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OTW NOISE CORRELATION FOR YARIATIONS IN
ROZZLE/WING GEOMETRY WITH 5:1 SLOT NOZZLES

U. vop Glahn® and D, Groesheck™*
National Aeronauties and Space Administration
Lewis Roscareh Center

Cleveland,
Absttact

Acoustic data obtained from a modol-scale study
with 5:1 alot nozzles are annlyzed and correlated
in terms of apparent noisc spurces, Variations {in
nozzle geometry ipzlude roof angie and sidewall cut-
back., In addition, geometry veriations in wing slze
and flop deflection were included. Three dominant
neise sources were evident in the data and correl-

.ated: fluctuating lifr noise, trailing edge noilse

and a redirected jet mixing noise that inecluded the
¢ffece of reflection of jet noise by the surface.
Pertinent variables in the correlations included

the shear layer thickness and peak jet flow veloelty
at the trailing edge.

Introduction

In order to help attenuate Jet nolse, designs
for short takeoff and landing (STOL) aireraft with
enginas located over the wing (OTW) are being con-
sidered. Jet noise shielding by wings for STOL ailr-
craft igs reported in Refs. 1 to 8., Theee dats gen-
arally were obtained with simple circular and alot
pnozzles. When the flaps were deflected to simulate
landing or takeoff configurations, tlic nozzles test—
ed, except for a 10:1 slot nozzle, had to be canted
toward the wing surfzce or be cquipped with an ex-
ternal flow deflector to promote f£low attachment to
the flap surfaces, Limited data on the importance
of shielding surface length in the chordwise dimen-
sion has been reported in Ref, 3. These data
showed that substantisl increases in shielding ben-
efits at high frequencies could be achleved with
only modest increases in surface shielding length.

Another means of promoting flow attachment to
a wing-flap eystem is by means of a rozzle having
the upper portion of the nozzle or “'roof" angled to
cause the Elow to impinge on the wing/flap surface,
thereby promoting flow attachment to the aurfnca.(?)

‘Such nozzles can be considered to have an "internal

deflector®.

The present paper covert tha correlation of
acnugtic results from a model-mcale test program
for pozzles with internal deflectors. Considered
are the effect on the O7W acoustic characteristics
of changes in nozzle roof (kickdown) and sidewnll
cutback angles, chord length, flap deflection, and
location of the nozzle exhaust plane along the
ahielding surface (fig. 1), The test nozzles con-
sisted of 5:1 slot nozzles with an equivalent di-
ameter of 5.1 em., Nozzle roof angles wera varied
from 109 to. 409 relative to the wing chordline.
The.nozzle sidewalls in the exhaust jilane wera |
either normel to the shielding surface or ruchack
to be normal to the nozzle roof. Shielding surface
lengths were varied nominally from 18 te 58 cm, and
flap deflection angles of 20° te 60° were used.

The nozzle exhaust plene was located at the nominnl -

21% chord station of the wing and at the beginning
of tkr flap lecation (approximately 46% of the wing
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chord}, The relacive sizes of the nezzle co the
various shielding surface lengths (fig. 2) simulate
the cffect of enpine configurations on a ctwin cn-
gine aircraft, a siamesc pod in which two engines
exhaust from n single nozzle, and a single engine
pod of o four-engine afreraft.

Acoustie data trends from this study are re-
ported, in part, in Ref. 9 while the lift and thruse
performance data are given in Ref. 10. The present
paper is concerned with the correlation of the
acoustic data of Ref, 9 in terms of the pertinent
flow and geometry variables included in the test
matrix. Acoustie data were taken only at 90° to
the chordline of the airfoils. A nominal jet ve~
locity of 266 m/sec woe used to obtain merodynamic
and acoustic data for all test configurations.
Acoustic data were also obtained at 200 m/snc.

Apparatus and Procedurc

Faeility

The aercdynamic and agoustic datn used herein
were obtained from nolse tests conducted using an

otit-pf-doors faeility within the 7x15 m courtyard of

a subsonic wind tunnel at the Lewls Reacarch Center.
This facilicy is described in Ref. 11. Open-cell
foem pads were used to minimlze reflections from the
surrounding walls. In addition, foam pads were also
placed on the ground to minimize ground reflection
effects on the acoustic data,

Sound pressure level (SPL) spectra were ob-
tained using a 1.27-cm diameter condemser microphone
with wind sercen, Data were recorded at 909 to the
jer axis (90° vo the airfoil chordline) at a micror
phone distance of 3.05 meters. The nolse data were
rocorded on ¢ FM tape recorder and digitized by a
four second time averaged one~third octave band
spectrum analyzer. The analyzer determined sound

_ pressure level spectra in decibels referenced to
2%10-5 N/m*,

Jet Mach number (velocity) profiles were ob-
tained at the trailing edge of the shielding sur-
faces. Measurements were made with a traversing
pitot tube with an entrance cone angle of 60° to
help minimiz. flow angularicy effects resulting from
the jet flow over the curved surfaces. A vane on.
the traversing equipment wes used to establish the
jet flow angle for each traverse. When the flow
angle, a6 determined by meons of the vane, excesded
the angularity copability of the pitot tube, the
tube angle to. the local flow was adjusted to provide

- guitable data, The pressures measured were trAang-
mitted te an x-y-y' plotter which ylelded direct
traces on graph paper of the total pressure distri-
bution across the jet.

Aeoustic data were taken at riominal jet veloc-
"{ties of 200 and 266 m/sec while ascudynamic data
were taken at o nominal jet velocity of 266 w/secc.
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Models

Nozzles, Tie test nozzlas consisted of the 5:1
slot nozzlee shown in figure 3 (spe also ref. 9).
The nozzles a1l had equivalent diameters of 5.1 cm.
A single straipht-sided nozzla was used for the
tests without nozzle aidewnll cutbock (fig. 3{a)),
The roof angle, B, for this nozzle was changed hg
providing inserte that dltered the angle from 10
to 409 in 10% increments. Separntco nopzles were
provided for the cases with sidewall cucbagk
(fig. 3(b) to 3(e)). The sidewall cutback angle, ¥,
vwas the aame as the roof angle for cach respective
nozzle. The sidewalls of all these nozzles wers
parallel.

In . {on to the nozeles just discussed o
simple 5.. oiot nozzle (ref. 9) was ueed as the
‘baseline nozzle (£4g. 3(f)}). Each of the sides of
this nozzle converged at 59 and the nominal nozzle
dimensions at tho exhaust plane were 2.0 em by

10.2 cm,

The nozzles are referred to by their roof and
cutback angles; for example, the nozzle with a 20°
reof angle and 209 sidewall cutback angle 15 des-
ignated by "20/20" while the nozzle with a roof
angle of 20° and no sidewall cutback is designated
by "z20/0".

Wings. The wings (shielding surfaces) are
ghown schematically in figure 4 together with per-
tinent dimensions., The surfaces consisted of metsl
plates securcd to wooden ribs (fig. 3). The sur~
face approximated the upper surface contours of the
airfoils with 20° and 60° deflected flaps used in
Refs. 3 and 4.

All wings had a gpan of 61 om. As indicated
in figure 4, the nozzles were located at two axial
locations on the suvfaces corvesponding to nominal
airfoll cheordwise stationg of 21- and 4G-percent
with Flaps retracted.

The wings will be rdferred to by the flap de-
fleetion angle, a, 200 or 60%, and thely relative
slze given by 2/3-baseline, baseline and 3/2-
baseline. The equivalent flape~retracted chord
glzes for these wings are 22, 33, and 49.5 em re-
aspectively. ) :

Noise Source Identification

In the present study, three primery noise
sources are identified. These nolse sources are
ghown schematieally in figure 5 and consist of
fluctuating 1ift nodse (I), trailing edge nolse (II)
and a redirected jet-mixing noise source that in=-
cludes the nolse coused by reflections of mcoustic
waves from the wing/flap surface (III). Alsoc shown
in figure 5, foy comparison, 18 a curve repregent—
ing the nozzle-only noise. A brief discussion of
the characteristics assoclated with thers sourcea
is piven in the following sectisns.

Noise source I. The increase in nolse level

-at low frequencles, compared with the nezzle only

curve, i believed to be due to fluetuating lift,

 The large~secale turbulence structure of the jet

flow fleld (ring vortices) is belleved to be re-
sponsible for this fluctuating lift noisea.

McKinzie (xef, 12} postulates that this fluctuating
Lift nodge can be represented by the pesk jet ve~

loclity at cthe £lap trailing edge and the shear lay-

er thickness of the jet at this locatien} henee,
o Bk
Nolge source I A Um & (1)

Hayden (ref. 13) developed o similar relacion, but
varies the voloeity exponent from 6 te 4 with in-
creasing jet Mach number (subsonie flow). Becavse
of its low frequency {particularly for full-scale),
noise aource T 48 normally not olgnificantly shield-
cd by practical wing/flap systems when considered

wn the light of barrier shielding experience

(ref, 14).

Noise source I1. In the mid-frequency range
(fig, 5), noise source II is belicved to be due to
trailing~edge noise. A number of investigators con-
cerned with OTW source noige modelling have devel=-
oped nnalytical models to oxplain these data and
provide means for source noise prediction. A brief
summary of the pertinent analytical parameters be-
liaved to influence trailing-edge source noise given
in the liceraturs is summarized as follows,

McKinzie {ref, 15) indicatews that trailing cdge
source nolse for engine under-the-wing confipgura-
tions follows o UmSBBL relacionship,  Hayden
(ref. 13) stateo that this source noilse follows a

UmGBBL relationship, Tam (ref. 16) indicates that

the trailing-edge source noise oripinates in the
wake dowvmetream of the trailing edge and follows .a

UmGGSL velationship. TFinally, Pfowes Williame
(ref, 17) believes that this source noise (IT) fol-
lows a Umsén relationahip without specificnlly
identifying the 6, to be used as either the boundary

layer or shear layer hedght, but considers it only
a8 a characteristic height.

Unless flow separation ¢ccurs on the filop up-
stream of the trailing edge, it would appenr that
no shielding of trailing-edge noise by the flap
should occur.

Noilse Bource III. Noilse asource III (jet mix-
ing noise} im postulated on the basis that the boax-
rier shielding theory of Ref. 14 is adequate to pre-
diet the attenuation due to obstacles (wing} between
the noise source and the observer. The emergence -
of this apparent high frequency mixing noiee soutce
became evident during the analysis of the present
data. 1In & number of test configurations (as well
as gome reported in the literature (Refs., 3 and 17)
the measured data were above the nozzle-only values
although application of barrier shielding theory
indicated that some acoustie shielding should have
oeeurred, The fact that barrier shielding is hased
on a polnt source rather than & distributed source,’
as in the case of an exhaust jet, does not appear
to account for this anomaly. Appliecation of bar-
rier theory to typienl data from the present study
indieates that at high frequencies, an effective
mixing noise source exists at some level above that
indicated by the nozzle-only daca. Such a recon-
stitution of noise source IIL is shown schematically
in figure 6. The spectral shape of this noise
source is similar to that for a jet flowing parallel
to the wing at the nozzle exhaust plane rather than
the spectra asseclate® with the test nozzle (noyzle.
with roof angle and with or without sidewall cut-

_ baecks). This implies that the wing/flap system re-
-directs the flow, as would be expected, and that

the jat mixing nolse responds to this altered flow




path: Becsuse of the- Elow path alteration, a change
in turbulence lavel appears to oeeur that could
account for the higher noise lovels. Examination of
earlier OTW data with n 10:1 slot nozzle for which
acoyatic meapyrements were made poth above and be-
lety the wing (ref. 1) appear to substantiate these
fandings ond indicate that a portion of the in-
cereased nolge level for souree II1 18 due to ocous-
tic reflections of the jet flow noisa by the shicld-
ing surface, From praceicnl considerations, mixing
nolee source 1IT may be the only noise gource that
is attenuated by the shielding benefits derived

from the prescnce of the wing/flap system when tha
flow is firmly attachied to the wing/flap syatem,

Data Analysis

. In the present papar, the noisc sources are
annlyzed 1in terms of the prime variables that de-
termine the peak SPL values for noise sources I and
Il and the aseociated changes in the respective
frequencice for the peak SPL values. These prime
variables include consideration of: . characteristic
shear layer height, jet veloeity, peak velocity at
the trailing edge, effective nozzle height ond
avea, wing/flap surface length, etc. i

Data Trends

Typical variatiops of peak SPL for both noisec
gources L and II ap o function of o charagteristin
ghear layer height are shown in figure 7. The ctar-
acteristic shear layer height used herein is that
for 0.5 U_. With increasing surfoce length, the
characterlstic ehear layer height increases (essen-
tially direetly wiih surface length For the wing/
flap sizes used).
Mach number, the peak SPL values decrease; at the
same time the cheracteristic shear layer height ap-

peared to increase approximately with 1/‘/1 + My

for the range of My values used. The peak SPL also
decreased with incéEﬂaing nozzle roof angle. These
trends were similar for nozzles both with and with-
out sidewall putback: The absolute values of the
chunges, however, were greater for thosec nozzles

- with sidewall cutback than those without.

In the determination of the effective jet mix-
ing noise source III, prime variables gimilar to
those used in the analysis of noise sources I and
11 were considered. The effective mixing noise
source III spectra were determined by adding the
attenuated nolse (AdB) from barrier shielding to
the weasured S5PL values at all frequencies greater
than those agsocinted with noise source II. 1In
general, and as discussed earlier, the resultant
spectra were curveée parallel to the baseline 531
slot nozzle spectrum rather than that for the test
nozzle being analyzed. The nozzle-only ppectra
are shown in figure B for the basellne 5:} slot noz~
zle and several representative nozzles with vari-
ous roof angles and with and without sidewall cut=-
back, The spectral. shapes nre sgmewhat similayg;
however, the nozzles with sldewall cutback were
noisier than those without sidewall cutback. . This
was -due to the preatar turnlng angle for these noz-
zleg with eidewall cutback which in turn produced o
© greater directivicy ongle relative to the fixed
90° microphone with which the noise data were tak-
en. In all casee the baseline 5:1 slot nozzle
ylelded the lowest nozzle-only nolse. - °

Furthermore, with decreasing jet '

~ gidewall cutback angle, and nozzle helght.

Datay Normalizotion

Charocterigtic dimension, &*. The present an-
alysis indicated that noisc sources T and Il were a
function of the shear layer height, &5, The term
&y 48 defipned as the shear layer height of the free
jot boundory mensured at the trailing edge where the
local veloeity is 0.5 that of the ponk velocity, Up.
This helght is then normalized for the increase nec-
esaitated for equal weight flow by adjusting the
nogzle size to the rariv of Wi/W. Thus, the chap-
actoristic height, &* ie given by:

§* = &, + It cos ?Vf- -1 (2)

Tha ég-term was obtained from trailing-edge velocity
contours {(ref., 9) for a nominal jet Mach number of

0 B. The 6a~toym for & nominal jet Mach number of
€6 was obtained from the My = 0,8 data by:

Sa (1 + MJ)O'S = 5a(l + Mj)O-S

@Hj‘ﬂ.ﬁ @MJ-O.B

(3)

This relationship was verified by spotr checks of
the effect of jot Mach number on &, for several con—
figurations,

Effective nozzle height, 1¥, The effective

nozzle height, h" 16 defined as the actual nozzle
height, h, normalized to yield ideal flow by in-

creasing the nozzle height. -For the present con—
figurations, the h¥-term is given by:

0.5
¥y
h* w b cos Y(w—-) - {4)
The increased nozzle height, of course, increascs
the nacelle drag in flight. :

Correlation of Source Noise

In the present paper, the nolse sources ate
agsumed uncorrelated and thus thelr combined soand
field ean be approximoced by superposition. 1In-—
dependent correlations were developed for the penk
SPL values of cach of the noise sources in terms of
the prime variables. The latter include the peak
jet flow velocity at the f£lap trailing edge, a char-
dcterdstic dimension, jet exhaust veloelty, and
nozzle geometric variables such as roof angle,
Spectral
shapes for the various nolge sources wete obtained
from the data and finally th' frequencies associ-
ated with the peak SPL values were correlated.

Noiee Source I - Fluctuating Lift Noise

The correlated souree noise for the fleoctuat-
ing lift noise 18 shown in figure 9, The ordinate
consists of; (1) the peak SPL value for noise
souree I; (2) the ratie of the jet exhaust veloe-
iy, U3, to the peak flow veloclty measured at the
trailing edge, Uy, (ref. 10) raised to an exponent,
m; (3} 8 corrected nozzle exhaust flow aren, A.j
and (4) the jet exhaust velocity raised to an ex-
ponent, n. “The abscissa consists of (1) the ef-
fective layer height, §%; (2 che cffective nozzle
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height, hW*$ and (3) terms nccounting for the nozzle
roof angle, B, and nozzlo sidewall cutback angle,
¥

Examina¢ion of the datn showed that the m-
exponent, for the velecity rotio UJ/Um varied with

the jet cxhaust Moch number aw suggested by
Nayden (ref. 13). A variation of m with My was
empirically obtained, within the limits givea in
Ref. 13 (6.0 for My velues less than about 0.5 and
4,0 for My values fear 1,0), and is expressed ns
follows!

m=10 - 4 |1+ 0.5 1 z (5)
1+ U-IIMJ

" For the data herein, values of m are 5,70 and
4,72 for Mj values of 0,602 and 0,803, respec-
tively.

The neide lovel also varied with the fourth
power of the jet e. st velocity (ujﬁ).

As discussed in Ref., 10, because of back pres-
rure on the flow system enused by the nozzle roof
tngle and the presence of the wing/flap system, the
dota sre normolized on the basis of equal flows.
Thus, all the mozzle exhoy 3t arens arc increased by
the racio of the caleulated ideal flow to the meas-
ured flow; Wi/W.

The ordinate in figure 9 for the present con-
figurations ie given by the following equation:

sPLY

I.p = S5PL

: u W
e | 1
I,p + 10 m log um 4+ 10 log v 40 log

- 40 log Uy - 10 log A (6)

After consideration of the various characterintic
dimenes.ne for uee in correlsting the data, it was
determined that &%, o characteristic shear layec
height, shewn in the nbscissa of figure 10 ylelded
the best correlation of the data. The character-
istic dimeneion ¢* was nondimensionalized by divid-
ing it by the effective nozzle height h*,

The fipal terms in the abscissa consist of the
effects of nozzle roof and sidewnll angles on the
peak SPL values. These terms are given by
(2 - cos B) (1 + sin? y), The slope of the curve
shown faired through the data in figure 9 has an
exponent of 4, It should be noted that the cor~
relation ir independent of the flap angle, a. Good
correlation of the data are evident for the 20°
flap angle {figs. 9(a) and 3(b)). With a 60° flap-
angle (fig. 9(c)) a large deviation in the datn is
apparent. Only the data for the 2/3-baseline wing
correlate on the same curve {solid line) as that
for the 209 flap angle. With increasing wing size,

the more the data moved to the right of the correl~ .

ation curve (solid line). The lack of correlation
is believed due to the partial separation of the
flow from the surface at the 609 flap angle. (A
brief discuseilon of the effect of flap angle on
flow patterns is given in Appendix A.) Thus, it 1s
- believed that aerodynamic measurements at the trail-
ing edge are inappropriate to characterizn fluetu-
ating 1ift noise when the flow is partially sepa-
rated as 18 the cera for the 60° flap angle. 1In
order to provide meaningful data the acrodynamic

measuremencs should be made on the wing/flap ourface
near the flow separation reglon discusend in
Appendix As This would lead te lower ¢* and UjIUm

values than chose meosured st the trailing cdge and
shift the datn to the left toward the correlncion
curve (solid line) in figure 9{c).

Noiso Souree YT — Trailing Bdpe Noisc

. relacion with the peak trailing-edge velocity.

The repults of correlacing the peak SPL values
for mource II, trailing-edge noise, ore shown in
figure 10, The ordinate consists of the mensured
peak SPL for oach test copdition nnd several flow
ond geometry paramecers that influence that rolse
level. A nozzle flow area correction term wae again
employed in order to compare the data on the basis
of equal flow rates, This term, as in the case of
noise source I, is given by 10 log Wi/W., The cor-
relation of the peak SPL wes also a function of the
peak local velodity ot the trailing edpe, Up. This
term is expressed in the ordinate by 50 log Uy/U .

Thus, the velocity exponent relationship suggested
by Ffowce Williams in Ref, 17 yielded the best cor-
The
level of the peak SPL also varied with about the
Bth-power of the jet velocity, Uj. ¥inally, in
order to scale the dato to larget nozzles (of the
game shape) @ nozzle aren term is included, The
ordinnte in £igure 10 is sunmarized by the following
equation:

spL¥

II,p - SPLII,p + 10 1ug wi/w + 50 log Uj/Um

- 80 log Uj - 10 log A (7}

The abseissa 4n figure 10 18 simply the ratio of
§*/h* with no additional terms nceded o account for
changes in the nozzle roof and sidewall cutback
angles (8 and v, vespectively) and the flap deflec-
tion angle, a. The characteristic dimension &% is
analogous to the undefined eddy height or size sug-
gested in Ref. 17.

As part of the analyeis, the shielding surface
length and the boundory layer height ae the trailing
cdge were also considered as candidates for the
charocteristic dimension. Doth of these candidates
are grossly related to &%; however, the best overall
dntn Eit was provided by the use of &%,

It should be notad that the data correlation
for noise source IY with a 60° flap angle (£ig. 10
{c)) conteins more data secatter than that with a
.J° flap nngle., This scatter is believed due to the
partinl flow separation encountered with the 60°
flap angle.

Noise Source 1II - Redirected Jet Mixing Nolse

The correlation of the redirected Jet mixing
noise, including reflections from the shielding sur—
face, 16 shown in figure 11. " The ordinate of fig-
ure 11 econsists of the reconsctatuted SPL discussed
previously and the same general parameters included
in the ordinates for noise sources I and II (figs. 9
and 10}, The exponent for the ratlo of Uj/Um was

determined to be 4.0 while the n-exponent for the
jet velocity, Ué, was determined to be 8,0, The
n

* .
SPLIII,p is given by the following equation:




W
sPLY = SPL -ﬁi

. u
-}
I1,p + 40 log um + 10 log

II1,p

- 80 log Uj - 10 log A + 20 log (L + sin? a) (8)

The bept form of the abscissa terms for cor-
relation was determined to be 6*/h* multiplied by
geometry functions expressed us {2 - cos B}

{1+ sina 2 Y/ (L + sin2 o). The correlation for
the 20 flap angle shows somiwhat more data scatter
for cthe nozzles with sidewall cutback (fig, 11(b))
than for those wichout sidewall cuthack.

With a 20° flap angle, the reconstituted jet
mixing noise spectral turves were up to 10 dB highér
.for the 2/3-baseline wing than those measured for
the haseline 5:1 slot nozzle only; the difference
decreased with increasing wing size, depending also
on the nozzle used. 'fhe recopstltuted jet mixing
noise spectral curves for m 60° flap angle gencr-
ally were only about 2-3 dB greater overall than
those meapured for the baseline 5:1 slot aozzle
only. An anomaly to these genernl data yrends oc-
curred with the 60° flap angle nnd the %/3-baseline
wing., For this combination, the reconsti tuted
Bpectra was not parallel to. either the beseline 5:1
slot nozzle or the test nozzle but rather crossed
the two spectral shapes. It 1is belleved that this
result was due to the partiecular flow situation ex-
isring over tha wing/flap system with the nozzles
used., .

Fraguency at Peak SPL

The frequencies associated with the peak SPL
values for the various nozzle-wing configurotions
‘were correlated in :serms of modified Strouhal num=
bers for each noise source. The parometers used
for the correlations are the measured values of §,
and hi however, in ordey to obtain cthe. frequencics
for the configurations adjusted to equal weight
flovs merely requires the substitution of &% and h
for §; and h, vespectively. i

*

Noise source I, The modified Stroubsl number
for noise source L was found to be dependent on the
shielding surface length, ratio of the peak veloc-
ity at the trailing edge to the jet exhaust veloc-
ity, ratio of delh, flap angle, and nozzle geometry
- variableg, The following equation resulted in an
approximation of the measured datad

£ 2.5

S LU
- w Leb {1
STLP 0.99 Cﬂ (“m)

h 2(1 + sinz o) ,
63{2 -~ cos BY(1 + ain?',2 ¥ o

An exponent of 2.0 for the {Ujlum)—term wag a180

satisfactory {with an appropriate adjustment to the
Strouhal constant) for the 2/3-baseline and baseline
vinge data; however, the 3/2-baseline wing data

ware significantly lower than the resultant correl-
‘ation curve. As in the case for the cortelation of
the peak SPL values for noise source I, Eq. (9)
fails to correlate the 60° flap angle frequency
data for the baseline and 3/2-banseline wings. The
failure is again attributed to flow separation off

the wing/flap surfoce and the conscquent excessive
Gg-values,

Noige soyrce IT, The modified Strouhal number
for noise source IL woas found to be dependent on
nearly the same variables as those for noise source
I. Tha main differences being that noise source 11
was independent of the velocity ratio ujlum. wherecas

neise source 1 showed such a dopendency: The beat
overall cerrelation aof :he {requencies associated
with the peak SPL values were chtained with the fol-
loving Strouhal relationship:

fyr,pb ffn (1 + sin o)?
STII m]l,36 = T 5 5
2y “a el {2 = cos B)(L + min” ¥)

(10)

It should be noted that much of the frequency data
for the 2/3~baseline and baseline wings showed a
woak dependency on Uy whercas the 3/2-baseline wing
data did not show such a dependency., Assuming that
the 3/2~baseline wing data ie affected by flow sep-
aration, and that the weak Uj dependency 18 real,
Eq. (10) should be rewritten as!

£

L ffu 3
ST ; =1.54 Lo ‘/(Ei\ h(l + sin a) —
P 3 ﬁ}ﬁc(z - cos B)(Ll + sin” ¥)

The effeet of Uy on the frequency amounts to only
anbout 1/2 of a one~third oerave band (about 15%)
for a chonge in My from 0.6 to 0.8, Ag in the case
of noise sourca I, the use of &% and h" in place of
8o ond h, respectively is valld,

Spectral Shape

On the basis of the data accumulated in this
study spectral shapes were determined to f£it the -
speccra associated with both noise sourree © and IL.
These .spectral shapes are shown in Eifvs- *7. The
apectral shapes are referenced to the jwe! czoduen—
ey associated with the peak SFL valuas Ynr nolee
sources I apd TI.

The shape of the bascline 5:1 slot nozzle
spectrum; shown previously in figure 8, is used for
the reconstituted jet mixing spectra for nolse
source III. The peak nolse level for noise sourec
IIT oceurs at the same frequency as that for the -
nozzle-only spectrum (mpproximately 4000 Hz}.

Predicfion of Acoustic Speetra

‘The prediction of acoustic spectra for-OTW con-
figurations using the nozzles degeribed hercin is
procedurally similar to that given in Ref. 18. The
nroise sources are assumed uncorrelated and thus
their combined sound fleld can be approximated by

‘superposition., A brief outline of this method fol-

lows together with schematic sketches illustrating
the procadures.

Step 1. Plot the nozzle-only spectrum for the
baseline S5:1 slot pozzle, determined by test or an-

_-alygis, in terms of SPL as function of frequency

(Fig. 13(a)).

Step 2, The peak SPL value is Ehen_obtainéd
for noise sourcee I and 11 (figs. 9 and 10, respee~
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tively) and plotted ot the approprinte frequonc,
for each source as {n figure 13(b), The appropr’
ppecttal shope from [{igure 12 is then added,

Step 3. Tho baseline 5:1 slot nozzle spectrum
level is inercased according to the noise souree
TII correlatdon given in figure 11, with the new
spectrum shape for this noise source (reconstituted
jet mixing noise) being parallel to that for the
original baseline 5:1 slet nozzle spectrum
(fig, 13(c)). The acoustic attenuation from tlie
barrier shielding theory 1s then spplied to the re-
constituted jet mixing nolse spectra as showm in
Eigure 13{c).

Step 4, The Einal combined nozzle/wing, to-
gether with the baseline and test nozzle spactra
.are shown in figure 13{(d). It is npparent, of
course that 1f the measured data used to obtain the
sorrelation curves fall on the curves good agreec-
ment must result. However, even In the coses shown
where poor agrecment exists between the measured
data and the correlation curves, the predicgted
spectra are not significant In error mince much of
the measured SPL data fall within a +1.,5 dB scatter~
band and the measuved frequencles associated with
the peak SPL values aore within, at least, 1/2 of
-pne-third octave band of the correlation values,

Conecluding Remarks

The resulks praesented herein appenar to indicate
that with an OTW configuration, oply the redirccted
jet mixing noise, including acoustie reflection of
this mixing noise from the wing/flap surfaoce, is
ghielded by the wing/flap syatem. With attached
flow, the noide associated with jet flow over the
trailing edge is not shieided by the wing/flap ays-
tem nar ig the nolse assoclated with fluctuating
11ft. In order to achieve significant improved jet/
flap interaction noise reductione, trailing edge
noise must be snbstantially atienuated, 1f nat
eliminated. One means to arcomplish this i1s to ude
a langer shielding surface, a solution that in -many
cases does not appear practical. Use of porous
trailing edge techniques, properly applied could
yield some noise attepuation at model scale. How-
pver, at full scale the trailing-edge noise source
frequencies would be relatively low and may be dif~
flecule to attenuate with practical techniques while
gtill preserving good aerodynamic characteristice
for the wing/flap system. . A more promising atten-
uvation method for reducing troiling edge noise would
be to reduce the flow velocities just upstream of
the trailing edge. This would significantly reduce
the Uj/Um terms in nodse sources I and II and

thereby reduce both the fluctuating 1ift and trail-
ing edfje noine, - Means for obtaining such a reduc-
tion in trailing mdge velocities could coneider the
use of vortex~generator-type devices upstream of
the trailing edge. Such devices could be get to
diverge the flow prior to the trailing edge thereby
reducing the flow velocity end also reducing crail-
ing edge noise. The expected high frequency noise
generated by the vertex-generator-type devices
~would not appear to be of a magnitude to cause
acoustic problems. In additien, that portion of
the wing/flap surface downstream of the devices
would help to shield this high freguency noise,

For cruise operation, the devices could be retract-
ed into the wing/flap surface.

Appendix A = Flow Visualization

Limited flow visualizacion etudies were made in
ordor to evaluate in o qualitative manner the do-
grae of flow attachment for some of the nezzle/wing
eonfigurationa. The method vsed was to inject a
small stream of water (0,16 cm diameter tube) into
the jer [low at the nozzle exhoust plane. The point
of injcetion was made at various locations a) ~ the
perimeter of the pozzla, 1In figure 14 repi~ a, =
tive overnll flow patterns, obtonipned by viewa)"y ab-
serving the water streamers on the wing/flu[ or-
face with an M; of 0.8, are sketched to ingJ ,ate the
primary patteris obgerved, With a 20% flap deflee-
tion, moet nozzle configurntions provided a wide-
sprend, well-attached flow pottern as indicoced by
the dash lines in the figure. With a 600 flap de-
flection, the surface flow pattern just dowmetream

" of the nozzle exhaoust plane tended to Bpread out

more than with the 209 flap deflection, as shoun by
tlt 2 dashed curves in figure 14, WHith nozzle con-
figurations for which the jet flow appeared to be
partially detached from the surfdace (Region A} the
flow pattern curved inwavrd toward the centerline
very rapidly, as shown by the #sgh-dot lines in £ig-
ure 14, and left the flap trailing edge concentrated
in o narrow reglon.

Homeneluture

(A1l data are in S5I Units)

A nozzle exhaust uaren
Ay corrected nozzle exhaust arca
c, ombient speed of sound
£ frequency
h measured nozzle sidewall height
h* normolized nozzle height
) wing chord length upstrean of nozzle ex-
haust plane
shielding surface length
Lg projected shiclding length parallel to
wing chordline
HJ jet exhaust Mach number
n exponent defined in tsxt (Eq. {15))
n jet exhaust velocity exponent
R ' dietance from noice source to mitrophone
srL¥ normalized 5PL, defined in text
SPL sound pressure level, dB re 2x1073 Nfm?
ASPL SPL - SPLN. dB
ST Strouhal number
u lecal jet velocity at flap trailing edge
U Jet exhaust velociey
Um ) maximum velocity at trailing edge of flap
W woight flow
Y,x,y wing surface contour dimensions (see
fig. &) :
~ flap deflection angle
8 nozzle roof angle

nozzle gidewall cutbaek angle




§ sheair loyer thlckness of flnp crailing
odge

1S shear layer thickncag where U = 0,5 Um

&* charpeteriscic shear layer thickncss
dimension

I,I1I,1I1I noise source idantifications

BL boundary leyer

i idea)

o - ma % imum

H nozzle

p peak

R arbitrary flow layer charncteristics

SL ‘#hear layer

I,1I,1I1 neoisz sources

REFERENCES

1. Raeshotko, M,, Olsen, W. A., snd Dorsch, R. G.,
"preliminary Neioe Tests of she Engine-Over-
the-Wing Concept. 1. 30°-60° Flap Position,”
NASA TM X-68032, Mar. 1972.

2. Reshotko, M., Olsen, W. A., and Dorach, R, G.,
"preliminary Noise Tests of the Engine-Over-
the-Wing Concept, IL. 10%-20Y Flap Powition,"
NASA TH X-68104, June 1972,

3. von Glahn, U,, Reshotko, M., and Dorsch, R,,

" "acoustic Results Obtained with Upper-Surface-
Blowing Lift-Augmentotion Systems,' NASA TM
X-68159, 1972, :

4, Dorsch, Robert G., Reahotka, Meyer, and Oleen,
#illiam A,, “Flap Nolse Measurements for STOL
Configurations Using External Upper Surface
Blowing," AIAA Paper 72-1203, NASA,

New Orleans, La,, 1972.

5. Reshotko, M,, Goodykoontz, J. W., and Dorsch,
R. G., "Engine-Over-the~Wing Noise Resecarch,”
AIAA Paper 73-631, Palm Springa, Calif., 1973,

6. Porseh, R, G., "Externally Blown Flap Noise Re-
search," SAW Paper 740468, Dallps, Tex., 1974,

7. Olaen, W. and Friedman, R,, "Noige Teste of a
Model Engine-Over-~the-Wing 5T0L Configuration
Using a Mulsijet Nozzle with Deflecter,' NASA
TH X~2871, Aug. 1973,

8

Reshotke, M, and Friedman, R., "Acoustic In-
vestigation of the Engine~Over-the-Wing Con-
cept Using a D-Shaped Nozzle," ALAA Paper
73-1030, Seattle; Wash., 1973.

g9, von Glalm, U. and Groesbeck, D., “Geometry Ef-
fects on S5TOL Engine-Over-the-Wing Acoustics
with 5t1 5lot Nozzler," NASA TM X-71820,
1975, :

10. von Glahp, U,, and Groesbeck, D., "Nozzle and
Wing Geometry Effccts on OTW Aerodynamic:
Characteristics,' ATAA Paper 76-622, Pale
Alto, Calif., 1976. . .

von Glaln, U, and Groanbeek, B,, "Acoustice of
Attached and Parcially Attached Flow for Sim-
plified OTW Cenfiguratitns With 53] Slot Hoz=
zle," NASA TH X-71807, 1975,

MeKinzine, D,, Burnn, R., and Wapnor, J., "Hoise
Raduction Tests of Large-Scale-Model External-
ly Blown Flap Using Trailing Edge Blowing and
Pnrzial Flop Blot Covering," NASA TM X-3379,
1976.

Hayderi, R, E., "Noise Erom Interaction of Flow
with Rigid Surfaces: A Review of Current
Status of Prediction Techniques," HASA CR-
2126, oOct, 1972,

Beraneck, L, L., Noise Reduction, McGraw-Hill
Book Co., Hew York, 1960, pp, 193-194,

MeKinzie, D, and Hurns, R., "Analysie of Noisa
Produced by Jot Impingement Near the Trailing
Edge of a Flat and a Curved Plate,' MNASA TH
#=3171, Jan. 1975,

Tam, C., "Treiling-Ldge Noisme," AIAA Peper 75-
489, Hampton, Va., 1975.

Ffowca Williams, J, E, and Hall, L, H,, “Aero-
dynauie Sound Generation by Turbulent Flow in
tht Vicinity of a Seattering Half Plape,”
Journal of Fluid Mechanics, Yol. 40, Mar, 1970,
P, 657-70,

von Glahn, U., Graoesbock, D., and Reshotke, M.,
"Geometry Considerations for Jet Noise Shield-
ing with CTOL Engine Over-the-Wing Concept,”
ATAA Paper 74-568, Palo Alto, Calif,, 1974,




Y A/Y
‘\\/" SHIELDING
Fad
SURFACEL LENGTH, \5URFACE
*—FWWWMWH
LENGTH, L
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Figure 2. - Aircraft configurations simulated by nozzle/wing test models.
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Figure 4. - Wing dimensions and coordinates. Dimensions in centimeters,
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~ Figure 6, - Typical reconstituted noise source JII using barrier shield-
ing theory.
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