF USB nozzle roof angle, deg, and mixer nozzle 0.

velocity ratio at impingement distance

XW Axial position of wing leading edge 0.
X(1) Axial position of first flap leading edge 1.
X(NFLAP) Axial position of last flap leading edge 1.
W Vertical position of wing leading edge 0.
¥(1) Vertical position of first flap leading edge 0.
Y(NFLAP) Vertical position of last flap leading edge 0.
CLAST Chord of last flap 1.

The input variables CONFIG, NFLAP, and NPHI must be integers. This program
can be utilized with English-system units (ft,ft/sec) for lengths and veloc-
ities if CA, RHOA, and PREF are supplied in English units. For standard
atmosphere, these are set equal to 1116., .2377E-2, and .41773E-6, respective-
ly. Data input uses the standard NAMELIST format. A title card, prepared
for each run, provides a printed title to identify each specific configura-
tion.
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Test Case

The following cards provide a test case for this computer program. All
of these cards are punched starting in column 2. The first card provides a
title to identifyy the print-out. Input dimensions are in meters and exhaust
velocities are in meters per second, so the default values for standard sea-
level air density and reference acoustic pressure are used. This test had
been performed during cold weather, and speed of sound is input for the
actual air temperature. The inputs for direction angle will cause calcula-
tions to be performed for polar angles from 60° to 120° in 20° increments, at
0° and 63° sideline angles, for both exhaust velocities.

QCSEE USB 1/11.5 SCALE MODEL, TAKEOFF FLAP SETTING
$INPUT

CONFIG=2, NPHI=2,PHT(1)=0.,PHI(2)=63.
THL=60. , THU=120. , DELTH=20. , FL=50 . , FU=20000 .
DEIW=5. ,XW=-.20,¥N=-,024,D=.123,R=6.1
DEL(1)=30.,X(2)=.k2,Y(2)=-.122,CA=330.
V=191.

$END

$INPUT

V=219.

$END

$ INPUT

IEND=2

$END

56



< | W
- 4 [« 4

—i <«

QX

W Wo

a a2y

NI

< (Hvy
xO0Q OV
OZF Qud
U el Wiy, OF LS

& ok~
W awo w
VNG O
- WNIZTZr
O WO »
Z O LUVWVIMO
(2 ol
Q- ewownmo
QL NENOLWO
dZ2Z L <O
wWwOOIxE ZTn
OOl
Z =N a0
= o« Z gl
OV JCC A J
~dZd o N

Zww-HaeZ >
xOZOUVACODZ
W0 X
WL =~

XOXZr<aWWw> I
WOWE HZp
v Lid b= bt =t by

yPHIC10),CCU4)HLEU) JHTIL) K{U) XL (3D,

Program Listing

- -

- L

w ['3)

- - » - -
P Gnom L ] ° —y S~
=M Q TEBM
Q i~ o~
apIx L el >
a0 e N i) =
F o QO I -
i N O - i 0N
i~ O (ol Bt
Txx O ITax
aaq - . at
= G = Gnem
-~ a4 - o of v=4
MOw- 0 MO~
w IX N - I
=0 e (NN X e
I = e e T o=
O« 0 g «aX
-~ D Me =~ D
N s ovd (N ol
w on & T e wrem o
Oy e HO
I MDD T

A~ ox 4% *a~ »
L > M) e

-TO

o ® o L= 1T O

A OMD el OF
- NN X
e e D% S - o

Q -~0IXIxeou= I et T~ -

A M A=l 20O QOO = exxp T O -0

w W Ao .Ju. O o e o 8} o o0

O HIOAW®D Il OOl (=]

o Weexuvizsw T w a2 Tu - o

! DO 0w - 00 ~e = 00O M O e

[o'4 % § =9 -~ i) o> sDWVL) » & -y Y ol

o Ll OxTZ IO~ +OOHOQ™~~ & & -t

w2200 - e} OO U. =DM + "
HOolWZEU—S: A D D) ZD || < o

VHO =W ) W e JT i o OL N d -~ T o

WO~ W>TnL W AQmalTwW> ¢ sQpTUW> =« el B Y} (=)

~~ TIToOooa~ I T A *D) e 2 e & ~ e~ T o~

ALOFIVHORF Dawd ) o= &0 ) = & e~ Wi

—Zzz OZZ I ENXOI~~N oiNZIT ~~N =~ -muh Q2 o

DO-IXOEDaC M) e POt i PN~ MYy o -~ - [

VLUEROZF L Wl o e & o o~ w # ~—

A b >0 FaAQo i & o0 @il o~k * o e o

< W Wik Z XM oLt o o e Wy * oD I~ w

QUOT O I NU~>MOLD & o000 O i c 00 M -
2wl ) AN . UIID & e eow NI & & o . QOO~1 o -

EH) END>»OCL = Ou~~>QIF0u~—>r— wn w g rip— D= [ oo Jowe ]

< By INCY JOZ2ET0Q T O e} ZZDrd ph=om 0. 0 0 s 00 s 0 o) . DI =~ sQ

a dOl Wno o — o S M =g DONOODOVSODOMO IO ¢ ~et | Z

VW) DZLIOU» UOXZZ >l Q e > ZN vt ~SNM T N0 D & Zwra L2

QIr-W Q4 T OOA Tl O o oTw SO o g e o &

xZ Jd~ X BN OQ0 ~MOV>A QD el TN N0 el DBwA) D

A lo<Ey) sl XNV - D -t 4 N L T b= 2~
ExODQWIr# ZZ - Zwt vt e O ¢ b bS]

VW GSWWEawduill <« L, LI O ML U \OM QOO v T poed i () ) 22 = f b=

Ol WIW ITZ~axXXX - L v w st wrr o ol T Al e ]

ITZZEXOAZX OZ it o « LN QMO MDD OMOOOMOMLIWw EOL Xl

D L~ 0D O =2 O el W b bt Wle U Ol e Z - B 4 R

F O ~



58

72}
a
<
o - )
w . z
o o
-4 * L] -~
= #* -
o a-— L4 —
p | -~ -— o o
o w = L [§V]
[» 4 ~ [ | %]
w L8 bt o ~ -
-4 ~ — o~ ] -d 3 ]
— P4 s VL -~ TS * "
x £ — N e - = -
o Z #aa + - [
Wl = ~ 3 (X -~ z W T -~
I - Ll 2170 -4 g (] .
- < 0 I TR > i} + ~ O
I o [ 4 >QOUwv ~ (L] .
x 2 ol -~ I # + a -~ e~
w o ~ ) - . e e « OO
Q H N J —Q. o~ _ O N Yo
Z W oW — e b * uw <« V) <L -
oo T4 L > dnwv * = O e
o 3 - ~ll o < - QO v * 02UV
: o ox O -~Z +2Z_Jd - Z wo# <<y
= (o] o0 o0 (=T R -—W z < O TO# K<
o~ T ON WDHOO <L o L] ~ N IO N~
. —Z x>~ Nl + | > > X aT LN
o (@] [gn] O vy = O+ = * 0 [} @ Jdi=- o
- — 73] —— ZOXR L o= > * e~~~ -— O W HFOoOdCan
ok | XD 4 -tn o - _ Q=X =_Jdu¥®
O (=) (= o0 OO - W (SR Rogh T << + O w2 Ok ~
D (L] Lol N oY +=-OX 1] ==X b= I | < ul ZTOO ZUVNNZ
MO < (D (SN IRT] L 0~ = o O T -
- -~ o I~~~ g —__J _~rFE L L V™ > _JJ>
-— - (6] I It D~ -~ N~ O ez RO~~~ 0L+
- - P s 8 O w4 e_j e e W™ L =>ITH OO 2
0~ oY N -~ Lol e [TORENNE N J o B g AQWOoO axAa 20 O (RS T B Y]
Mo M om u Doz awzZx O ey s e il Y O | eM~COQQ
LY. LS ' e ZDO O Lt ldid =R~~~ O ¢+ WO o |l <<l D
— . — . . ¢ O o N4 OB I It _Jeded LA >3 L) ¢6Z _ 4 .
i wd i b W R ™0 N~ B e _J e o foidd + Z D I I e~ Z
~td D il Dd D JduelulDx<KuNe O=y=~=~goaca HWE _J ¢ s~axX2ZgZ ]
 Z e Z s ZOeZZZrJul w #HONON~ LIV Q<aCXO) o =2 1 ~~
O —OOMD LW REOOH WL JOX Ul 0w Ok I _J 0=~ NX - L, 11 DE D= Y
el FJTIITRXCCTHNTT:T3Y:YYTT: oty et L= 4 Tz -~ —
~ 20 NMewll Z 2O eeerZOwD Wad =wO—ww O OIZT MU A Ul ~—
CLuLluc Ll OO Ll O L JOF HH L L L dRE~ D00V Tl Tub wLOJ

DIICLUJILCILCDIIICGISGLquIAIIGSCAXYSDCSCSH T~ 3 =0T

Qo no oo ) ") fou oo o
PPN M W 0 NS o - ~
vy - -y

Coaxtes
Cxk®
C ek
Cokdkk

50N)%
51%
52%
5 3%
S4%x
55%
56%
57 %
58%
59%
6 J%
61%
62%
63x%
6U*
65%
66%
67
68%
69%
70%
T1%
72%
T3
Tux
75%
16%
TT%
T8%
&%
1%
8 3%
84 x%
85%
86%
31*
88%
89 %
g1x%
Q2%
93k
9 4%
95%
96 %
97 %
8%
99 %
100%




W*DEGRAD +DEL(N)*DEGRAD)
*“2.)*H'T(N,**(_'.'Zo,.)

EL
*0
*D
%

D
5
5
N

LATIONS FOR UPPER SURFACE BLOWN FLAPS

*
(
(
}) GO 70 3008
LW+DEL (1)} )%DEGRAD

Lo oD

ZTIT~FOXat)
- -OdO
i~ Ol b
T b XX (D4 (D Z <X

o Q
MO
-~ N

Crk%

LS AL AL R.E]
=~ ONMIFNO~ DO
(=] Ja[mlolelalele]
b et oo ey qod P p e et

- —
] [an Yo }
Lol «f <
[=] [A s 4
b [(LXL) -
[a 4 [T -
[La] oo w .
L % % L4
Q — =z
»* aa * (W]
- < * (L]
— -l d 2 [ 4 [=]
et e L * o~ [}
o 2z - #* .
w - — - (] * (L.}
[ ] d L - =z
+ Wy . + - -
= oo o . w -
-d - 4 * — (Y] —
wl [ Yom R 3 - [= 4 «
fn ] g -~ 3 a @ —_
- X -~ X * [l w
2z oL Z2 * [+ 4 o
_ < - Wi ~ \'4 3 - .
- . occa > ~ L9 < -~
~ -\ * % ] ~ [ [Tl
- % XX -~ T3] 3 a N
- N 3% -—d) e . - Z .3
-~ * -~ il 4+ r~ N « (e
-~ * ~ N 2 3t ~ - .
d _— ) 3 - [ 4t -~ - 5%
w X N2 > x =] Z #H#
(=] > -~ 3 o~ — -3
~ [ = 1937, ) QN * o o~
= -~ > + 3* e . a =~
b — N 1 # % oo ~M #* X
o - - . 3+ 3 - 3* +
+* D= > —h—— 3 #* Z -
o~ D — AN % — = 1 —
~OE -~ o > & a T e * I I~
N L+ e <  ed el -~ < - < [’} * -
- -l N td = LD -~ -~ LR o Dmt orx
. X e L e o Z O+ z u (X x ZO~0
! 1o ON#W * N e | = eANZ -~ [2 4 = )~
e w e O [an] w Moy MH I #x * a =\
- X ZW% e~ -~ T e~ | xoxro o 3t Tox~
- O - gL Oy [N ~ O%faa ~wwie VN - - —r0
>xWwi = B o % o~ ——ga A0 0 #*D o, NN
- > O (T Tad t00 0 ¥ e ~ = 3NW
- ) ~ 1O — o O W 259035 — 3* ol ()
Qrivrie WD QL DO IZ2a~ - > ¢~ cCJ
gLO0> DC b (\J o - () L v e L D ~ . (=] (%3 P L - ]
o o o} [T 1 I -d o~ 3 D ) e W s E-3 [aX- P-4
D e ¢ R MM 8- -0 O O e Ot 2 it — o3t —
Wit == s Ot~ 34 a4 XL 11 Zt— & & 8 |y} I G s
O dds ey ~e w aoO- " P~ S~ | <L) -
* e 0| e e O~ U L~ et O P NTEW oxr o e
X ommom s (YOI WO Zh= =) o 0o s # <400 O~ + 0N
ot =N | QT+ U NCOWHNOAES +Z AOLOLCATNIIM > e o0
D~ ~w BTN+ I salND CaTAA HLCIAU~# Ot ol i + W0
DU add> HEBe e ZgJddViaaC ded dN N S et A W~
N IWIWIN LW QU ¢ O Z0 dad-abw>119~M 0000 ~IIC
e I~~~ Q) I Nabkrk it I ZILuUMZ2Z22Z2 = I NOQ U i
Zdw et tod- wnt )] Xt~ 20O~ Z2Z e~ x > )~ )=

O L Z~3I0L HECOOZOX U B ~OQOULLL DNIDHIO N UL OXXC
AIOHX > OO U LI X 2OV WOHOUOX OO HEX O AL O X (0
- .

u = Q jes Yo Q
0. - O %* -y . D
N ~ ™3 ha kel 7% 3
# +*
Q (&)
bR E XL E R EE I ESEIEREIEEEEEI RS EEE S EESTEELE R F I EX:
_01254567890123u567390123“5678901 MFNOr oD

e e e et et A O N NN NI NN NM MY MM MM MMM S TS TS T
11111111111111111111111111111111111111111

>9



60

oo
S | (=]
Lo 2
¢ O -
< .
4 [T
. ) pes
- [ * o
| o wn * [+ 4
4 o W
3¢ - ol tl R .
Ll * x -l .M N
» ] N Q s
) [ 4 X - N - ™~
- -~ > > Q <4 o
» ~N -~ X * =z i N,
o~ ~N v X - »
* (<3 . * (=) @ = % s
»* r4 F * 4 - N
-~ ® O L ] =2 oD OON
- [ % . L . QF o=
[+ 4 - r + -4 > > « o
' #* . - 0 o N
b o -~ »* Z %
7Y Wl 0 w [« 4 | ol S Y )
[« 4 - o #* »* T3] W Ve
a. - ¢+ o 2 D #»O
C % o | . * -~ 4
< o - X ~ L . L oOu
(&) Q. L=4 - - %3] [ O W
- L3 > # . *» 2z
~ wd i x u r~ z Z @k
. [T #* ] 3#* o o >n
M »- x ~ * =t — W
* T e - % Lid - b e [m]
* (8] - ~ * -~ (&) [& Y 2V, or
-~ . L4 [S] Ta R 4 [+ 4 Ld Ll **+ [v'4
[+ 4 -0, Lt (o] s > > -d - | (L)
> = - 4 ~ X x TR w << wl
# 4% un o ] #* » L W e -~ a
- [S ] (o] > % » * [on] . o *# M »*
- -l W x D (=) o~ oy e o -
* No x #* * * xr #* £ e sliN - -~
<t . - w [ o o Q [« 2 O NNTTY e - X
o M) v —t * » #* X - x *HEEUWO 1 -
T ¥ . 1~ = o & g W o L. 9 — -
a4 (WL 3] o] * o~ ~t L) o~y 3G W —~ wl
* WV 2z - T W [} w = W bty e -4 [
X Ora e w -~ -~ e . v W VI T xTWVo~ - *
> S4O>a WwZ - O W - O W e OO (Nedt @ - -~
- XZN 1O [IW]T)) LI #* ~0O 0 O aga * s 4 v~
# OO Ldad W ow - e « WNZ # Z wwwilit —tonat {
[T NI TR - =30 #* N o~ (™H : NN == % foed e b oK
#¥FOUE O (PN g LI * Ou © &  w COWm ~ -
QD eHO> o 2 x N * * ) O W - QOTIHIX [P] < W g T3}
HON WD [ < (DO # - -~ O xLd0 C er e XN [ | ] = o
slim #Z OO -2z L > OQa wuwao AT v shtbelN Tz
NNA OO DDA 2D -~ N - WD ZOX el Xl b 4 ) (s W] e
BALTEZH e d Qd= > e Wil =X A< X e Sed  Zipm L
R T R I Y PR | [yl N OZ RZ N VX # DN o o o]l
-~y s 2 o< . T - T A e AP = QeD <
O ey O S~ Zrui Z > >»> W ey U/IE.-Q* 1] oo o}
N EOW T e w2 4 ' » 4 ZIODrT) O IDOO-E HOOWI
L. T # o ik~ O 4 > o X o ¢ o Ll ZWE im0 e -
Z WO Gt YD . N [» s L] I — DL ¢TI O ¢ s E DO
—- b et w2 R Om L e e LWL P X0 AN R LI -

> e HHEwWhXIE 4Dd W D3 =D HHNDVN I HITCLEN~e OO i
S mMZIE D eZRLADWDINE eZ TZeXr wWremZdVd= Za S JJf OZ0—ewm

X elit *0 EAOALLCIm=O Friillu =wWnow EEEOIEJE&FFZ.I9EE9A
*IETICII:C:NISNTSNC1TTRJ 10 A = i B Ll ot At W T 42 danialnd ud ol oo
B mZwweXiiwEeoX wZrire SZL>T SWUTVZATEW ZOH Ewe oJiZ b L

Moo alredeaOLdCOou HODEH T LZeEHOOZ LWL NOCx O

SEIDUOAFALX X -EQXXOZ A LI F R LXK OV X RO O R BO
- ] -t ‘ .

— ~N [Fexre] M~ o [ B s |

o o #* ®* OO%® =] * % — % N ™M

73] [¥e! » * DL P u #* % W [Ts T}

* * 3% ¥ * 4t #

o 8] LO (S8 [&]
**#******#**********#*************#*******#**#**#*
1234567890123456789U123“567890123“5678901239567890
55555555566566666667777777777888338888899999999990
Ll 1111111111111111“1111 111111111111.111111111.1.11112




[74] -
o Tz
(&) —
3#* 7]
- + [ ] _—
(=] - o -
L4 [ * -
a4 X * =
(12 [+ 8 -— X
L a. -~ *
[ ] — L - 4 -t
* v - - o
= . Q (Y] -~ L
-J (5] x -~ -t
(72 B | +* — = 3
- 0 - -~ x -
¢ Z - L (7] -~ 3* -2 —~
N w2 (o Q [ — L] .
# 2 L) (&) gl o~ 4 ~M
# O w I % . [we] ot . Py ]
- +* - - ¥ ) — -t ] - [an]
-~ E o~ ot (L) 0 +* 3# < * o
-~ O ™ Z [+ 4 3#* L d 3* ~
-~ W I -4 L= ¢ (@] - = Wl -~
() Q. 2] ~ - b -~ W z -~ (=]
— W a i 4 - ) z - Ll - by ] -
X N - -~ - Lo o (L) < . ! - w
[ B 77 | [ 7] o= xo 0 P-4 + M o~ ~M £ ‘00
o © L4 + W L= @Ys) < <I i M | g OO
*# Z O o e -~ %D ~ -~ + b— o~ @D ~ * N~~~
* [N -3¢ - < PR o~ L3 < ©
D2 - L3 O r ~Q O et = — I #* . 3 — O
— D [=F - o a Ww =0 Vv Ly _ A~ No) -~ W =0
[ S 3 -~ O Q o~ TINO . X - -~ — -~ I .
— - W - ~ #O O~DOo — ! = .1 ! _- QN
[ < I - I o VI =l 22U e ~ s . () - O e
e O Z - b= O VL «Cx~ W VI WO Z WY 4 VI -~
e -l O xl *ax<0QUL QO N~ G V= < o
_~~ 0 =z - I OO # qCll D=l L N O + Q e
Ot~ D - L - [ Ran BENE +0Q VIO - * oo « O B - 8 * O~
<Tox J [V} O - v o o ZH e aQ Z2dg9 - 2« - [24] [ Jaw]
YA IOu.  #* + v -~  RO~IVNOI D+0O | weo I DO W O+0oNE
DoV W~ 2O LO W W= # emdit S oetNLl ¢« TM @ (8 T M~ o) ot
Wi~ SN\ PR == T I ke el OO d O Jd O = O m
OzZvw Lo« W ¥ =3 — Ll NS~ - O~ =~ O~ hd bt R
N OF oy o~ O ~ DT~ eelD DROAH VIOAH O U OO OO
LN P~ _ O D ~ D Z i #mMNZ D OD0 — O b o~ - 2
= 3t b — L - M — N~~~ T) o ~ e W X e (@) - D«
W=~y O [Ve¥a'd e~ VI OQCZOTXIWI CLOoOQ~ 00O~ O # oOowos |
TIZ2000 3# o0 LM ¥ OamVO* Ja UOU=-0oa | oW | O O OO
- ‘o =x LN SYN] HC e~ R WOINTZ ~ o Ll D~ + D + [PV
Hid——s <~ N O X DL D~ T H e~ -~ ¢ M
~TaMID~ [ - ~ ¢ W ~O~OUSHIT BN # —N N - XD T
L~ oD [ D0 & H=WHZNZ 9= e+ 8Z s wem e [ s e+ oz
— o -4 e = X gTal<Z| OO #OHO O % Or~gwal
WZO uEc o = <Ld VI DA~ O+aCN Lugus ~ ey e L e Wwiul+ N
THQ *ZTL O rd_|w- +O O ZoZ-ad<+ M e e ZH 1y e ZH ¢ ul *7) eI M
= O e X T < P LId-dIZtIO0 D HTOOR DIV HOVOYDOE O 0O
— O~ 24 D0 k<Ol Z e L Ld e N QY et bt L O L bt b L) 2 bt O L) et e L) LD
—ilhilugI#~ ¢ TN O W OHR DO Tu) O w X~ I = I~ D=~ X, T *0
< I IBCOCD + + Tui BZCZVACPIO w200 XZ2UWO Z X ZwZmO
— OO J=HDNIZTEO «—TOIH Il HHwrreDCHOQIIOHOGINIOODI OO0 O =

WL QO Z > b:LGTI(TTXT:NJJJ(((TEﬁlLRTTTCRTTCTTTC?C((f
IHO—- I I TE Xwil Hew HZ LWOOVO~ww oiy—i L Welw -— haed TR Lt
.IPNFAF|hT.UOUDLOLFFOLOEINNNFFFOFJFEJOJFEJOFOJOFJFFFO
O g G(SDS(GGBIIGGCGVAAAIIIG HOHEMOODORXZOORDW OO R D
—

——t

. ] n O~ QO o o O 0O o oo -
3* o Q oo % =N EM T RO O M~ OO
3t Lol a3 OO # VO #O O #$O O O VO
4 %* 3#* 3 :
Q W (8] (&

_
*****#***************************.** 33 W I I M I A I
ANM OO Dt 3“5678901230.5.078901234567890123“567890
00000000011111111112222222222335333333344444444445
22222222222222222222222222222222222222222222222222



62

BY METHOD OF

-
—
g
)
I
3 -
- -
* -~ «
. - -t
- -— [V
*
- - x -
) s @ L - [74]
E- 4 N - % «
»* 3* 3¢ b -
3t 3 3% I o
— — - - . [
[ag] ~ 1 - D
o] (Vs FON 28]
] O TFTMm «
[ L3 ] [ o )
- - N et N W
b 3 3 3 O» I «
o~ +* 3 # =0 =
N v 7,17 - - o
3 + + —_ ol I 2
-~ + wm™ W e s «
- <t @© -4 [N« BN ]
(L} xr [go J 79 — sy s e (D
[a 4 -~ N oo Q#~ OV VvV Z
< -~ O e o~ W % — 0
~ [} wl . oo 4 ———ONYg < 3
2 ~ a o~ —~ 0. Ot o) [
— o %] s W f~0J o . b
w [ +* NN—-0 -d = vt - D
~ o iwd [om ] o oi—+ WO W= - (v
-~ (o} > . - FFOO W o3 L
2wv J0 < WM~ ##F IO O QOF~-~ .
O <+ [l o J Z Z=w0O~0 O (18]
-4 P8} (&) o NN T k4 DNe=DD e PR
< #O O N » ¥ = Ow x|} [ o]
- e . ®» 3 »® WL emBw w o [¥s)
o OW M IO WO W ONO~p >* =z ~
—Q -0 ~ #O (g ST -] Q) ewl<xit 3 O
wE Ll - 3% e~y Wit —s o 2 auc
- O~ Ve 00 11 = I s e O O xo =~
4O N Ll #e> e et Z i € e T [ wa
. -~ 10O B R e~ O O~SMi=E B 3 WD~
-t T 2 > Ol A @ Z#) el < - Dt (0
- L LZNwwE AL W LN = W #* = |
# L) ¢ HODT e+ VOO W Wwik=3 My L - - Bt~
—OWIW II-#MO>0 TRZ duwd =0T O t d P et
IZ b ke e N H N 0 O D NO FO WD — w20
b T N E T S} g oM~ N DA Xy~ e = DY e 2D TJQ
Ou =2 O U~ Z~ . WZD TwOll 11 Z,Lg00 s O
O IOOM DM BwO O ZHHE T~ O = IO D s

= OO OO LN
WE Ve d DD~ Ju

— bt O e b b bt e e C D N D

d OZguu—e~~—ud WewLJE TO

-0

Mgl JO0a ALl O A d I 0Z0DNL el NONCHHDODXWOL. X
DOVBOMAMNLONA FHMUNOAA O NDLIDFOHHI=D DLW ILNINODAHD

Q
o)
~

CEkk

251x%
252%
253%
254 %
255%
256%
257%

Coxs

258%
259 %

260%
26 L%

262%
. 26 3%

oD o
-ty MY
Pt~ ™~

264 %
265%
266%

267%*
268%

Gtk

269 %

i}
=2
~

Chodx

270%

271 %
272%
27 3%
274 %
275%

216 %

2T 7%

nN

T g

~r~ 33
* 3
DO

2783+=
279%
280%
28 1%
2382%
28 3x%
284 %
285%
286 %
28 7%
288%

289%

+3 X (PIXAAA)YX%2,)

(8 e/ (1o #(@HSIUMARD /CPDIF%2 4} ) XXLS/(1e#(SIGMARM ) %%2,)

(1.2 +(P1I*AAAF®%2,))/(LOG(1.2)

)]
< =]
(o ™~
o ~
w
[an] fe)
3 -
a—
- S
— ()
| >
N -—-
- o<
X N
wo Dl
O LVLxxo
+ XFND .
#*

.

A
2

Q@i NI D e 0
~ [4a] v N
L < =IO O

AN F g = 1] =t

- O~ aG
LWOHULT JCaICOJ
QNN M XD OO

o o o o
W O ~
~ ~ o~ o~
R R R R R R
QOANMINOINDOC
[o Yo Yo Koo e a¥e Ne Yo Ne e J)
NN NN NN N M




SRR RO/ ) H ], 333 k%G, )

CIEAThRE TANACOSUEPHIN+STHIRDELLYHCOGSTHIT

)
DEG® 4/

/

’
/

4 5"J(',LE ]

S
-~

y TUFOKES
IMUTH

14
>x <
-— e
- -
TN X
LERY)
-t
-t~ o
o b — - - o
~ - - . -
P — TR
e owd Ty . —
Loy — T
it + —_ — ax
— - -— [N -5 -l
s - T S~ [ -
Nd - - -2 —hx N
RV, - - TR [ .
T = — V- ~ P ~
- L Ry ] ~11 -t - O <i .
-4 G aa Ko R L =t - ~
— —~J O - - -~ ~— e —
~d el 2050 -~ - - X0 I —~ -
[ — ~N + -4 G-~ =2 = ) [aVR 4 ~
— e EER A ~— I —_ =~ . L RNt
v - 3+ — ~— —_ wae I~ M~ <
O g —~ 5 3t ol g -_J [opras] [EYUWY IR VI N ~
“ [p7 — e ® o —_~u - 2 [ e P~ —
- — Ll e e il r—e —— el — —_—n
% - g I D | e N -2
a X NS et L2 LI L - x N D -
~ (RS BN - -~ —~ > .e ~<
~ - G~ o~ e —i <X <L o] - 3
L A A LY [N S Ea et P~ (Ne » w "~
S ' —F- - —— 5 ) NS TULEE N TV | - eX W -
- P e e [ SV R B B i of e~ P ]
ko LD e LI L ARVEPVEC IP VIRV i NN~ e T
To4 W DA Dl — - - el AT ™ N
~. 83y VY D B RIS, It e B BV O B e VS B g S B
* DN E L e - — —r 2 ek Tt
YA D ) 4 TP i S aaad 1 —d et D L <~ <L T T < <L
i e —Lj~0 = —— e b= = D2 LT Z L
e~ LT3 AN -~ O e e Sl 2 e NG Y W)
e R N Bt N TS U= §f R P ) ol ¥ Y oA i S T TEE i SRS R O @ I G @ VG o J0 ) e
RS SNV, RV, TS BT SR Tt PR S e T 1o SN SN S 10 Y TV P T e T ™
— o —
] ) Lo I = ) [ N s e | [ I i Jis Bl
g +* . DX O 2 — [N AR S R ) & B JiVe Ple}
~ 3 3 N k- ) o S0 Wowus M
W EE ~— N
o [ R 145
HON R R o o R v W R RSt o w N R w3 Sk RO o e bR .n.c..u.::xu.!.«
LTI I Vo Rt R W RT W Lo Y QUES L SV eRVSY SN v R T o U o . VSN B ,bQ.b ......54...56 -3
oD US O Umrdrm oo e e e = O ONT N TN TIN5 T 00 S g 1y
[T W Y P T Y A e B AN LY N R T T P s iR R i o ad g Fao REN IARRA ST oY o0 N A 7337.“37 i

63



Test Case Output

(G}
z
-
[
—
Wl
(%)
w)
a Lt
<t (W]
- 24
W (L
[}
[P a
L
o je]
(W] o
ONANMOO =NMNO NSO OCQDM 2t =N (NN DN OO et T0O —~ x .
4+ ++TDADODOOOQOCONNONOMOOTIDAOODIOAULIOODOaDN <t
L2 K BN I R AR K R R TR R IR RN S N R R I R RN R K N I R A -
tadbad L L L g L G b e Gl ) b bt Ll o) Lt 'ad toied L bl il W) -
CCONOLOONCO OO QOOOGCCOQCOCOOOOICMOCO~ 0D ' w
[ 190 1 Yow oo Now J3u Xep Bon L0 Fow Jop 10 Row oo o T X on Loe g N 0 1 50 Tos R fow Mol Lom .66 i To . W g Yoo 160 OV s B 3 e8] H (V] FTONITNUNA~D
UnunuU.uUru.J OOQICOOLODOIGCALAOOOUO O~ UDIONDN (o] 4 O CGFoOo~MOO
OO0 EOODID0ONN DO INDIDDIDININDD 0D D O T s e & & o b 0o
OOOOOOQOOCODOLOOCOOMOCODUOCOODOOO0xWLOC = Q. -0 MOCNU P~
DM OOOO0ODOOOAD MDD ADIND DD DTIUIDIAONDIDNDINTDI - [WEyY! P~ Q) D
SN AONODOMOODTIOOOMND O W IDIDO MOINCNI T —ND D) w wl g
NG QO =N ODDADDID DM ANIOM T I T DINNN DN 3 e N 0D~ | ] w
® 0 % 00 00 0 000 %0 00 N0 08 s L0 e 00 g e g v, < w 2 oo Lo ~O
o [§] Z a WNO T O M
(%3] L4 L] ¢ & & g & s @
n T Ot T O Pt
[¥s) L (=) I~ 000 @ oo
[} . =2 S ed
RN N R N N N N R R N R TN IR N TR  E R I N A IR IR A RN R R PR AR TR IR I N TR AR I Y] ~— F- =
— 4 - bt M TN~ N
S r o, S g, o oo () o~ o~ ~ W N CMOIOMNMC
- 9 — M T WD O P00 N - O T - fon] < * * 0 e 0 o oo
D A Tt ver s it o s o o - - o~~~ — [} OO = (Dt
QU< L - <L, = w NN NN Q 13 [%} e P00 00
Z22Z.4xT Z d DA e bt i e Ol o ed O s g %)
HWOWQ 4 ITITWITIIIIITIITa IruhidWwinlOo_ 1D = = - W 2
AHOUZZ >0 ~00 00000000000 83000 KLWLW XXXX>>>>U & Dt NN T O
(] TN~ T M
[F'¥) 14 s oo 0 ® oo
[ 0 OFMN MOy
(8] Y] M~ oo @ oo
[« ]
QOCDODOON
. I O0
(@ ] ® ® 8 0o ® o o
Wi~ OoOMAQQw oo
AN DOWIN O
Ow -~ — et =\
[s'4
Mol
N T
—() -~

6L

]



MDD O OMM Pt I MNS ~ N
—“ANCOITUOMOITIOFOMIOM O MO O
® ¢ 060600 "8 g 00 a 00 8080000
SHONM MMM NN 0N OO WM N ~ OO
oo 0ONOr N 00000 0D TOCO OO -

Hted =M = O N NS N1 DA MO
TMOONSMMOOGROODT DN T
® @ 8 @ 6 0 & 6 ¢ 0 & 9 0 & 6 g 0 0 0o
NMM MMM NSO VO O MN - o~
OO ONONOn COO0 000000 Q00 00 M-~

NO M D FTONNCO O MM MM®
OMMONIIN NN~ IODOOMoT
8 0600 809 08 00 g e s oo
T TN NANO N~ DU N O 0O
OO DD MOW VWM PP~

ONDWNONORT TOUNMNONO FO®
DOMOTO~AND~ OO NONOND
® 8 ® 9 U o O g 96 % 0 g 00 O v
MITF TN O~NTN O DM
OO0 NV WO WM O~ PP

[wlmlolnlelninlslainiw]alealelalnlisinle]
O000OoOOO0OOOO0OODOOLOON
® 06 006 0 00 g 00 0 & o 00 08 5 o0
QunODoO 0000000 ROOO00
NeOOMOD D IONINOI0JDI0
NM N0 ONY O —~OC MOoOOWnoD
~rded NONM TN V0D NOVD

~ -

QCSEE USB 1/11.5 SCALE MODEL yTAKEOFF FLAP SETTING

OVERALL 104,01 103.98 103.81 103.57

= 63.00 DEGREES

SIDELINE ANGLEsPHI

60,

w-
BN
(@] Ty o

Mo )
NI
-~

M=ONFNOA DN IM PO N~ NOM W A 4
WM~ OM OOV OV NN DOMUNIMO W O
® 6 @ & ¢ 8 0 8 8 5 ¢ 0 5 g s % 90" 00 0 0 g
VOM DO —MUN O W OO XO~ONITMN-O OO T
O P~ =~ 06 60 00 00 0 00 60 G000 G0 D ) G0 OO A0 COCO P~ I~ - I~

FOOVNINCONMNO O NINOCNONTNM
CFTOONOTMM O NP ONON (N e=100 O D 0 W)t 0
® ® 0 8 8 ¢85 0 00 08 00 ® a0 T s O 00 9 0t e
W TONITN OSSNSO ONTIMND OO~ T M
O P~~~ 00 a0 a0 ad 60 G0 0) 00 00D COAD A GO A GO M~ PP~ P~ I~

NMF SR NT 0N NNN I N PSS ND =~ O OM O
NONCON DM NI DFMNOOM OMNNO 3 o
® ® @ & 0 6 % ¢ 0 6 g G 08 g g & 0 S s 9 " g
CNOCAMNDO DO MOWNTIMNOONDO O FTND
O == 1-00 000000 a0 0000 0 00 VW ) W0 WM™ PP PP~

N0 0L O ONNDOF O NN OO~ OO
OOM OOV VOM ND VMO MSMONW O =N ©
e ¢ & & 8 ® & 90 0 ® g 0 8 0 & g 8 & g0 50 ¢ * o
N0 M OP O N NONON O D) 3 NN Q) D T N On
PP 0 @ ap oA 000} VWM W kM M0

OO0 00000QOO0OO0NONCOMND oMM
OOO0OOO0OOLOOOODOLOIINDOCCSDOCDUO
e 5 8@ . ¢ 86 0 8 6 08 606 © 3 5 06 08 a0 0 b e 0
oOMOONOCODOCOCLUInLOoODCOOCOD
WOOVOINOOANe™IMM 23 NI 2N DI XIT D)
et =t NI M TUD VT NNO TN e (ITT M "NN DD

At et (I TN OV TINDD

—t ot (N

9786 97.62 98.98

59,40

OVERALL

65



o
<
-
-
(o
3%}
wv
(%)
Q. w
< 7]
pu} o4
w [§a]
w
[T Q
'S
o Q
o
ONONMOOANMNONOCODOQOQOOM T NN ANNCINUD O - Oed =00 Ot “ PY
+ 4+ 4 +0000000O0NOO0OOOOODONNOODOONODO OO0 P
LR R 20 L AE K 0 2 20 K 2 R AR IR N LR T I IR W AP R N P R Y -
Lad Lo Ll ) Lidlad Ld g b Lt Lad Lt bl L L L Gl b Ll tadvad A L b dld Ll L Wil -
Co0CooCoOooooUoO0OoOO0ODOOCON0DOCODGO 00 _ L)
000002000000 DOOD0N0DNMOOO00O00DOOOOD D0 ud (X} (W] - M) = O D N
o000 OUOOOOoO000O000OODLOOD OODOOO0D ) — o MO OO
00O CO200000C0NQNO0N0MIONDONDNN0ON NODOD00 o I . "% s 00
0OCOLOCO0OOO0UOOOOONOOONODODODOOOCOOD00 x o -0 -Tr~ONWO
~OMO OO0 OD00000NROLODANDOIOQNOOOOIONOONOO - wod P~~~ 00 a0 M
CON~ONDIOMOOOOOCOOMNOOOVNNODOOONO TOINDD w [ e
OO OV~NNO VOO DDODOOMANNIIMST FTONN N Tt N~ D e 3 J )
® 9 ® ¢ 2 0 ® 0 80 9 00 50 05 0 0 0 F g0 ¢ ¢ % g9 s 00 B e s e 0o «t [0} =z DW= O T~
[} 1 [} (&) z B MOOIT~DON
wr L1 [} ¢ o 800 s,
o MOONIF OO0
73] w -0 P=~ P~ a0 a0 0w
K] - 2 Dt
PRt e b b b 1 PEOR R b 00 s e ey rha b ot b -t (] x
- -4 - L] nFro~oIrN
Intatodnioiadtebai™, teteln ~N Ld ~N o OO a O M
- O S NM T DO P~ Ot N MY — [m) < e ® 0o 60 ¢ 0
O QU << W - <L x [T -ONM -~ O m %} o0 =~ a0 00 a) 000
Z22Z2ZIT 2 AD A A e QW O - el X ;)
HWOLA ~ @ ITWIITIIIIITIICICWWWWWOILD=: = - W -
VHOUOZZ>>0x Q0 0000000000000 00NLLXXX)>>>>»0 B Ned IS 3 M
L ~“T O~ T
w ] e o 00 ¢ 00
v w] Wt pOON
(&) 0 ~ P~ 00 o W@
a
QOOQOO0
. [e]lmlolwlw]s]=]
[« e 0o 00 000
L o= QmMOONn0O0
N VW oONOVD
[=] T8y et 0N
N 4
M w

NI
()~



QUOIFNINT OMOOMOD I OOM
VTP~ OOO00OUVIMON T N~T

® ¢ 5 0 0 g & g0 %00 O 08O 988 e
OO RO MO NTFN~O~ oM
€0 00 00 €0 00D S0 COCD 00 QO CD A0 COP P Pai™= P -

OMet T OO0 F0O OO O~OD OO~
NODOMS O RN DFNONND F~OM
& ® 5 0 0 ® 00 % 56 0 e 0 o8 9>
OO ON TMANO DO NT N~
000D O~ G0 COCD A0 COD 0 AV O QO P P P P P

TN O FONDIONNMO D MM
NP T OO O O NO T D Dt~ 3 O
.............I......‘
DOQQ 0@~ O T NFO DML TN = E)
O OMOr O 0D 00 W00 GO OO O PP P =P e

NINF DM M oN NSO
P>ttt D0 O DN O MO N N O NN =t
® & 9o ®© S a & 09 & 00 & g0 0 o s
O QQO ™~ DN MNDOO O TMO0 0
OO 0D 0 QO DA M PP PP O

0000000000000 0000000
[eln]alols clalsalolelalolnlelelelelnle]
® 6 0000 0000000 e oo
(alliln]ele clele winielalalslelelele]e]le]
D=O0OMOD OO O00ONTODOID0OQ
NMIN OO ONYTV~OOMDODNO 0

bt NONM T INDOCN D)

et ed O\

98495

99.74

OVERALL 100.54 100.29

QCSEE USB 1/11.5 SCALE MODEL,TAKEQFF FLAP SETTING

= 63,00 DEGREES

SIDELINE " ANGLE ,PHI

GLE, DEG
120.

AZIMUTH AN
100.

8C.

60.

Da N
O

Mo w
~e—- T
-~

N M~ 00 Vet NOM O 00O MWD T I NO WO
OMUIMS O O NN NN OV NN VDN D
0......0...0.l..l'.l.......
NEIT OO ONMMITMMNN=O OO T N=O O
O O PP 00D 90 00a0 6O G000 00 AT W PP P PP~ O

F N = WDVt M NO DNt MO0 OV 000
DDV~ OOMBOMONNNDOOMO OV IF~OM
@ o0 ¢ g 9 6 g 60600 0068 ¢80 09 0 v
DM NMMMM AN DC O DN Mt QOO
DO M P~ 00 000 G0 G0 €O A0 GO0 A0 QO M= PP P~ DO O

T 2 0Nt~ OMUN D40 RO D =N FTMO =t~ N O M
HFPONNONARCLIOMS OO OOMOVMO T ~NO
Oﬂ....C..I..l....‘.l.......
Ve IO T FTIMNN~GD~OTM—O0MOT
O P~ P~ 00 0000 A0 WV W V0 WX P~ PP OO0 D

MV ODOJBOVONMMNFOO DTN ONMRNOT 0
200 T 00 O W e I NI M) U 4 Ot~ (N O (NN O
..Ql.........'........CO...
DMV =W GO OON TMNDORND0 JOVINMNO ONNNO T
P P~ D 00 00 00 €0 60 G0 T CDT0 €O AP P~ P~ I~ O D0 D

0NO0O0OO0O0000 0000000000000
(alelolalclsislalnrlnlslnlslnlalslalalelalalnlolelelola)
® @ ® 00 06 % 9 0 50t 00 O g8 000 0 06 e
CMOONCOOWOOO0OOOO0ONOOO0ODN00
NOOANOON=OOMOCNOOONOO0O00Q00
et =t NN N0 0D N VOO OMO OO

= (NN T N DO ONOVD

~tede=d (N

95.98 94,18 93,58 94425

OVERALL

67



APFENDIX D: NOISE SOURCE LOCATION FOR UFPER SURFACE BLOWING

Purpose of Experiment

Several analyses have been presented for the acoustic process by which
noise is generated by USB externally blown flaps. The physical situation
along the jet centerline plane is sketched in figure 45. An engine exhaust
nozzle is located on a wing upper surface. The presence of the wing causes
observers beneath the wing to be shielded from much of the aft-radiated en-
gine noise. When the trailing edge flaps are deflected, their upper surfaces
form a smooth low-curvature surface. The exhaust Jet remains attached to
this curved upper surface and ig deflected downward, generating significant
increases of wing lift at low flight speeds. Broadband noise with a velocity
exponent less than that for isolated exhaust jet noise is also generated.

At small distances downstream of the exhaust nozzle, the exhaust jet can
be regarded as containing a potential core having uniform mean flow proper-
ties and low turbulence level. A boundary layer exists between the potential
core and the wing upper suface, and a shear layer exists above the potential
core. The upper shear layer has a faster growth rate and higher turbulence
level than the boundary layer. Depending on the configuration, these two
layers of strong viscous effects may merge upstream of the flap trailing
edge. The boundary layer can still be denoted as a distinect region because
of its larger gradients of streamwise mean velocity and smaller normal tur-
bulence levels, caused by the boundary constraint at a solid surface. Down-
stream of the trailing edge, the upper surface boundary layer becomes a shear
layer. The large gradient of mean velocity within the boundary layer pro-
duces a large growth rate and high turbulence levels in the initial part of
this shear layer. Thus the largest turbulence levels 1n any portion of the
exhaust Jet near the trailing edge are those of the shear layer downstream of
the trailing edge and below the exhaust jet.

One analysis of USB noise, developed by Tam and Reddy (reference 21),
assumed that one of the dominant components was quadrupole noise generated
in the lower shear layer. The calculated levels depend upon measured proper-
ties of the turbulence and the mean velocity profile. Some USB noise reduc-
tion concepts tested by Hayden (reference 38) have assumed that the noise is
caused by turbulent eddies convected past the trailing edge and spatially
very near that edge. Thus the noise is implicitly assumed to depend on tur-
bulence properties of the wing upper surface boundary layer immediately up-
stream of the trailing edge. A noise prediction method developed by Fink
(reference 17) represented USB noise at low exhaust velocities as a sum of
two simple surface-radiation noise processes: trailing-edge noise and
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whole-body 1lift fluctuation noise caused by large-scale structure of the
exhaust jet as it is convected along the airfoil and past the trailing edge.
The upper shear layer ahead of the trailing edge, with a combination of large
turbulence scale length and large turbulence intensity, was regarded as the
dominant region. It seemed likely that crosscorrelation between local flow
velocities and far field acoustic pressure should indicate which region, if
any, contains the dominant noise source.

Apparatus and Procedure

Test Apparatus

Tests were conducted in the anechoic chamber of the UTRC acoustic wind
tunnel. A 15 cm (6 in.) inside diameter duct brought a regulated muffled
supply of high-pressure air into the chamber. This air supply duct was con-
nected to a 4.9 em (1.925 in.) exit diameter axisymmetric nozzle. A 23 cm
(9 in.) chord NACA 0018 airfoil was mounted such that for zero deflection
relative to the nozzle centerline, the airfoil leading edge was vertical. Its
closest position to the nozzle was 2.5 cm (1.0 in.) downstream and 2.0 cm
(0.8 in.) to one side of the nozzle lip. The airfoil was rotated about its
30 percent chord line to 9° deflection, trailing edge toward the exhaust jet.
This nozzle and airfoil had previously been used in tests reported in refer-
ences 17, 18, and 20. When positioned in this manner, the aft 70 percent of
the airfoil surface adjacent to the Jjet was nearly in line with the nozzle
lip. A conventional 0.635 cm (1/4 in.) microphone was located 2.13 m (7 ft)
to the side of the nozzle exit centerline shielded by the wing, to measure
far-field acoustic pressure. Thus the test configuration was an USB instal-
lation rotated 90°,

When this test program was planned, it was intended to measure the
exhaust jet flow properties with a miniature hot film gage used in tests
described in reference 20. However, repeated irregular output spectra
occurred., A conventional single hot wire gage, which generally is less rugged
than hot film gages, was therefore used. This hot wire gage was mounted on
e traverse mechanism which could be manunally positioned axially in & plane
normal to the airfoil chord and containing the nozzle centerline., The hot
wire could be remotely actuated in horizontal position within this plane.
The amplified output signal could be connected to circuits which measured
mean output and rms fluctuation, corresponding to mean and rms axial veloc-
ity.
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Procedure

Far-field acoustic spectra were measured with and without the hot wire
gage and its support strut extended across the exhaust Jjet at 100 m/sec (328
ft/sec) exhaust velocity. The presence of the support strut caused up to 2
dB noise increase at 2500 Hz frequency and up to 7 dB increase at 6300 Hz.
This larger frequency was the expected Strouhal frequency for vortex shedding
by the 0.32 cm (1/8 in.) diameter hot-wire support strut. Output of the far-
field microphone and the hot wire was therefore sent through matched filters
adjusted to pass only the frequency region between 100 and 2000 Hz. The re-
sulting filtered far-field acoustic signal was essentially unaffected by hot-
wire position. The dominant broadband peak amplitude occurred at about 40O
Hz frequency and was unaffected by the filters.

The hot wire was traversed across the exhaust Jjet to obtain profiles of
mean velocity and rms velocity fluctuation in the direction parallel to the
nozzle centerline., These traverses were conducted at axial locations half a
nozzle diameter upstream and downstream of the tralling edge. Positions of
maximum rms turbulence in the wing boundary layer, lower shear layer, and
upper shear layer at both axial stations were located during these traverses.
The hot wire was then positioned at each of these four locations. Far-field
acoustic spectrum was measured in the frequency range from 100 to 2000 Hz to
assure that the spectrum was unaffected by the presence of the hot-wire
support strut. The measured difference between noise signals with and with-
out the probe was largest at the support probe Strouhal frequency near 10,000
Hz but was greater than 0.2 dB down to 3150 Hz. Autocorrelations of the re-
sulting filtered broadband hot-wire and acoustic-pressure signals, and a
crosscorrelation of those signals, were obtained. Tests were also conducted
with the hot wire located at the same vertical distances relative to the air-
foll surface at axial positions one dilameter upstream and downstream of the
trailing edge. All data were obtained at 100 m/sec exhaust velocity.

Hot-wire autocorrelation traces were integrated with respect to time to
obtain the Eulerian integral time scale. This time scale was multiplied by
the mean velocity at the measurement position to determine the streamwise
integral length scale of the local turbulence.

Crosscorrelations generally contained a large positive peak followed by
a large negative peak. This portion of the signal was approximately anti-
symmetric about the delay time at zero amplitude. Maximum negative slove,
corresponding (reference 13) to maximum surface-radiated noise source-
strength, occurred approximately at this delay time. Normalized cross-
correlation was taken as the average maximum amplitude of the two peaks,
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divided by the square root of the product of the maximum values of the auto-
correlation, These latter maxima occurred at zero delay time.

Presentation and Interpretation of Data

Velocity and Turbulence Profiles

Mean axial velocity profiles half a diameter upstream and downstream of
the airfoil trailing edges are plotted in figure L6. Flow around the slightly
curved airfoil surface caused the largest local velocity at these positions
to exceed the nozzle exhaust velocity. The upper surface shear layer became
thicker with increased downstream distance. Axial turbulence profiles are
plotted in figure L7. Minimum turbulence within the exhaust jet, and maximum
mean velocity, occurred approximately half a nozzle diameter above the air-
foil surface. Peak axial turbulence level in the airfoil boundary layer was
less than 11 percent and occurred where the mean velocity was about 85 per-
cent of exhaust velocity. Peak axial turbulence level in the lower shear
layer was about 15 percent. It occurred at the vertical position of the
trailing edge, where mean velocity was about 70 percent of exhaust velocity.
Meximum turbulence levels in the upper shear layer were about 1k and 15 per-
cent for positions upstream and downstream of the trailing edge. These maxi-
mum levels occurred at a height roughly one nozzle dlameter above the trail-
ing edge, at local mean velocities 65 to 70 percent of nozzle exhaust veloc-
ity. Peak turbulence levels of 15 percent in the upper and lower shear
layers at these positions are slightly less than the 17 percent levels shown
in figure 7 of reference 39 for a position just downstream of the trailing
edge, for a model with circular exhaust nozzle.

Crosscorrelation Traces

Crosscorrelations have been measured between static pressures on the
upper surface of this USB model with far-field acoustic pressures below the
model, Those crosscorrelation curves, shown in figure Tb of reference 18,
had negative peaks followed by positive peaks. From the analysis given in
reference 13, surface pressures on one side of an airfoil crosscorrelated
with dipole acoustic pressures in the far field on the same side of that air-
foil should cause a positive peak followed by a negative peak. Maximum nega-
tive slope and zero amplitude occur at a delay time which, for a noise source
location, is equal to the acoustic travel time r/a. The change to a USB con-
figuration, with acoustic pressures beneath the airfoil occurring 180° out of
phase with those above the airfoil, produces one reversal of sign. However,
in isentropic flow an increase of static pressure corresponds to a decrease
of flow velocity. Use of a hot wire rather than a pressure transducer
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therefore reverses the signs. Thus a crosscorrelation between a hot wire
above an airfoil and within a flow that causes dipole noise, and a far field
microphone below the airfoil, should produce a positive peak followed by a
negative peak. In contrast, directly radiated or refracted quadrupole noise
should produce a single negative peak centered at delay time r/a (references

40 and U41).

Crosscorrelation signals are plotted in figure 48 for hot-wire locations
in the airfoil boundary layer and lower shear layer. Amplitudes of the orig-
inal data traces were replotted such that all curves have the same scale for
normalized crosscorrelation coefficient. All four curves have the same basic
shape of a positive peak followed by a negative peak, with maximum negative
slope at zero amplitude, corresponding to dipole noise. For the two posi-
tions in the airfoil bouhdary layer, the zero crossing with maximum negative
slope occurred at times which exceeded the time required for an acoustic wave
to travel from the model to the far-field microphone. The zero-crossing time
approached this acoustic travel time as the trailing edge was approached.
Similarly, the zero-crossing time measured half a diameter downstream of the
trailing edge was smaller than the acoustic travel time. This behavior would
occur if the hot wires were detecting turbulence which maintains its identity
as it is convected along the airfoil and into the near wake, but causes sur-
face-radiated nolse only as it passes close to the trailing edge. A convec-
tion velocity can be inferred from the change of zero-crossing times with
streamwise distance. This convection velocity is about 60 percent of nozzle
exhaust velocity, and is approximately equal to the mean velocity at these
locations of maximum turbulence (figure 46). Approximately this same con-
vection velocity ratio was reported in reference 40 for tests of a USB con-
figuration having a 10:1 slot nozzle rather than the circular nozzle used
with the tests reported herein.

The crosscorrelation trace which was measured half a dilameter downstream
of the trailing edge has a negative peak at approximately the far-field
acoustic travel time, preceded by a positive peak. The negative peak corre-
sponds to quadrupole noise radiated directly to the far field by the local
high-intensity turbulent flow. As previously mentioned, the combination of a
positive and negative peak at this position corresponds to surface-radiated
noise generated by a portion of this turbulence at an earlier time. The
measurement at one diameter downstream has a positive peak followed by a
negative peak, followed in turn by a positive peak at the acoustic delay time,
Here the first pair of peak levels occurs at a time consistent with genera-
tion of surface-radiated noise near the trailing edge, followed by convection
of turbulence within the lower shear region to the hot wire. Interpretation of
the positive peak at the acoustic travel time is not obvious. The analysis
given in reference 40O showed that a positive second derivative of the
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crosscorrelation corresponded to direct acoustic radiation from the turbu-
lence-measuring hot wire to the far-field microphone. Maximum positive sec-
ond derivative corresponds to zero slope and minimum amplitude. However,
positive rather than negative peaks of the crosscorrelation were reported in
reference 41 as representing directly radiated guadrupole noise. Perhaps
the positive peak at the far-field acoustic travel time then represents
quadrupole noise from the lower shear layer, and the preceding positive and
negative peaks represent surface-radiated noise generated when the measured
turbulence had convected past the trailing edge.

The largest peak values for normalized crosscorrelation in the lower
shear layer were those for the measurement location half a diameter upstream
of the leading edge. However, a comparison of these peak amplitudes alone
does not give a direct measure of the relative strength of surface-radiated
and volume-radiated noise sources (references 13, 40, and 41).

Crosscorrelations between the far-field acoustic pressure and
velocities in the upper shear region are given in figure L9. These traces
contain a weak positive peak followed by a strong negative and then a strong
positive peak. If the two largest peaks are considered to be the dominant
feature, they represent the downstream convection of a flow disturbance of
opposite sign to that which produced the far-field noise. The delay times
at the zero crossing with positive slope are about a millisecond larger than
those for zero crossings shown in figure 48. If these flow disturbances lie
in planes skewed about 45° to the jet axis, with their slower-moving portion
in the upper shear layer, the observed differences in delay times would
occur.,

Another viewpoint might be that the first positive peak followed by the
large negative peak is the important feature. These portions of the cross-
correlations have zero crossing times approximately equal to those in figure
48 for the airfoil boundary layer and the lower shear region. The large-
scale gtructure would then be approximately perpendicular to the exhaust jet
a8 with an isolated Jet. Interpretation of the final positive peak, and in
particular its decrease of occurrence time with increasing downstream dis-
tance, then becomes difficult. The most likely interpretation of these data
for the upper shear layer is that the upper shear layer of an axisymmetric-
nozzle USB 1s related to noise radiation in a complicated manner that cannot
be readily approximated as a sum of distinct volume-radiated and surface-
radiated components.
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Results of Crosscorrelation

Spatial distributions of axial integral length scale within the surveyed
region are plotted in figure 50a. This length scale generally was about 1/3
the nozzle diameter. It inecreased to about 45 percent of this diameter in
the upper shear layer downstream of the trailing edge. Thus the positions of
maximum turbulence intensity are assocliated with large-scale structure of the
jet turbulence similar to that of an isolated jet.

Maximum normalized crosscorrelation coefficients between the Jet veloc-
ity and far-field acoustic pressure are shown in figure 50b. They were evalu-
ated for the largest adjacent positive and negative crosscorrelation peaks in
figures 48 and 49, Maximum normalized crosscorrelation coefficient ranged from
0.08 to 0.10 for most locations. The only significantly larger value, 0.l13,
was measured in the airfoil boundary layer half a diameter upstream of the
trailing edge. Normalized crosscorrelations of upper surface pressures and
far field acoustic pressures for this USB configuration were shown in figure
104 of reference 18 for a somewhat higher exhaust velocity (125 m/sec). The
measured value of nearly O.4 at a position nearly half a diameter upstream of
the trailing edge is much larger than the largest value measured with the hot
wire, Evidently, the hot wire measured far more details of the local
unsteady flow than the area average provided by a surface pressure trans-
ducer.

From the crosscorrelation amplitudes, and the delay times for zero
crossings with large-amplitude slopes, it is concluded that USB configura-
tions with axisymmetric nozzles and short flap lengths have two important
noise processes. One is convection of airfoil upper-surface boundary layer
turbulence past the neighborhood of the trailing edge, generating a surface-
radiated edge noise. The other is direct radiation of quadrupole noise from
the high-turbulence lower shear layer at moderate distances downstream of the
trailing edge.

Tt should be noted that two concurrent studies (references 41 and 42)
have investigated noise radiation from USB slot nozzle configurations. Both
experimental programs used an aspect ratio 10 slot nozzle and a flat-plate
wing having zero flap deflection. Both wing models were longer than the jet
potential core, unlike the situation for the configuration described herein.
Both programs used crosscorrelations between flow-field hot wires and far-
field microphones. In reference 41 it was concluded that the dominant process
was quadrupole noise radiated directly from a small region of high turbulence,
several slot heights downstiream of the trailing edge. However, for the
nearly identical configuration and test program described in reference k42,
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trailing~edge noise caused by turbulence in the upper shear layer was
reported to dominate. If noise radiation from USB configurations can be
approximated by a sum of several simplified noise components, associated
with discrete source locations, the location of the dominant source cannot
be conclusively identified for all cases,
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