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Crackle, the impulsive quality sometimes present in supersonic jet noise, has traditionally
been defined in terms bthe pressure waveform skewness. However, recent work has shown
that the pressure waveform time derivative is a better quantifier of the acoustic shocks
believed to be responsible for its perception. This paper discusseg definitions of crackle,
wavefam asymmetry versus shock contentand crackle as a source or propagatiorrelated
phenomenon. Data from two static military jet aircraft tests are used to demonstrate thahe
skewed waveforms radiated from the jet undergo significant nonlinear steepenirand shock
formation, as evidenced by the skewness of the time derivativEhus, although skewness is a

source phenomenon,cr ackl ed s perceived qual ity i s heavi |l

through the near field and into the far field to the extent that crakle is caused by the
presence of shocHike features in the waveform.

Nomenclature

Q = frequency of maximum radiation
Q = sampling frequency
OASPL = overall somd pressure level, dB re 20 pPa
N o = pressure waveform, in pascals
T o = time derivative of pressure, in Pa/s
PDF = Probability density function
3H 0 = skewness of pressure, fApressure skewness?o
3E I 6 = skewnessopressuretiméer i vati ve, fAderivative skewnesso
I. Introduction
RACKLE, the supersonic jet noiggnenomenophas beenabeledasan annoying and dominantharacteristic
of the total noisé*2. Ffowcs Williamset al’ describelitas fsudden spasmodic bursts
sound. . . I't is a startling staccato of c¢cracks and

investigations since time was that theskewness of the pressure waveform can be usedrteenientlyidentify a
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crackling jet. The skewnessSk, a dimensionlessnormalization of thethird central moment of the waveform
probability density functi on ( PDE)thatfoiasymmetrimdisributione of t h
e.g. aGaussian Sk = Q) Based oranalysisof various jet noise recordings, Ffowcs Williamsal. establisled a
thresholdof Sk>0.4f or wavefor ms as Howeves, inithe samé study, ther aaticokadudadg .
thatthei phy § Pabre of a sound wave that gives rise to the
is shown to be the sharp shockli ke c¢ompHenewwn be@usevaves t
pressure wavefo skewness, SR 0 , quanitifies only the asymmetrmccurrence of pressukalues, itis wholly
insensitive totemporalrate of pressure changds iff oIt was therefored e e med an @i nchgmpl et e
Papamoschou and DebidgGeeet al* showed that the shocklike features were essential in creating a crackling
waveform, i.e., that repduction of the power spectrum atite positively skewe®DF of an F/A18E waveform
were insufficient to create a crackling wavefoifhey suggestethat the quantifying of crackle should be based on
the waveformtime derivative which could be used to conveniently identifie shocklike features noted by Ffowcs
Williams et al Other metric possibilitiesincluding stationary and tirrearying loudness® have proved to be
relatively insensitive to waveform shock content.

The recent findings by Gest al* leadto questions that are tipgincipal focusof this paper First, should crackle
be definedn terms ofthe asymmetry of the PDlsing Ffowcs Williamst al.&s thresholdor should it be defined in
terms of ahoekaaentertt Seconudis crackle a source or propagation phenomeBmth?are important
considerations when attempting to reduce crackleboratory and fulscale jetslt is noted atthe outset that this
paper is limited to examinintpese questions from a physical basis; psychoacoustic connections are not explored at
this time.To contexualizeour approach to addressing these questions, a review of the erslekéal literature is
first given. Following this review, wo static fultscale experiments involving the35AA Joint Strike Fighter and
F-22A Raptor are summarized and analyzed from the perspective of crackle.

[I. Crackle, Skewness, and Shock#\ Discussion

The study by Ffowcs Williamst al® established a relatively simple criterion for defining crackiaveforms
for which Skn o & distinctly crackled, and waveforms for which §ko 1i&5 did not crackleln 1975, the
same year that Ffowcs Willianet al published their work on crackl&chlinkef reported skewness values in his
dissertation on supersonic jet experime®ce that time, several studies have included)Sk as part of the
experiment documentation and discussed implications in terntabofatory and fulkcale crackling jet*®*®
Crightor!® sought an explanation for pressure skewness in the context of nonlinear propagation of jet noise, a theme
that has been discussed more recently by Petitiean and McLabigtetitjeanet al,® and by Schlinkeet al****
Krothapalli et al® describedpressure skewness assaurce mechanismresulting fromMach wave radiation and
proposed thaasymmetric wavefomee r e caused by f mrapidexpansipn obcedl, ambertard ue t o
when entrained in the hot jetThe connection between Mach wave radiation and crackle/skewness has been
described by various authors, including the context of crackle redid&fibh Recent numerical simulations by
Nichols et al** and Anderson and Freufichave bothindicatedthat pressureskewness dginates as a source
phenomenon Schlinkeret al*® applied an eductianethod to highpower set point data from a fidtale engine
andlocalized impulsive signatures to be around 5 nozzle diamélets.further that pressure skewness has been
documented in military jet flyover data!® in static rocket motors and launch vehid¥, and in explosive
volcanic eruption®

Because of the simplicity of Ffowcs Willianesal 6 s cr i t e rdrackie, Skfodr  d@, i is maturalt
that it has seen significant use in analysis of jéh éa different scale$iowever,one issue with using Sk 0
@ as a threshold is that the statistics of the waveform are dependent on the response of the diida aggtas.
Ffowcs Williamset al showed how a lack of lofvequency response could transform the waveform shape and
not ed, iThe skewness factors measured are |likely there
equipment, whichisimwi de use throughout t he i(Althoegh thadguipmenawasiavi at i o
wide use then, it certainly is not ngwAlthough they added a footnote in which they indicated they reproduced the
results for many of their experimentssing a recader with a flatter lowfrequency responsédhe statement by
Ffowcs Williamset al suggestghat Skn o T8 was never intended to be an absolute thresfaldrackle
Yet, it has been used de factocriterionever sinceThis concern with lowirequeng instrumentation response was
shared byMclnerny et al® in their studies of launch vehicle noise, which has very low peak frequefitieg.
showedthat highpass filtered waveformsieant to simulate loss of lefkequency responsesulted inartificially
greater skewness valuddclnerny et al affirm the potentialproblem in using the SR 0 T8 as an absolute
thresholdto define crackle fodata acquired using instrumentation wdifferent frequencyesponse

The discussion thus far has centered on the body of literature describing theSksg of to chararcterize jet

2
American Institute of Aeronautics argtronautics



Downloaded by AEROSPACE TESTING ALLIANCE on April 10, 2014 | http://arc.aiaa.org | DOI: 10.2514/6.2013-2190

noise data, nearly t&h in the context of crackl@hereappears to be no debate in the jet aeroacoustics community
that supersonic jets creaskewed waveforms and that these waveforms, being of high amplitude, can contain
acoustic shocksHowever because of the Ffowcs Williamst al study, Sk ¢ and crackle were made
synonymousa connection that Geet al* rebuttedin their 2007 study bylrawing, in part, ora separate body of
literature related to highmplitude jet aeroacoustiemd shock formation and propagati@chlinkef suggested the
use of the time derivative of the waveform to characterize the rapid changes in the pressuremsaaetb
Mclnerny and others analyzed the skewness of the time derivatite,ifska in launch vehicl® and military jet
datd®>*®because it is a much more seisitindicator to shock contemlthough centered finitelifference methosl
have beemised to obtain derivative estimafdgcinerny and Olcmetd noted that smoothness requirements are not
met for this kind of differentiation, and so a fimtder forward or backward estimagemore accuratéNote that an
alternate waveldbased descriptoof shock content and crackle has been recently proposed by Baars and®Tinney
and may be considered as part of future analyses.

Since thedemonstratiohthat the time derivative could be useful in better defining crackestdtistics of the
time deriative have been documented in laboratscgle experiments by, e.g., Gateal,*? Mora et al,** and Baars
et al?® However,fundamental questions remain: Do shadhtaining cracklingwaveforms occur in jets without
skewness?re shocks present at thewsce or are they formed through the coursearflinearpropagationDespite
suggestions that pressure skewness is a sufficient indicatoisbaped waveforms (e.g., see R&f) in real jets,
Geeand SparroW’ shoved a measured PDF at 305from the F22A Raptorthat is nearly Gaussian (Sko
T®), but where theshock content r ackl e qual ity wdactfhe firss author obtsdrvedthisa u di b | ¢
sound quality firsthanghear the measurement locatishile wearing double hearing protectidthis potentially
suggests a greater decoupling of skewed pressure values and large time derivatives than previously thought.

A fundamental question remains: Where does the acoustic shock content origittade@h Ffowcs Williams
et al' discussed nontiear propagation as a itsle reason for crackle, they suggested (probably incorrdatty)
field nonlinear propagation was too weak atiterefore the nonlinearity and resultant rapid pressure changes
occurredat the sourceNichols et al® found skewd, seepenedvaveformsjust outside the shear layar their
largeeddy simulations of a heated, supersonic jet and also concluded that, alphopagation effects could result
in strengtheningthe shocks already existed at the souFieally, Baarset al.***° examined the statistics of a Mach
3.0 unheated jet and conclubthat, for their experiment, shocks wedee to local (source) nonlinearities and not
caused by cumulative, propagation effegtibthree of these studies suggedthat, whether eackle is defined using
Sk 1 0 or as the presence of acoustic shocks (possibly relying dn ik 9, it should be defined as a source
phenomenonin the present study, we offer a different viewpolhauralization of crackle relies on the presence of
acoustic shocks, then it is more appropriately quantified Usimfy dhanSkn 6 . In the context of acoustic
shocks, we show evidence using fstlale military jet noise data from theBBAA and F22A that crackle should be
understood as a phenomenon heavily influenceculnyulativenonlinearpropagatioreffects. However, we also use
the same data sets to strengthen the current belief by the jet aeroacoustics community that pressure waveform
skewnes is, in fact, a source phenomenon.

Ill.  Full-Scale ExperimentSummmaries

A. F-35AA Joint Strike Fighter

The F35AA static runup measurements were conducted 18 October, 2008 at Edwards Air Force Base (EAFB),
CA. The measurements were made jointly by the Air &dResearch Laboratory, Blue Ridge Research and
Consulting, and Brigham Young University. A photograph of the-diean aircraft is displayed iRigurel.
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Figure 1. Tied-down F-35AA aircraft, along with tripods of the nearfield microphone array.

Measurement&®*?were made using 6.35 mm Type 1 ffid andpressure microphondscatedat a height of

1.5 m (5 ft). The pressure microphones were oriented skyward, for nominally grazing incidence. Haldfree
microphones were pointed toward the plume, aimed at a point approximatelya@t7ohthe aircraft. This point,
which is about B nozzle diameterslownstream of the engine exit plane (tlzane scaled distance used for a
previousF-22A experiment in 2004§, was set as therigin for definingobservation angleDuring the testthe
averagewind speed was less than 1 kt ghd ambient pressure wagtually constant at 0.914 kPa. Temperature
and relative humidity varied fromi716 °C and 2127%, respectively.

Data acquisitioi or t he array descr-ibeddonathaygy papervibnbhpealihe
than 76 m)° was carried ot using a National Instruments® 8353AIR server connected to a PXI chassis
containingPXI-4462 cards. Analog input ranges for each channel were adjusted (in 10 dB incrdandotg)and
high-power settingshased on the sensitivity of each microphaneorder to maximize the dynamic range of each of
the 24bit cards. The system sampling frequency was varied between 96 and 204.8 kHz. The lower sampling rate
was required because of slower hard drive write speeds for theneamyng tests while the systewas cold and
during afterburner, where system vibration was greater. The system was located forward of the aircraft and to the
sideline (about 70°) at an approximate distance of 3Data at 50%Engine Thrust Ratio (ETRand100% ETR
(military power), both sampled at 96 kHz, are described in this pafeditional results from this experiment are
shown in Refsl8, 31, and 32.

B. F-22A Raptor

In July 2009, researchers at Brigham Young University and Blue Ridge Research and Consulting took
extensive noise nasurementsiearan F-22A Raptor at Holloman Air Force Bas&he jet was tied down to a
concrete rurup pad and cycled through four engine power conditions: idle, intermediate, military, and afterburner.
Data at 150 channels werecorded using a similaecording systemusing PX446x and 449x series cards 96
kHz for the three lower power conditions and 48 kHz at afterburner, because tfastbadrivewrite speeds caused
by system vibration(This despite the fact that the system was located inside a concrete babding25 nto the
sideline of the aircraft A complete description of the experiment is found in Réf.

The data analyzed in this study were recorded mttangular array ahicrophones shown iRig. 2. The 90
microphones were 15.2 cm (6.0 in) apart and covered an aperture 0.6 m high by Zt6<r8.%2ft) long.The rig
that held the microphones was positioned at ten locations along a 22.9 fiplgng track. The rig wasalso
adjusted to three heights during the experiment, with the center of the array at 0.7, 1.3 and 1.9 m (27, 51, and 75 in).
When the rig was moved to a different position for a new scan, it was positioned such that several microphones
overlapped the préaus scansWhen the data from the 30 scans are pieced together, they yield a 1.8.2mx (B
ft by 76 ft) measurement plane.

The track was moved to the different&gions as illustrated iRig. 3 by the solid black linesThe red triangles
along the tack indicate the locations of the center of the microphone array for subsequent measuremerhescans.
set of measurements obtained 4.1 m from the shear layer of the jet plume are referred to as plane 1 data, while plane
2 data comes from measurements a6 m from the shear layer of the jet plurbata along both measurement
planes 1 and 2 are taken at the three heights and ten horizontal positions described in the previous paragraph.
Additionally, measurements were taken alantpird plane, parallebtthe centerline, and in 10° increments along a
23 marcreferenced fronthe estimated peak souration® The height of therraycenter was 1.9 m (75 in) for
the arc measurements.
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Figure 2. The tied-down F22A Raptor with one engine at afterburner. Shown also is the 90-microphone

rectangular array.
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Figure 3. Diagram of the experimental setup for the acoustical measurements on an-E2A Raptor. The
triangles, each 2.3 m apart, mark the centeof the microphone array for individual scans. The origin is set at
fr gimthe he

ground level centered below the jet nozzlex i s
height off the ground andzis the distance downstream from the nozzle. The gre n
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peak source location and the reference from which the angles are measured.

For the sake of completeneske tdata from thi2009 experiment havalreadybeen analyzed in a variety of

away
i X0

refers

contexts, fromlevelbased®** similitary spectrd®*® autocorrelatiofi®*° and intensit§* analysesto nearfield

acoustical holograpf§** and equivalent source modelifi*® Note further that the fafield nonlinear propagation
resultsfrom the2004 F22 measuremenf which cover a range of 2305 m,are also germane to the discussion of

crackle and acoustic shock formation.

IV. F-35AA Data Analysis

The presenE-35AA analysis builds on a previous analy$iand consideranalyses 0DASPL,3 B o , and
3 E it ofor50%ETRand 100%ETRin order to provide examples of low and higbwer engine conditiong

more comprehensive analysis as a function of engine condition will be presented in theThéuteee measures
are shown irFig. 4 for 50%ETR andFig. 5 for 100%ETR, respectivelyThe microphondocations are denoted by

t o

markers, with a cubic interpolation between data poBésause of the nature of the interpolation, the accuracy of
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the levels or skewness valuesmediately around the aircraft is éky reduced by aircraft shielding or scatterihgy.
Fig. 4a the maximum directivity of the OASPL at 38 otcurs near, bupossiblyat greater angles that50°
defined reditive to the engine inlet and the 6.7omigin. These levebased data ifrig. 4a provide insight into the
spatial properties of the skewness of the acoustic pressure waveform and its time désivali¥eETR. Displayed

in Fig. 4b and4c are skewness maps for the pressure and derivative, respedtively. 4a,the pressure skewness
values range between approximatély) andnearly 0.1 Although they are small, they possessl@ar trend in
directivity that is around approximately 12@fbout 30upstream of the OASPIlobe for this condition.Values are
low near the shear layer dowreAm. The relative constancy (0.006095) in the maximum direction outside the
first few nozzle diameters pviles evidence thiahe waveform asymmetry (i.68, ) 0 ) is produced as a source
phenomenopor atleast very near the shear layer.

To examine the B5AA data at 50% power for nonlinear steepening effectsrehelts for3 B iff 0 are
displayed inFig. 4c. Even for 50% engie power 3 B i 0 exhibits fundamentally different behavior than
3 H) 0 ; there isa clear trend inerms of increasing skewnesslofif pwith larger magnitudesf the derivative
occuing at greater distances from the sour@be only cause for a systematiacrease inpositive derivative
magnitudesiear the maximum radiation directionnisnlinearwaveform steepenin@.he relative importance of this
steepening at low engine powarsomewhat surprising rest#t,not considered futher in this paper, but we note that
3 B i odemonstratesigrificantly nonGaussian behavior and agsegth the propagation trends noted both by
Geeet al*?and Moraet al** for laboratoryscale measurements.

The OASPL3 H) 0 ,and3 B iff ofor military powerare repeated from Ref8in Fig. 5. Note that many of
the same trends from 50%TR are repeated, but with significantly greater valués. expected, the increase in
thrust has shifted the main OASPL lobeFig. 5a toward the sideline, to approximately 12¥°. The values for
3 H) 0 in Fig. 5b have increased significantly from 5@8R, with values of 0.3.41 over a very large angular
aperture from about 8040°. In addition,3 H) 0 appears to originate relatively close to the nozzle, potentially
corroborating the 5 nozzle diameter estimate by Schlieked’® The rapid decrease B Hy © with increasing
downstream distance near the shear layer agrees with labesasdeymeasurements by Mceaal,* large eddy
simulations of Nicholet al?* and with analyses by Gex al® for solid rocket motor noisét is important to note
that the skewness values for the85AA at 100% ETR with the maximum region ranging between 0.3 and 0.4,
would be considered fAbor der | ienat orackieycriteribonéloweveradgspiteithe n a |
qualitate nat ure of wor ds dbsolktelynofigdest®rt thaharatkle ys,readilyt abhdéble @ ndise
from the F35AA at military power.Thus, Fig. 4b provides evidence beyond the caution by Papamoschou and
Debiasf and by Geet al? that the chaie of metrics used to define crackle should be revisited.

Although the spatial trends are simil&ig. 5¢ depicts a dramatic increase3irf iff Ofor 100% ETRrelative
to 50%ETR, with maximum values exceedingsdear the peak radiation directiorhis figure provides unique and
significant insight into the nature of the radiation of firat@plitude noise from military jet&Vhereas there is a
broad spatial region with relatively constant pressure skewness, the skewness of the deavatidecabr of the
formation of acoustic shocéishasa rapid growth irthe aft directiomear that of maximum OASPL (s&&g. 5a).

The maximum derivative skewness occurs in areas along the principal radiatiofr-1d8e140° from Fig. 53),

indicating correlation ohonlinear propagation with Mach wave radiatidttfowever, the apparent origin of the
evolving skewness appears to be quite close to the nozzle, upstream of the estimated maximum overall source
location. This observationalso suggests the importance of timiial high-frequency content in the nonlinear
evolution and waveform steepenirithe pressurederivative skewnesalso increase the sideline and forward
directions, suggesting nonlinear wave steepening is ocguiit not nearly as quicklNote, havever, that the

values in the forward direction f&00% ETRexceed thasin the aft direction for 50%TR.
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Figure 4. Measurement of a) OASPL, b)) Tmm<« andc)rj - =k <€orthe F-35AA at 50% ETR.

Althoughthe documentatioof 3 H) 6 has been moderately command3 B i 0is seeing more us¢here
has been littlequantitative workto describe their behavior for broadband noise transmisgdmospheric
dispersion, which produces a slight rounding ofifpee waveformpeaks more than negative onasd suppression
of outliers due to nonlinear propagation should caupestive3 H) 0 to decrease with distance, at least in the far
field. To relate3 B it oto shock formationShepherdet al*’ recenly calculated3 B i o for a nonlinealy
evolving sinusoidin the preshock regiohey shovedthat the skewness increases exponentially fnearzeroto
values greater than 10 as the shock formation distance is approBéxtesthion of the sinevavestudy to broadband
noise, where shocks form at varying distances, is not fully known, but preliminary experimental work by Muhlestein
and Ge™ suggests similar behavior of the derivative skewness for noise in the preshock rfeglerivative
skewneswalue of ~1.8 near the shear layer increases to a value more than 8.5 by 38 pregént quantitative
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understanding this indicates that slightly steepened waveforms at the shear layer undergo rapid waveform
steepening and shock formation. Thigling wasconfirmed by examining an amplitug®rmalized, retarded time
aligned waveform segent along 130° at 8 and 38imRef. 18; although both waveforms were skewed, only the 38

m waveform had significant shock conteRtirther discussion of these resultsthey relate to crackle is delayed

until after presentation of the 2A results.
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A. Engine Condition Comparison

V. F-22A Data Analysis

As with the F35AA analysis the OASPL3 H) 0 ,and3 B i onearthe F22A Raptoryield insight into the
source versus propagation characteristics of the radiifeld Using the data frm the rectangular 9fhicrophone
rig (see Figs2 and 3), hese measures are shown four engine conditions (idle, intermediatmilitary, and
afterburner), with idle and intermediate Fig. 6 and military and afterburner iRig. 7. Because thafterburner
engine condition was measuratl a lowersanpling frequency(48 kHz vs 96 kHz)}than the other three engine
conditions, a discussion of the effect of the sampling frequency on skewness estimation is also presented.
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Figure 6. Maps of OASPL, I imm < , andn iz =k <for the F-22A with one engineat idle and intermediate
conditions. (The other engine was held at idle.)

The results irFig. 6 show that the loypower engine conditions have lower levels, with a maximum OASPL for
idle of 114 dB at a distance of 5.5 from the nozdlbe intermediate engine condition is harder to analyze

guantitatively,

S i

nce

t list position and the edanditian waseobtaingd by the pilobe d i at e

manually adjusting the thrust. This subjectivity led to greater variation in the measurements, and is evidenced by the
fact that the maps associated with the intermediate engine condition do yaowénuously.This variability is
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analyzed further in Ref34. In general, it appears that the OASPL has a broad maximum along the shear layer,
similar to the F35AA results for 50% irFig. 4, with a maximum level of about 130 dBote the negligible vales

of 3 ) 0 ,and3 B it ofor idle; all measurements are below 0.05 for both quantfesintermediate power,

3 H) 0 is similar to that of the B85AA at 50% but3 B iff 0is significantly less over the same rangée

reason for thessentially negligibl® & it 0is unclear at the preseritut could be related to the complex nozzle
geometry of the 22A engine with its deflector paddles that form a nominally rectangular outlet from the round
nozzle.
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Figure 7. Maps of OASPL, 1 Tem<, and 1 1= =& <«for the F-22A with one engine atmilitary and
afterburner conditions. (The other engine was held at idle.)

Figure 7 demonstrates a general trend for the military and afterburner engine conditions of significantly higher
OASPL and skewness estimates, relative to the low power conditions. The OASPLs for both engine conditions peak
along plane 1 (sefig. 3) aboutt0 m downstream from the nozzlghe maximum OASPL is 149 dB for the military
condition, and 155 dB for afterburndfor 3 ) 0 , the spatial trend is similar to the OASPFLH) 0 is greater
near, but somewhat upstream of tmaximum OASPL regionand decreases with downstream distafideese
trends both corroborate the35AA data in Figs. 5a and 5b. Similarly, the directivity3of) 0 in Figs. 7b and 7d
for military and afterburner both show a directivity upstream of the OASPL (bethradthe proximity of the arc to
the shear layegprevente i t her esti mate fr om bei nBornilitatypawerinfFigddbr ect i vi |
the range of maximur8 H) 0 falls between 0.25 and 0.4, bBitH) 0O T® was recorded at one location on
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plane 3.For the afterburner datg, &) 0 approaches 0.6 along plane8,Ibut decreases by the 23 m arc to values

of 0.35.Again, we note that the military power dataforthe R A woul d be fAmarginall yd cr ac

with our personal obseations inthe fieldFor mi |l i tary, as wel | as afterburner
Valuesof 3 B i ofor the F22A at military power show similar behavior as th&FAA. The valuesn Fig.

7enear the shear layer are about 2.0 and increaSe8 at 23 mComparison withFig. 5¢ shows values of 2.5 dn

6.2 at comparable distanc&r both cases, theend of systematic, significant growth idnlinear steepening and

shock content away from the shear layer is unmistak&olmparison of Figs7e and 7f for military and afterburner

conditions reveals tha® B ift 0is significantly greater for military than afterburner conditioBecause we

expect shock content will be greater fugher levels this sems counterintuitive However, thelower 48 kHz

samping rateat afterburnecan be used to asunt for the apparent differencés is described below, when the data

are normalized to the same sampling frequency, the afterburner data exhibit appreciabl@ gkeafer o

B. Impact of Sampling Frequency onr 1- =k <«

Figures 7e and 7f show thtite derivative skewness estimate of the afterburner engine condition is lower than
the estimate for the military engine condition. This result mayplnesically misleading, since these two engine
conditions were measured with different sampling raf&e probabledependence a3 B iff 0on sampling rate
was recently discussed by Geteal'? in analysis osupersoniclaboratoryscale dataln the laboratonscale jet, the
values of3 B i oOwere significantly less thafor the F35AA in Ref. 18 and inFig. 5¢, yet the waveform still
contained significant shockHl.is possible to analyze thefeét of sampling rate on the calculation®®) 6 and
3 B it oat military pover by numerically downsampling the wavefasof the militarypower measurement prior
to stastical calculationgigs. 8 and 9show3 E) 0 and3 B it ¢as a function of the ratio betwesampling
frequency angpectral peak frequency #ie measureent location,¥'Q , at three locations on ttac array, 90°,
120°, and 150° (sddg. 3 for definitions of these angles).

Intuitively, if the sampling rate is too low there will not be enough information to give an accurate estimate of
any statisttal measuretHowever, it also reasonable to expect a IOWEIQ  requirement for estimating By 0
than3 B iff § asthe quantization of rise times would be more sensitive than peak amplitude valQeEhese
hypothesegan be seens correcin both Figs. 8 and 9 for all three angles. Below a ceff¥fiif2  thresholdthe
skewnssestimates at any of the measurement locations become random and meartgltes,threshold is
waveformdependentAbove that value ofQF'Q  the estimatefor both quantitiesteadily increase-dowever, in
the case o8 &) 0 in Fig. 8, it appears that the skewnesstimatefor the 150° measurement has reached an
asymptotic value, and that the 90° and 120° measuremerrapaily approachingan asymptotic value. It is likely
that any sampling frequency larger than those that give the asymptotic value of the pressure skewness will yield
inconsequentially more accurate values. While two of the measurements considered here do not appear to have
reached the asymptotic skewness estimate, they appear to be approaching itinaneasimg ordeceasing the
sampling rate by factors of twaould not change8 H) ¢ significantly. Thus, despite the sampling frequency
during the afterburner engine radition being half of the sampling frequency used during the other three engine
conditions, it is likely that th8 E) 0 estimates reportdd Fig. 5d represent the waveform values accuratébte
that the results also suggest that the sampling frequensy be a factor of 100 greater than the peak frequency for
accurate calculations &f &) 0 . Although the corner frequency ratio appears dependent on, givge the varied
characteristics of over the measurement $pahis ruleof-thumb might be used to assess data sufficiancy
laboratoryscale experiments for characteriz®igs) O .
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Figure 8. Sk{=m <« as a function ofl,]’l wu@t 90°, 120°, and 150for the F-22A experiment alongthe arc at
military power.

Figure 9. Sk{- = <@s a function ofIJl wH@t 90°, 120°, and 150for the F-22A experiment along the arc at
military power.

A different scenario exists for the dependence8df i don"QI'Q , as shown irFig. 9 for same three
waveforms used previously ifig. 8. Above QI'Q v, the estimates for the three different angles all increase
with "Qr'Q . Figure 9 also shows that, unlil®e &) 0 , the values for3 B i 0 have not plateaad for the
maxium"QF'Q  represented by the experimental conditions h8iece shocks in a lossy medium are, in fact,
continuous functions with finite thickness, we presume that the curves will eventually approach an asyatpéotic
for some greateft¥'Q . With this in mind the data inFig. 9 suggest that a sampling frequency of 96 kHz is
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