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An MDOE Investigation of Chevronsfor Supersonic Jet
Noise Reduction
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The impact of chevron design on the noise radiated from heated, overexpanded,
supersonic jets is presented. The experiments used faceted bi-conic conver gent-diver gent
nozzles with design Mach numbers equal to 1.51 and 1.65. The purpose of the facets wasto
simulate divergent seals on a military style nozzle. The nozzle throat diameter was equal to
4.5 inches. Modern Design of Experiment (M DOE) techniques were used to investigate the
impact of chevron penetration, length, and width on the resulting acoustic radiation. All
chevron configurations used 12 chevrons to match the number of facetsin the nozzle. Most
chevron designs resulted in increased broadband shock noise relative to the baseline nozzle.
In the peak jet noise direction, the optimum chevron design reduced peak sound pressure
levels by 4 dB relative to the baseline nozzle. The penetration was the parameter having the
greatest impact on radiated noise at all observation angles. While increasing chevron
penetration decreased acoustic radiation in the peak jet noise direction, broadband shock
noise was adversely impacted. Decreasing chevron length increased noise at most
observation angles. The impact of chevron width on radiated noise depended on frequency
and observation angle.

. Introduction

He application of chevrons (serrations applied tmzzle trailing edge that protrude into the extiagsflow) to

military aircraft is particularly attractive beca&usxisting engines can be retrofitted rather tretesigned to
incorporate these devices. At takeoff, high penfance tactical aircraft typically have overexpandaghersonic
jet-exhausts that contain noise sources not presehie subsonic exhausts of commercial aircraffirees. As a
result, chevrons that have been optimized for nadection in commercial aircraft may not perfordequately on
tactical aircraft. While a reasonably large numiifeinvestigations have studied the impact of chasron subsonic
jets, similar studies for supersonic flows are fedi The present investigation uses a Modern Desif
Experiments (MDOE) approach to explore the impdath@vron design on the acoustic radiation of oxeaaded
supersonic jets.

An overexpanded jet resulting from operatingpavergent-divergent nozzle at a stagnation predselow that
corresponding to the nozzle design Mach numberatosita quasi-periodic shock cell structure that parsist for
several diameters downstream of the nozzle extie donstructive interference of sound waves pradiuethe
interaction of large-scale jet disturbances with shock waves within the shock cell structure tesual broadband
shock noise?®  Shock noise can dominate the acoustic spectigpstream and broadside observation angles
relative to the nozzle exit. Additionally, mixinmpise sources are present and are associatedangfh $cale jet
disturbances (radiating in the downstream diregtitvat become very effective noise sources wheir fitease
speeds (relative to the ambient speed of sound)rbesupersonfcand with fine scale turbulentgadiating in the
upstream direction). Mixing noise sources are plgsent in subsonic jets but the large-scale hiahces typically
have subsonic phase speeds.

In subsonic jets, properly designed chevrareles produce lower overall acoustic radiation levlean those of
a corresponding round nozZlé® Experiments have shown that increasing chevemepation decreases low
frequency noise and often increases high frequenise (sometimes referred to as high frequencysores). The
number of chevrons also impacts the acoustic radidut not as significantly as the penetratioat shear velocity
(the velocity difference between the inner and oyét streams) impacts chevron acoustic performanitk
increases in shear velocity increasing low freqyeraise reduction but sometimes increasing highueacy noise
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(relative to a round nozzle). Flow field measuratde®***have shown that chevrons produce streamwise esrtic
that enhance jet mixing. Relative to a jet plumedpced by a round nozzle, a chevron nozzle pradaget plume
with lower peak turbulent kinetic (TKE) and high€KE near the nozzle exit. The decrease in peak TKE
presumably leads to the observed reductions inflequency acoustic radiation. High frequency nassproduced
near the nozzle exit so increases in TKE in thigia® of the jet can lead to increased high frequesmoustic
radiation.

Recent experiments using chevron nozzles éisenreduction on supersonic jets have focusedomideally
expanded jets with shocks. For underexpandetfjétshevrons increased broadband shock noise oveottiae
baseline nozzle for co-flow Mach numbers less tlmnequal to, 0.5. Flow-field measurements shothed the
chevrons produced higher turbulence levels thanbtdseline nozzle near the nozzle exit and comparsibck
strengths, the combined effect possibly leadinigéceased shock noise. In the peak jet noise titirigche chevron
nozzle reduced low frequency noise relative to baseline round nozzle. The application of chevrtms
overexpanded jet3resulted in reduced broadband shock noise ane meisiction at all frequencies in the peak jet
noise direction.

The present study investigates the impacth&fvon design on the acoustic radiation of overedpd jets.
Chevron penetration, length, and width were vaited MDOE investigation that resulted in the depatent of
modeled noise reduction for a range of observadingies and jet operating conditions. The chevmsighs were
guided by extensive prescreening computational filynamics (CFD) results. The CFD studies showed t
altering the levels of the three selected pararmesggnificantly impacted the jet plume TKE. Theeeions
appeared to have little impact on shock strengtie effects of forward flight, bypass flow, and mlezdesign Mach
number on chevron acoustic performance are alsepted.

1. Experimental Approach

The experiments were performed in the Aero-AcouBtiopulsion Laboratory (AAPL) at the NASA Glenn
Research Center shown in Fig. 1. The AAPL is ar?fadius geodesic dome treated with acoustic wedgés
AAPL contains the Nozzle Acoustic Test Rig (NATRich produces a 53 inch diameter simulated forvitagtit
stream reaching Mach numbers of 0.35 and conthm$itigh Flow Jet Exit Rig (HFJER), a dual-streatnejegine
simulator capable of replicating most commerciabtufan engine temperatures and pressfires

The experiments used two representative myjlistlyle nozzles with conical convergent and diesrtgsections,
nozzle area ratios corresponding to design Machbeusn(M,)) equal to 1.51 and 1.65, and throat diametersleéqua
4.45 inches. Facets were cut in the internal sedaf the nozzles to simulate divergent sealdhaars in Fig. 2.
Pockets were machined in each of the 12 nozzlgdaoemount chevrons. For the baseline nozzlekslavere
used in place of the chevrons. Unless otherwegedt the results presented here are for the M65 nozzle.

The nozzles were mounted on the fan streatheMHFJER as shown in Fig. 3. The fan-stream veasl Wo
simulate the cooling flow in tactical aircraft néez. The area ratio of the fan and core strearniseagxit of the fan-
core splitter was 0.2 which resulted in a bypase &t roughly 0.3.

The cycle conditions used in the investigagoa shown in Table 1. The nozzle temperature (ATR) is the
ratio of the jet stagnation temperature to the ambiemperature, the nozzle pressure ratio (NPRieisatio of the
jet stagnation pressure to the ambient pressuc tian free jet Mach number ¢Wis the Mach number of the
simulated flight stream. The subscripts “c” and fibdicate the core and bypass streams, respegtivebr the
normalized shear velocity shown in the last coluphrTable 1,AV is given by . — Vj, where \ is the fully
expanded jet velocity andg\fs the free jet velocity.

Acoustic measurements were made with the &d-farray shown in Fig. 1. The array contains 2drophones
located on a 45 foot constant radius arc coverimgrpangles between 2&nd 166, where angles greater than®90
are in the downstream direction relative to theztmexit. All data were corrected for atmosphatisorption’ and
wind tunnel shear layer effettsaind are presented on a one-foot lossless ara datacquired using ¥4” Bruel and
Kjaer microphones without gridcaps, pointed dingcit the nozzle exit. Microphone sensitivity amdguency
response have been applied to all measurementslovidzand results are presented as power spectnaitgeand
one-third octave band results are presented aslqmessure levels within the band.

A full-factorial, three-parameter, two-leveloblern Design of Experiments (MDOE) investigatiorsweanducted
using the parameters shown in Fig. 4 and the pdearfevels given in Table 2. Also shown in Tablar2 the
configuration designations (quantities in parentsgsised to identify each chevron configuratiote Thevrons are
identified by two digits following the penetratidi®), length (L), and width (W) so a chevron destgma of
P0O3L08WO6 indicates a chevron with 0.30 inches fatien, 0.75 inches length, and 60% width. Asvamén Fig.
4, the penetration is defined as the distance flanine extending along the inner facetted surfadbe My = 1.65
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nozzle to the chevron tip. The length is definsdt®e distance from the nozzle trailing edge todhevron tip

parallel to the facet surface. Lastly, the widtlequal to the chevron base width divided by thezleofacet width
and represented in percentage form. All configanst used 12 chevrons to match the number of faoetee

nozzle. All combinations of the parameters westetd, resulting in the design space shown in Fidl'te chevrons
shown in Fig. 5 are edge-point designs. A cententpdesign (represented by the black dot in Fjgwas also
tested and used to identify curvature in the regyiinodels, quantify error, and identify block effe (effects due to
acquiring data on different days). The center ohiewas tested two times during each data acqurisitiock (each
night of testing) for a total of eight repeat aaifions. Details of MDOE analysis are found in Ngomery”.

1. Results

The impact of operating condition, forward flightypass flow, and the nozzle area ratio (nozzlegtesach
number) on the chevron acoustic performance wilpbesented first. These effects were not parhefNIDOE
analysis. For some of the experiments, only th&erepoint chevron was used. The MDOE analysi$ bl
presented in Section B. Only the chevron configonaorder was randomized during the experimentshsojet
operating condition was not a parameter in the MHDE&lysis. Separate models were developed for @aatating
condition which means that applying the MDOE anialys operating conditions not contained in Tableduires
model interpolation.

A. Effect of Operating Condition, Forward Flight, Bypass Flow, and Nozzle Area Ratio on Chevron Acoustic
Performance

Plots of the noise produced by the chevron nozates the baseline nozzle are shown in Fig. 6 fgpaset
44543 and observation angles equal to@@ 160. The baseline average spectra were obtained dnaging the
data obtained from three individual acquisitioriBhe observation angles in Fig. 6 have been chaseahdw the
impact of chevrons on broadband shock noise [etidethe Fig. 6 (a)] and mixing noise in the peak foise
direction [see Fig. 6 (b)]. Broadband shock naisminates the acoustic spectra obtained at an\aig®r angle of
80°. In the peak jet noise direction [Fig. 6 (b)]akeacoustic levels exceed those at 180 roughly 10 dB. While
most chevron configurations increase broadbandkshoése over that of the baseline average, peagenigvel
reductions of up to 3 dB are achieved in the peakise direction with many of the chevron desigas the 80
observation location, most chevrons increase neisgive to the baseline average for frequencies@l3000 Hz.
Similar results to those shown in Fig. 6 were otsteifor setpoint 44103 probably due to the fact Itiodh setpoints
had spectra dominated by broadband shock noisebfmrvation angles less than roughly .00

The upturn in the data of Fig. 6 at frequenciesatge than 30,000 Hz may be the result of nonlinear
propagatioff due to the high sound pressure levels producéldeirexperiments and the presentation of the data in
lossless format. As-measured data at the far-firaldrophone locations did not display the upturigince
propagation of the lossless data to the far fieldl nesult in recovering the measured spectra, n®ddequately
describing the one-foot lossless spectra can befasgredicting far-field noise.

The acoustic spectra for setpoint 44053 amawehin Fig. 7. The results are typical for corafits where
broadband shock noise does not dominate the acamtctra (NPR 2.5). At the 80 observation location, long
chevrons with low penetration (PO3L18W10 and PO3X08) have little impact on the acoustic radiatidBhort
chevrons with high penetration (PO6L08W10 and P®3106) decrease low frequency noise and increade hig
frequency noise over that of the baseline averdgmmparable low frequency noise reduction was bseoved for
the higher operating conditions (setpoints 44108 44643). Additionally, the spectral peak shifeslative to the
baseline nozzle) associated with some of the cimsvsbown in Fig. 7 (a) are much greater than tlaserring at
setpoints 44103 and 44543. Near the peak jet-ravigée [see Fig. 7(b)], most chevrons produced toaeaustic
levels than the baseline average at all frequengitts the lowest peak levels (6 dB below the basekhverage)
occurring for the PO6LO8W10. Unfortunately, POGWMB) chevron also produced the highest noise leate&.
Larger peak noise reductions at the peak jet naiggle were achieved at setpoint 44053 than 44548sualt
somewhat inconsistent with chevron investigatiomsmducted on subsonic jtsithough the differences in
normalized shear velocity in the current study ($edle 1) are much smaller than those used in tfxsasic
experiments.

The effect of operating condition on the resultirmse reduction for the chevron designs with theelst and
highest penetration, length, and width (PO3LO8W@6 R06L18W10) are shown in Figs. 8 and 9, respelgtiv
Results for the P6L08W10 chevron are shown in EQ. The data have been plotted against Strouhmbau
calculated from the fully expanded jet velocityThe corresponding normalized shear velocities arengin Table
1. Only the spectra obtained at the peak jet remigge are compared since the acoustic performairite chevrons
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at small angles to the jet is different when braadb shock noise dominates the spectra than wheoes not.

Additionally, the jet shock cell spacing changethvilPR so the chevron penetration location withie $hock cell

will depend on the jet operating condition. Theref chevron performance at small and broadsidieang the jet
where broadband shock noise radiates should depermperating condition. Noise reduction was oleditoy

subtracting the chevron spectrum from the averagelme spectrum so positive values indicate laveése levels

relative to the baseline average. The data inelitzt the noise reduction associated with any romedesign is
highly dependent on the jet operating conditiotalgh the noise reduction trends for the two higiNRBRs

(setpoints 44103 and 44543) are similar. It shaudtl be surprising that chevron performance depemdget

operatinglcondition since the effective jet diamedad therefore the actual chevron penetratiantim jet, changes
with NPR™.

The impact of forward flight on chevron performanseshown in Fig. 11 for the chevrons with the lstvand
highest values of penetration, length, and wid3(®8W06 and PO6L18W10). Forward flight has littlgpact on
chevron noise reduction except for frequencies eetw2000 and 7000 Hz at observation angles negreile jet
noise angle [see Fig. 11(b)]. The results in Higreé representative of those obtained for othevromedesigns.

The impact of bypass flow on chevron performance determined by acquiring data with and withoutfthe
stream flow. For the no-bypass-flow experimeritg, fan stream was shut off and the core-streanspresvas
adjusted back to the specified value, filling tlezzle with core flow as if the nozzle had been ntedro the core
stream duct. The plots in Fig. 12 show a comparidothe noise reduction achieved for the centewan design
with and without bypass flow. The noise reductifmsboth conditions are similar at the°8fbservation location.
Near the peak jet noise angle [see Fig. 12 (b#,rbise reductions for the no-bypass flow conditioa slightly
lower than those for the jet operating with byples.

The impact of nozzle area ratio on the resultingaoeduction for the center point chevron is shawhigs. 13
and 14 for setpoints 44543 and 44103, respectivelgr small angles to the jet [see Figs. 13 (a) khda)] and
frequencies below the broadband shock noise peage meductions for the M= 1.65 nozzle were slightly greater
than those for the W= 1.51 nozzle. For frequencies above the broatishock noise peak, noise reductions were
nearly the same for both nozzles. In the peakgéte direction, noise reductions for thg ™ 1.65 nozzle were
greater than those for thesM 1.51 nozzle at all frequencies. The resultBigé. 13 and 14 indicate that chevrons
applied to a variable area nozzle will not achithee same noise reduction at all area ratios. Thaage in chevron
performance with area ratio should not be surpgisince the chevron penetration is different fer iy = 1.51 and
Mg = 1.65 nozzles due to differences in the nozzteoad angles and the dependency of the jet dianoetéhe fully
expanded and design Mach numbers.

B. MDOE Analysis

The intent of the MDOE analysis was to identify #ignificant chevron parameters and parameterdotiens
leading to noise reduction and to develop a ched®sign tool for noise prediction codes. Modelstf® noise
reduction from a chevron with a specified penetratilength, and width were developed through the Q8D
analysis for each one-third octave band for obsgEmwaangles between 2&nd 166 and the operating conditions
shown in Table 1. To recover absolute noise speptedicted or measured spectra for the basetmele can be
combined with the noise reduction models. The reatl@bsolute spectra presented here were obtaiged b
subtracting the modeled noise reduction from theraye baseline data measured in the experiments.

The eight center-point chevron measurements wezd tes quantify experimental error. It is assunieat the
error associated with the center point chevroméssame as the error for any configuration tesfeke spectra for
the center-point chevron and the average basetmstown in Fig. 15 for setpoint 44543. The sprieathe data
for the 80 observation angle is roughly the same for all ity bands up to a frequency of 50,000 Hz wheze th
data spread increases. For the®l@@servation angle, the spread in the experimetatd increases slightly with
increasing frequency. An acceptable noise redunatimdel will agree with the measured data obtaifeedany
configuration within the experimental error obtalrfeom the center point chevron measurements.

As mentioned previously, the increase in soundsureslevels with increasing frequency above 30}09@oes
not occur with the as-measured data but rathdreigdsult of propagating the measured levels bathe one-foot
lossless arc. Since the intent of the currentstigation is to produce models to predict far-firtiise reduction, the
sound pressure levels in bands above 30,000 Hztililbe modeled because a model that adequatglicates the
spectra at the one-foot lossless arc will recolverats-measured spectra when propagated to thielthr-f

Comparisons of the modeled and measured spectrdndochevrons with the lowest and highest penetrati
length, and width (PO3LO8WO06 and PO6L18W10) arewshin Fig. 16. The baseline average spectra ae al
shown in the figure. The models produce levelselfwithin experimental error) to the measured lfeat both
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observation angles and in all frequency bands. msalts in Fig. 16 are similar to those obtain¢doter
observation angles and for other edge point chesoorfigurations.

In addition to quantifying error, the center poattevron measurements are used to identify curvatufe
curvature does not exist, the modeled spectraagilee (within experimental error) with measuredcsjpefor the
center point chevron. While the center point cbavcan be used to identify curvature, quantifyingvature
requires testing additional chevron configuratiand is not a part of the experiments described hiére model has
curvature, the predicted acoustic spectra for adrewdesigns falling within the box in Fig. 5 will hagree with
measured data.

The measured and modeled spectra for the centet pbévron as well as the baseline average spaotra
shown in Fig. 17. For most one-third octave bamidtie 80 observation angle, the model produces slightlyig
levels than the measured data indicating curvatli@:. the peak jet noise direction [see Fig. 17, @iie modeled
data falls within the measured data for most oireltbctave bands. Curvature was identified in mostdels
developed for small and broadside angles to the jet

The model obtained from the MDOE analysis usesth&tion

NR1/3 = COpean + COy % A+ COg *B + CO; % C + COyup * AB + COyc ¥ AC + COp¢ * BC + COyp¢ * ABC,

whereNRl/gis the noise reduction in the specified one-thicthee band, CO are the coefficients determined from

the MDOE analysis for the term indicated by thessuipt, Mean is the average noise reduction obtafrem the
eight edge-point chevrons in Fig. 5 (data from ¢tkater point chevron is not included in the aveyadeis the

penetration, B is the length, and C is the widilne equation uses coded (normalized) values f&,/And C which
means that the lowest value for each variable (opltwo in Table 2) is equal to -1 and the highedue for each
variable (column three in Table 2) has a value.ofThe values for A, B, and C are equal to O far ¢enter point
chevron. The coded variables for each chevronigordtion are shown in Table 3. In general, oelynts shown
by the MDOE analysis to have a 94% (or greaterpabdity of effecting the response (noise reductidgthin the

one-third octave band) are included in the finaldelo The inclusion of interaction terms (AB, ACCBABC)

indicates that the effect one variable MRy; depends on the level of the other variable sanbkision of the AC
term indicates that the effect of A on the noisgudion is different for a high level of C (1) th&éor a low level of
C (-1). The lack of quadratic terms in the equapoevents quantifying curvature.

Plots of the coefficients obtained from the ®IP analysis at setpoint of 44543 and an observatighe equal to
80° are shown in Fig. 18. Also shown in the figure @iecewise curve fits for each coefficient. Tlitledent
segments used in the curve fits can be determioed the plot legends. Caution should be used vaipptying the
models to chevron designs within the box in Figsiice curvature is present for most frequency hantlke
frequency band for the baseline spectral peak (318Ris labeled in the figure. The mean is positfer all
frequency bands below the baseline spectral pegjuéncy (the broadband shock noise peak frequémdigating
that the center point chevron reduces noise (pesitalues of noise reduction) in these bands. chedficients for
the penetration and width (¢@&nd C@) are positive indicating that increasing the valoé penetration and width
above those used for the center point chevronimdhease noise reduction over that of center paietrron since A
and C will be positive. For frequencies above liaseline spectral peak frequency band, the meaegdative
indicating the center point chevron increases noisr that of the baseline average (negative nadaction) and
the coefficients for the penetration and width {@dd CQ) are also negative so further increases in thgegabf A
and C (penetration and width) will increase noi$ée parameter having the largest impact on nedaation is the
penetration. Significant parameter interactioresaso present in the models [see Fig. 18 (b)].

A plot of the coefficients and piecewise cufite for setpoint 44543 and an observation angieaéto 160 are
shown in Fig. 19. The only significant interactiolentified in the analysis was AC (penetration andth). For all
frequencies, the mean is positive indicating tih&t ¢enter point chevron reduces noise over thahetaseline
average (positive noise reduction). In all frequebands, the coefficients for penetration (F@nd width (CQ)
are positive indicating that increasing the valoégenetration and width (A and C are positive)ré@se noise
reduction. Since the length coefficient (§@ negative, increasing chevron length decrease® reduction. The
parameter having the largest impact on noise remtuct penetration. The interaction term (Pslightly impacts
the acoustic radiation at frequencies near 10,000 H

Plots of the measured and modeled (from theecfits in Figs. 18 and 19) spectra are shownign O for the
P0O3L08WO06 and PO6L18W10 chevrons at setpoint 445480 shown in the figure are the average basalate.
The spectra obtained from the curve fits agreeh{wieéxperimental error) with the measured datéfith chevrons.
The results shown in Fig. 20 are representativbade obtained for other edge point chevron corditions used in
the experiments. The curve fit coefficients aneegiin Table 4. The values for f in the equatiars the one-third
octave band center frequencies in the frequenayerimdicated at the top of columns two and thiBEiee selection
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of the polynomial order was based on fitting theadand eliminating unwanted oscillations within tthesired
frequency range.

The coefficients obtained from the MDOE analysear the peak jet noise angle for setpoint 44r@3shown in
Fig. 21. The corresponding curve fit equations given in Table 5. While the coefficient trend® aimilar to
those for setpoint 44543 (see Fig. 19), the petietrdas a greater impact on the noise reductiosdtpoint 44103
than for 44543.

Three approaches were used to select optini@vraen designs that reduced acoustic levels apelag jet noise
angle and controlled broadband shock noise at sarajles to the jet inlet for setpoint 44543. I takee
approaches, the criterion used for the peak jetenangle was maximum noise reduction in a reprateatband
near the spectral peak. While the chevron dedightly impacts the location of the spectral peadise reductions
in neighboring frequency bands are similar so itinsiecessary to use additional bands in the omtniz. For
controlling (or reducing) broadband shock noisagé¢hdifferent approaches were used. The first cambr
maximized noise reduction in two frequency band$2Hz and 3981 Hz) near the broadband shock peisk at
an observation angle of 80 All chevron configurations had a spectral peakirfg in one of these two bands.
Although this approach ensures the peak broadb&wodksnoise frequency bands will be captured in the
optimization, significant curvature occurred in thedel for the 3981 Hz band so the optimization matyachieve
reliable results within the design box of Fig. Bhe second approach minimized the peak acoustiatiaw at the
80° observation angle. The second approach alsoenpaak broadband shock noise bands will be capinrhe
optimization. However, significant curvature wasoaidentified in the model created for the pealkoustic
radiation. A third approach maximized noise rettuctn the 3162 Hz band for the 86bservation angle since no
curvature was identified in the model created fos frequency. The third approach does not guaeatite peak
broadband shock noise bands will be captured inofftemization since some chevron designs resultegdeak
acoustic levels in the 3981 Hz band. Since noature occurred in the models used in the thirdnagttion
approach, the results will reliably predict acouidéivels for the two selected bands for any chewnothe design
box of Fig. 5. The optimum chevron configuratidossetpoint 44103 should be similar to those ftpsint 44534
since the models for both operating conditions veimélar, although the actual noise reductions assed with the
two setpoints will be different.

The optimized chevron designs are shown inér&balong with the predicted levels for each basdd in the
optimization and the peak spectral level at thg @fservation angle for the second optimization apgh. The
actual values for penetration, length and width strewn in the table with the coded values giveparenthesis.
All optimization approaches predict the same vafieeshevron length (B) and width (C). The optimwaimevron
length, 0. 75 inches, is equal to the lowest l@fé® used in the experiments due to the fact thag & negative at
the spectral peak frequency for both thé &3d 160 observation angles. The optimum chevron widthgsal to
the width of the nozzle facet (C = 100%) which hasegative impact on broadband shock noise butdses noise
at the peak jet noise angle compared to the basatiazle average levels. Changing the optiminadipproach
impacts the selection of the penetration (A) dueh® fact that the value of GOchanges very rapidly with
frequency band near the spectral peak at an olizemangle of 80 so optimization approaches that are impacted
by two frequency bands at B@pproaches 1 and 2) will produce different resthian an optimization approach that
is impacted by a single frequency band at @pproach 3). For optimization approaches 1 anthe resulting
chevron penetration is between 0.3 inches or OnB6es, close to the lowest level of penetrationdusethe
experiments. Optimization approach 3 predicts ptmwm penetration equal to 0.51” and results & aximum
predicted noise reduction at the spectral peakéameak jet noise direction.

The spectra for the optimized chevrons andbi®eline average are shown in Fig. 22. Measuatd dere
available for the chevron design selected withrojaation approach 1 and, therefore, are shownaerfiture. Due
to curvature in the models obtained for many ofdhe-third octave bands at the’ @bservation angle, the modeled
spectra in Fig. 22 should be used with caution.teNbat at least one of the chevrons used in tiperarents
reduced broadband shock noise (see Fig. 20) relativthe baseline nozzle. However, chevrons thduaed
broadband shock noise did not result in the lowegte levels at the peak jet noise angle.

All of the optimized designs have minimum cteevlength and maximum chevron width so it is plolssthat the
best (based on largest noise reduction) chevroigmés outside the design space shown in Fig. Sil&\t is not
reasonable to increase the width of the chevrorotéythat of a nozzle facet (divergent seal on edairaft
engines), it is certainly possible to reduce thevebn length.
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V. Discussion and Conclusions

Chevron acoustic performance was impacted by jeraimg condition and nozzle design Mach number.
Forward flight Mach number had little impact on th@se reduction achieved with the chevrons. Tiesgnce of
bypass flow slightly impacted noise reduction & fgeak jet noise angle. Most chevron designs ase high
frequency noise at small and broadside anglesetgethinlet axis. At the peak jet noise angleutibns in peak
spectral levels (relative to the baseline nozzlejenachieved with high penetration chevrons.

Models developed from the MDOE analysis showed tt@atchevron penetration had the greatest impatihen
resulting acoustic spectra. Relative to the baseadicoustic levels, high penetration chevrons @seik noise at the
peak jet noise angle and increased broadband simsk while low levels of chevron length favoraloypacted
noise reduction at broadside angles and in the pgakoise direction. The impact of chevron width acoustic
radiation depended on frequency and observatiofeanGurvature was present for most frequency bamdke
models obtained for small and broadside anglegttinjet axis so additional experiments are reguice quantify
the noise reduction from chevrons at these angleshe peak jet noise direction, no curvature vaestified for
most frequency bands so the models presented hiérdequately predict the peak acoustic radiafmchevron
configurations with penetration, length, and witithing within the limits of the chevrons tested.

Noise reductions presented here have been basgltaoges in noise radiation of the chevron nozaksive to
the same baseline (round) nozzle and, therefoeenatrcorrected for thrust losses although CFDltesave shown
differences in the thrust produced by the differehevron designs. Future work will focus on evtihg the
chevrons on a “thrust corrected” basis where theelbze nozzle area (and corresponding spectralpwittorrected
to produce the same thrust as that predicted frenCFD analysis for each chevron design.
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Acoustic Propulsion Laboratory (AAPL)
showing the Nozzle Acoustic Test Rig

(NATR).

Figure 3. The Md = 1.65 nozzle mounted
on thefan stream of the HFJER.

Tablel. Experimental Cycle Points

Figure 2. The nozzle used
in the chevron experiments.

Figure 4. A schematic showing the

Setpoint] NPR:|NPRe|NTRJNTRs] My [AV/Vre e menta mvestontion o ™t

44100| 3.00( 3.00 3.0p 1.do.oc

44540| 3.50( 3.50 3.0p 1.do.ocC Table2. Chevron Parameters

44053| 2.00] 2.00 2.40 1.00.3C| 0.80 Parameter Low Level|High Level| Center
44083| 2.50 2.50 2.8p 1.00.3C] 0.83 [|Penetration (inches) 0.3 (P0B) 0.6 (P06) | 0.45 (POp)
44103| 3.00f 3.00 3.0p 1.90.3C| 0.85 | [Length (inches) 0.75 (LOg) 1.75 (L18)| 1.25 (L13)
44543 3.500 3.50 3.00 1.00.3C| 0.86 | |Width (% facet width)[ 60 (WO06) 100 (W10)| 80 (W08}
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Figure5. The chevron designsused in the DOE study.

120

B 130 -
- Broadband Shock Noise .
15 125 £
10 120
105 A 115
i /A % i
. /}/ P0O3LOBWO06 alloF PO3LOBWOS
B PO3LOSW10 gt PO3LOSW10
95 F PO3L18W06 105 PO3L18W06
- PO3L18W10 - PO3L18W10
B PO6LOBWO6 - PO6LOSWO6
90 PO6LOBW10 100 |- PO6LOBW10
- PO6L18W10 B PO6L18W10
i PO6L18W06 - PO6L18W06
sr Baseline Average = Baseline Average
L TR | IR | I | 907 ol I | L I |
B0 10° 10" 10° 10° 10° 10° 10°
Frequency (Hz) Frequency (Hz)
(a) (b)

Figure 6. Setpoint 44543 narrowband data for the baseline and chevron nozzles at observation angles equal to

(a) 80° and (b) 160°.
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Figure 7. Setpoint 44053 narrowband data for the baseline and chevron nozzles at observation angles equal to
(a) 80° and (b) 160°.
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Figure 8. Narrowband noise reduction obtained at the
setpoints indicated and a 160° observation angle for
the PO3L 08WO06 chevron.
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Figure 9. Narrowband noise reduction obtained at the
setpoints indicated and a 160° observation angle for
the PO6L 18W10 chevron.
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Figure 11. Narrowband noise reduction obtained at setpoint 44543 for observation angles equal to (a) 80°
and (b) 160°.
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Figure 12. Narrowband noise reduction for the center point chevron design at setpoint 44543 with and without
bypassflow. The observation angles are (a) 80° and (b) 160°.
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Figure 13. Narrowband noise reduction for the center point chevron at setpoint 44543 for two different divergent
nozzle sections at observations angles equal to (a) 80° and (b) 160°.
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Figure 14. Narrowband noise reduction for the center point chevron at setpoint 44103 for two different
diver gent nozzle sections at observations angles equal to (a) 80° and (b) 160°.
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Figure 15. One-third (ogtave band spectra for the center point chevron and the average baseline at setpoint
44543 and obser vation angles equal to (a) 80° and (b) 160°.
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Figure 16. One-third octave band modeled and measured spectra for the PO3L08WO06 and PO6L 18W10
chevrons and the aver age baseline spectra at setpoint 44543 and observation angles equal to (a) 80° and (b) 160°.
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Figure 17. One-third octave band modeled and measured spectra for the center point chevron and the
aver age baseline spectra at setpoint 55453 and observation angles equal to (a) 80° and (b) 160°.

Table3. Coded Variables

Chevron A
PO6LO8WO6 1 -1 -1
PO3L18W10| -1 1 1

(o9]
O

PO6L18WOG[ 1 1 -1
PO3LOBW10[ -1 -1 1
PO3L18WO6| -1 1 -1

P0O6LO8W10 1 -1 1
P0O6L18W10 1 1 1
PO3LO8BWO6| -1 -1 1

Center 0 0 0
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Figure 18. Coefficients obtained from the DOE analysis at setpoint 44543 and an 80° observation angle for
(a) the mean, penetration, length and width and for (b) the significant interaction terms.
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Figure 19. Coefficients obtained from the DOE
analysis at setpoint 44543 and a 160° observation
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Figure 20. One-third octave band modeled and measured spectra for the PO3L08WO06 chevron and the
aver age baseline spectra at setpoint 44543 and observation angles equal to (a) 80° and (b) 160°.

Table 4. Coefficients Curve Fitsfor Setpoint 44543 and 160° Observation Angle

Coefficient 150 - 1995 Hz (f) 1995 - 80000 Hz (f)
COy | L-009404E-001 + 3.706522E-003f - 2.536982E-00p*2.956871E+000 - 1.101095E-004* + 6.580762E-009*
+ 6.996629E-010% 8.364919E-014% + 3.425843E-019%
COx | 3:420079E-001 + 7.104441E-004 - 4.416384E-0bI747.274301E-001 + 2.217399E-004*f - 2.741314E-008*
+ 1.359201E-010% 1.352798E-012% - 3.053132E-017%+ 3.248453E-022%
COs (-1-374521E-001) - 1.161646E-004*f - 3.594691H-6.263750E-001) + 2.545583E-005* - 8.891492E-0716/
009*f + 2.115098E-012% 5.731461E-015%
CO.  |2-275507E-001 + 3.203375E-004°F + 1.002169E-0¢|7#1.057131E-001) + 1.790386E-004* - 1.122891E-008"
- 2.356388E-010% + 5.207282E-014% 3.394767E-013%- 4.841634E-018%+ 2.531889E-023%
COne 0 (-3.47268E-001) + 1.397008E-004*f - 1.022518E-008"

2.921438E-013%-3.634067E-018%+ 1.645107E-023%
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Figure 21. Coefficients obtained from the DOE
analysis at setpoint 44103 and a 160° observation

Table5. Coefficients Curve Fitsfor Setpoint 44103 and a 160° Observation Angle

Coefficient 150 - 3981 Hz (f) 3981 - 80000 Hz (f)
coy | 1-039173E+000 + 1.105897E-005 + 1.338017E-006*f 2.078341E+000 + 1.241924E-004* - 1.027763E-008*f
5.781225E-010%+ 6.578717E-014% 4.095166E-013% - 5.854753E-018%+ 2.814523E-023%
Con | 3:487523E-001 + 6.531050E-004 + 6.360780E-007  1.894310E+000 + 6.729526E-005 - 7.74711E-G09*
3.416770E-010%+ 4.184835E-014% 3.376004E-013%- 4.958811E-018%+ 2.405727E-023f
co, | (1-60B9B1E-001) + 9.069964E-004F - 1.167763E-0064 (-1.191444E+000) + 9.734788E-005* - 4.365086E-G09
4.198679E-010% - 6.230869E-014%+ 3.343398E-018% 5.920600E-014% - 2.757949E-019%
Co. | 4443126E-001 + 3.172128E-005 - 2.603561E-007+|(-1.250312E+000) + 4.204764E-004*f - 2.675849E-0081
8.394586E-011 + -6.848992E-015+ 6.842708E-013%- 7.792063E-018%+ 3.287005E-023%
(-2.273122E+000) + 8.365095E-004* - 8.830734E-008;
COnc 0 4.271068E-012%- 1.092577E-016%+ 1.526296E-021%-
1.09861E-026% + 3.18274E-032%
Table 6. Optimized Chevron Configurations
Optirmization l?enetration . Length . Width 1585 Hz @ 16093162 Hz @ 80°| 3981 Hz @ 80°|Peak Reduction @ 80°
inches (A) [inches (B)|inches (C) (dB) (dB) (dB) (dB)
Approach f 0.30 (-1.4) 0.75 (-1{0) 100 (1.0) 2.3 0.8 0.2- N/A
Approach 2[ 0.36 (-0.§9) 0.75 (-1{0) 100 (1.0) 2.7 N/A /AN 0
Approach3| 0.51 (0.4) 0.75 (-110) 100 (1}.0) 3.6 0.1 AN/ N/A
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Figure 22. One-third octave band spectra for optimization chevron designs and the average baseline nozzles at
setpoint 44543 and observation angles equal to (a) 80° and (b) 160°.
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