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Structural fatigue, hearing damage, and commurigityicbances are all consequences of
rocket and jet noise, especially as they become mowerful. Noise-reduction schemes
require accurate characterization of the noisecgsuwithin rocket plumes and jets. Near-
field acoustical holography (NAH) measurements weagle to visualize the sound field in
the jet exhaust region of an F-22 Raptor. Thianis of the largest-scale applications of NAH
since its development in the 1980s. A scan-basémjraphic measurement was made using a
90-microphone array with 15 cm regular grid spacfogfour engine power settings. The
array was scanned through 93 measurement posititomgy three different planes in a region
near 7 m from the jet centerline and 23 m downairel addition, 50 fixed reference
microphones were placed along the ground 11.6 m the jet centerline, spanning 30.8 m.
The reference microphones have been used to pevicuml coherence on the measurement
planes. Statistically-optimized NAH (SONAH) hashaised to backpropagate the sound
field to the source region for low frequencies, émdientify jet noise characteristics. Ground
reflection interference and other non-ideal measerg conditions must be dealt with.
Details relating to jet coherence lengths and ttedéition to reference microphone
requirements will be discussed. Preliminary rasaitthis ongoing work will be presented.
[Work supported by Air Force SBIR.]

INTRODUCTION but the processing times for such models are intpgedc
for realistic flow conditions. We explore acouatic
inverse methods, particularly near-field acoustical
holography (NAH), because they employ a non-intrisi
measurement of the sound field outside of the flield,
and then use the wave nature of sound to obtaindsou

Accurate characterization of the spatial
distribution of noise sources within a rocket pluorea
jet provides insight into physical noise generation
mechanisms in the turbulent flow field. This
characterization can help lead to reduction scheshdse field information at or within the source
noise that can cause structural damage to spacegraf ‘

aircraft and shuttle launch pad structures, causesi dentifyTtEIeS ;V(;)Jllfcéss p;rtngfisae I\éllvri?ﬁiL Ogggingsﬂolﬁﬁ;to
significant hearing loss for military personnel.dais a Before performing NAH to localize sourjces a gohére
disturbance to communities. P 9 !

We wish to use an acoustical inverse method to mgfltsr?rfl:nintthgligi 'gf ??qulgr?;érlgéserr?](iqélrlge?elhblmg
localize noise sources within the jet of a fulllsca 9 P

military aircraft. The process discussed in thirkvcan partial field decomp03|t_|on (PFD). Guidelines fiire
apply as well to rocket noise, as both have sinmitzise- number of reference microphones necessary to perfor

. : L . PFD on measurements made near a jet are unclear i
generation mechanisms and radiation properties. J

Methods other than acoustical inverse methods haea ggg%r:sltlfztr:ttl\l/\sﬁ'comelerr?”naelgtgrurFr)r?estioocjst?cljsr g;zaoini
employed to localize noise sources within jets and P y ny

identify their physical turbulent generation meakanrs, the referencg microphone requirements, one thaﬂoean_
such as particle image velocimetry and hot-wire performed simply, and before acoustical holographic

anemometry, but these methods are not practicaihfor measurements are made, and the ather that is wexor

hot, fast flows of full-scale military jets. Contational Iez)fg;rlizg?onme?esstrl(fgqerxi-ll ggeriosrsr’v ejfjt r;co);se fus'égtgce
models are available that can simulate turbulew find ublications
can relate flow structures to acoustically radiatexles, P '
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Section | of this paper will discuss the propertie
of sound radiation form jets and other aeroacoustic
sources. Section Il will discuss acoustical inverse
methods for sound source localization, and in paldr,
will introduce the method of near-field acoustical
holography. In section Il the process of perforgi
NAH on a jet will be outlined. Section IV will elgin an
important process for determinin@ priori certain
requirements for performing NAH. Section V willvgi
details of the physical experiment on a full-saaiétary
aircraft and present results, and conclusions Wwél
presented in Section VI.

. SOUND RADIATION FROM AEROACOUSTIC
SOURCES

While rigorous analyses have been performed on
the radiation characteristics of common source$ s
vibrating plates, the noise radiation from a jetdas well-
understood. For jets on high-power military aifgréhe
radiation is particularly complicated. The noigedra
measured near a high-power jet are dominated by ver
low frequencies, on the order of a couple hundredz4
Typical spectra will follow the trends of those shmin
Fig. 1. These spectra were calculated from neda-fi
sound pressures measurements of an F-22 Raptor
approximately 12 m from the jet centerline. Ndtatithe
noise is broadband with peak frequencies aroundl’500
Hz. These spectra with the characteristic “haystac
shape of jet noise, are probably generated by &l
and large turbulent structures within the flow dighat
couple acoustically with the surrounding medium.

Many noise sources, especially those with
characteristic lengths larger that a wavelength,ndo
radiate like simple sources. For example, a large
vibrating plate will have significantly differentdiation
properties than will a point source. We may coasia
vibrating plate as a distribution of radiating mpotes.
The phase relationships between each monopole en th
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Figure 1 Power spectral density measured at ten differeragiat
about 12 m from the centerline of an F-22 at aftarbr engine
conditions. The sound power peaks between 10080dz, and is
highly stationary.
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plate will not be random, but fixed. This fixedgde
relationship causes all the point sources that nugkthe
plate to be coupled in such a way as to generatestic
radiation into the surrounding fluid very differefrom
that which would be generated by a similar distitiuof
monopoles all vibrating independently. This fixgtase
relationship may be described by tuerelation between
each monopolé. The correlation between two signals
describes the degree to which the two signalselated.

If the two signals are perfectly related, then the
correlation coefficient will have a value of unityTwo
fully independent signals will have a correlation
coefficient of zero. Because plate vibration micural,

it is a fully correlated source. Signals that ssenewhat
related will have a correlation coefficient somevehén
between zero and unity. It is well establishedt tha
aeroacoustic sources are partially correlated dwnie
distances, and therefore radiate somewhat cohgréhtl
The correlation lengths within a jet tend to inGeavith a
decrease in frequency. High frequencies radiaten fo
compact regions and are monopole-like, but the low
frequencies that dominate jet noise radiate frorgela
non-compact regions and are more highly correlatext
larger distances. The exact correlations of tlkateng
sources within the flow are difficult to measureegdtly or

to simulate computationally.

The radiation of spatially-correlated sources may
be described with a sum of multiple wave functiaregh
with a unique wavenumber. For a given frequency of
vibration, certain wave functions will radiate irttoe far
field, while others will decay away exponentiallfhese
two types of waves are referred to as radiating and
evanescent waves, respectively. The energy of
evanescently-decaying waves remains in the nealr dfe
the source. Both radiating and evanescent waves ar
important contributions to characterizing the seurso
both types of waves must be measured if we arellp f
determine source radiation mechanisms in a jet.
measurements are made in the far field, evaneseermdEs
will not be detected. Thus, near-field measuremang
necessary for accurate source localization. Thedo
field in the vicinity of a jet definitely containgoth
radiating and evanescent waves, but the detailthef
individual wave number contributions are unclear.

If

II. ACOUSTICAL INVERSE METHODS

There are several acoustical inverse methods that
have been employed to localize jet noise sources
including the acoustic telescope technique, theustao
mirror, the polar correlation technique, and
beamforming”’ Typically, these methods assume a
source distribution of uncorrelated point monopaash
2
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completely unrelated to the adjacent monopole. For
example, beamforming utilizes an array of microg®n
and, based on the speed of sound, delays eacH bigna
the proper amount for a given “look” direction, an
assumed angle of incidence.
summed. For a source truly coming from that dioegt
the signals will add coherently and describe thercm
This method will fail for a finite distribution gbartially-
correlated sourcés.This is one reason that beamforming
tends to give accurate results for localizing high
frequencies within a jet, but not low frequenci€ghese
methods are also typically performed with measurgme
in the far field, and thus do not capture the esaaet
waves necessary to fully characterize the source.
Measurements made in the far field are also limited
source reconstructions of one-half wavelength. orfEsf
have been made to modify beamforming algorithms for
near-field measurements, and to account for spatial
non-compact sourcés.However, we seek to use (NAH)
as an alternative noise-source-localization teakiq

The basic theory of NAH is that, from a two-
dimensional hologram measurement in the near-téla
noise source, the three-dimensional sound fielgpgnces
such as pressure, particle velocity, and intensidy be
reconstructed in the source regforMeasurement in the
near-field captures some of the evanescent wavds an
allows for a more accurate reconstruction. The
reconstruction is not limited to a resolution ofeemalf
wavelengths.
spatial correlation of the source, and can perfaet for
spatially extended sources, particularly at
frequencies.

NAH was developed in the 1980s for measuring
the vibrations of solid structures. It has onlgbeapplied
to jet noise within the past decade or so, and degn
rather limited® Lee and BoltoH™ successfully
performed NAH on a laboratory-scale subsonic celd |
with about a 1 cm nozzle, surrounding the jet eghau
region with 32 microphones. Applying NAH to jeta o
military aircraft is a large jump, and requires @re
rigorous approach. In the following section thegass of
NAH is outlined.

low

[ll. THE PROCESS OF NEAR-FIELD
ACOUSTICAL HOLOGRAPHY

NAH requires a coherent measurement over the
hologram to propagate the sound field in toward the
source. This means that there must be a fixedephas
relationship between every point on the holograrhere
are two ways to achieve this. Sound pressures lyeay

measured simultaneously using an array of reference

microphones that spans beyond the source regidis T
kind of measurement is impractical for large sosyce
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such as high-power jets, if a high-resolution isicl.
For this work a patch-and-scan measurement is uged.
small dense array of microphones is scanned ower th
hologram surface. The discontinuities in phase

The signals are theninformation between scans may be accounted for arith

array of fixed microphones that measure sound press
simultaneously with each scan, which may then el us
to tie together the phases in a process calledapéigid
decomposition (PFD).

In PFD, cross spectral matrices between the
reference microphones and the array microphones for
each scan are used to decompose the measuremel
hologram into a set of independent, but mutuallyerent
partial fields. These partial fields form an odbaoal
basis set for the sound field. Summing these aditilds
on an intensity basis will return the total meadure
hologram surface magnitude.

Several PFD methods exist. In this work, the
virtual coherence method is us€d® This PFD process
performs a singular value decomposition (SVD) oe th
signals measured by the reference microphones.s Thi
generates an orthogonal basis of “virtual referghce
each one containing information from all the indial
physical reference signals. The singular valuest th
describe the strength of each of these virtualreefees
are sorted in descending order. The measuremen
hologram is then decomposed into partial fieldgheaf
which is fully correlated with one virtual referenc

NAH makes no assumptions about theTherefore, the partial fields are also sorted bgngjth.

This is mathematically the “ideal” decompositiomce
as much of the sound field as is possible is padhexd
the first partial fields.

The total number of partial fields that come ot o
the decomposition will equal the number of refeeenc
microphones.  The first partial fields will contain
information relevant to the source, and the rest wi
contain lower amplitude noise. Therefore, a sidfit
number of partial fields must be selected to retans
the source, and the rest discarded. Returninghéo t
example of a vibrating plate, the entire source is
correlated. Only one partial field will containleeant
information. Consequently, only one reference
microphone is needed to perform PFD. A sound field
generated byN independent sources will requird
reference microphones, and will be decomposed hto
partial fields. More reference microphones maybed,
producing more partial fields, but only the firndt will
contain useful information. If the number of sasgds
unknown, the singular values of the SVD on therefee
microphones may be observed. HFdar independent
sources, there will be a sharp drop from the senguslue
N to the N+1 singular value. For a jet, the number of
independent sources is unclear. The singular sékered
to decrease somewhat steadily and monotonicallg (se

Wall et al. : Rocket and jet noise 3



Figs. 8-9). The number of partial fields and thaimum

near-field acoustical holography (SONAH)Y® We

number of reference microphones required to fully choose SONAH because it avoids the windowing edfect

measure the source must be determined.

The virtualby avoiding the direct use of a spatial DFT operatn

coherence method provides a way to determine thisthe measurement surface when the measurement r@ertu

number. This method is where virtual coherencs gst
name.

does not extend far beyond the source region. rdeta
than-source aperture is not feasible for measurenfes

For a chosen frequency we calculate the crossjet that is on the order of tens of meters longhisT

spectral matrix containing cross spectra betweesh ea
virtual

algorithm breaks up each partial field into a deplane-

reference, one containing the cross spectrawave functions. Then, it propagates these wavetiums

between each reference microphone, and a third oneto a reconstruction surface using a transfer matrat

containing cross spectra between each virtual enter

describes sound wave propagation between eacheof th

signal and each measured hologram microphone signalgeometrical locations of the hologram and recorstvn

These are, respectivelf,,, C,,, and C,,. Here, a
subscriptv denotes a virtual reference, and a subsgript
denotes a hologram measurement position. TheaVirtu
coherence between thth virtual reference and thigh
measurement position in each scan is given by

2
Coip; |

2

Vii = €Y

CViViCPij

For perfect coherence between the same frequenayoof
signals,yﬁi =1, and a value of zero would denote not
relation. To select the number of partial fieldsed for
NAH, this virtual coherence is summed over thet fiRs
elements of, iteratively increasingr until the coherence
criterion is met, namely

R
(2)

z Vﬁi = coherence criterion
i=1

surfaces. After each partial field has been prafeyto

the reconstruction surface, the reconstructedgdigids

are added on an intensity basis, giving the eséichadtal
sound field at that location. For the jet, we \gilbpagate
from the measured hologram in towards the source as
close as possible.

IV. COHERENCE LENGTHS

The above-outlined method for determining the
necessary number of partial fields is not actualyy
useful for determining the necessary number ofregiee
microphones requirec priori, as it requires already
having sufficient reference microphones to perforib.
would therefore be useful to use some other easily-
measured jet noise property to give a reference
microphone guideline before a full NAH experimental
attempt is made.

In 2009, Gardnét published a thesis giving a
guideline for determinindr which could theoretically be
performed with only two microphones (although ituhd
be more practical with several). For a given feguy,

Once the coherence criterion is reached for everyihe coherence between one reference microphonthand

measurement positiop in a scan, theR value is the
necessary number of partial fields for that scahhe
median of thesdR values is selected as the number of
partial fields that are processed using NAH. lactice, a
coherence of unity is nearly impossible to achieW&e
have therefore chosen a coherence criterion of Ulgds
corresponds to a signal-to-noise ratio of appro@hgal0

dB by the relation

y2
SNR = 1Olog<1_y2> 3)

Where the numerator in the log function represéms

entire array is calculated, giving a plot like tiafFig. 10.
The coherence between the chosen microphone atd its
is, of course, unity, and the coherence tends toedse
moving away from the chosen reference location. We
define a local coherence lendthas the physical distance
over which the coherence drops from unity to OThis
value is assigned to the location and frequencyhef
chosen microphone. For the reference microphonay a
from the aperture edge, there will be a cohereangth
defined on both sides, which will result in two was.
When this occurs, the average of these two valges i
determined to be the coherence length. We may
determine the coherence length over a range of

coherent power, and the denominator corresponds tofrequencies, and over the reference microphoney arra

noise, or incoherent power.

aperture, giving a plot like that shown in Fig. 1This

Once the appropriate number of partial fields has can visually give sense of coherence lengths in the

been determined, each one is propagated individuall
toward the source, using NAH algorithms. The djpeci
method employed in this work is statistically-opted
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vicinity of the jet.
For a given frequency, we can average the local
coherence lengths across the aperture. Gdrdsteswed

Wall et al. : Rocket and jet noise 4



through numerical simulation thavo microphones per
coherence length in the reference array, regardless

frequency, give the minimum error in sourc
reconstruction using SONAH. Including more refee
microphones does not improve results. Thus,

calculating the coherence lengths near the jettlier
frequencies of interest, the minimum number ofnexfee
microphones required may be determined be
performing NAH. This also provides aa priori
feasibility test for performing NAH on large complicat
sources.

IV. EXPERIMENTAL RESULTS
A. Experiment

In July 2009, neafield measurements of the
on a Lockheed Martin/Boeing 22 Raptor were taken
Holloman Air Force Base in New Mexico. A 5 by
array of G.R.A.S ¥4” microphonewjth 0.15 cm spacir,
scanned an approximately 2 m by i&¢dregionas near to
the jet as would not caugbe microphones to clip (st
Figs. 2-3) This was repeated for three m
measurement planes some distance further fromett
In addition, 50 fixed reference microphones weicet
on the groundavith 0.6 m spacing, spanning more thar
m, (shown in Fig. 4) Measurements were repeated
four engine conditions ranging from idle to f
afterburner. Figure 5 shows the ovemdund pressur
levels measured in relation to the aircraft locatior the
afterburner engine condition. There were a totahore
than 6000 measurement positions, making this
largest-scale acoustic measurementadfigh-power jet
ever performed.

B. Virtual Coherence

Virtual coherence was performed on

Figure 2 Blue Ridge Research and Consult@gmicrophone array,
scanning the near field of the jet on a@FRaptor.
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Figure 3 An example sound pressurevel map overlaid with the jet
photo at the approximate measurement loc:

: LA oA :

e e TR i . 1
Figure 4 Fifty reference microphones were placed on thempdi?2 m
from the jet centerline, which measured sound pres
simultaneously with each scan.

measured hologram data Results are shown f
afterburner engine conditions measured at the sf
planefor the peak frequen, 105 Hz, and for 450 Hz in
Figs. 67. Parts (a) in each figure are the timeasured
sound pressure levels. Parts (b) show the first
independent partial fields after performing virtu
coherence.For each frequency individually, parts (a)
(b) are on the same color sce Both the color scales in
the two figures span approximately 62 dB. Noté the

dB re 20 uPa

10

X (m)
Figure 5 Overall sound pressure elsmeasured in the jet vicinity for
afterburner engine conditions.
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difference between the peak levels for the firgt aixth
partial fields for the 105 Hz case is approxima&dydB.
However, for the 450 Hz case, the peak differeaamnly
around 10 dB. This demonstrates the trend that, as
frequency decreases, more relative energy is cwddn
the first partial fields, suggesting that fewertaifields
will be required to fully determine jet noise. dther
words, there are “fewer” independent sources within
(@) jet at low frequencies than high.
After calculating the virtual coherence such that
#1 #2 130 the coherence criterion of 0.9 is met for each stam

%m %n appropriate number of partial fields is determirfed

both frequencies. In Figs. 8-9 we compare theuarg

Plane 1, 105 Hz, AB

T

0 5 10 15 20
Z (m)

Y (m)
N

dB re 20,Pa

0 10 20 0 10 20 H120 - A
© values of the virtual references for each frequeniy is
#3 #4 n;,, typical of the singular values for measured jetsapthe
| P ] T {1108 trend is a monotonic, steady decrease. Howevenote
0 10 20 0 10 20 o an important difference between the low and high
#5 #6 100 @ frequency, namely that the first several singukues in

the 105 Hz case decrease rapidly, and then thee slop

2 2
1 Ty ey decreases to a steady monotonic descent. This is

0 10 20 0 10 2 90 consistent with the partial fields shown above, afgb
suggests that only a few partial fields are reguicemeet
the coherence criterion, and thus characterizedhece

(b)
Figure 6 Measurement and virtual coherence results for 105 &) 50
SPL at hologram; (b) first six partial fields affeFD using virtual o}
coherence. 40r
30f
Plane 1, 450 Hz, AB 5 :
— = 2 20r ’
S i Tﬁﬁﬁw
1 8 X \
87 2 S iio
0 5 10 15 20 m ‘”ﬂ‘%
Z (m) © -10f
(a) -20}
#1 #2 3% 10 20 30 40 50 60
2 8 ; W)
1 % 120 Figure 8 Singular values o€,, after SVD for the 105 Hz case. The
0 10 20 0 10 20 number of singular values before the red dashes fdepresent the
110 © number of partial fields required to meet the cehee criterion.
#3 #4 o
2 T LT O:L
LS TN 7S T ({100 &
0 10 20 0 10 20 o
90 m
, #5 #6 @
TN TR e feo
0 10 20 0 10 20
70

(b)

Figure 7 Measurement and virtual coherence results for 450&)
SPL at hologram; (b) first six partial fields affeFD using virtual
coherence.
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0 10 20 30 40 50 60

Figure 9 Singular values o€, after SVD for the 450 Hz case. T
numter of singular values before the red dashed lipgesent th
number of partial fields required to meet the cehee criterior

for lower frequencies. The partial field cutoffipiis
designated by a dashed red line on each figureewrns
out thatwhile 21 partial fields will determine tt
measured sound field for the 450 Hz case, onlyrbgb
fields are sufficient at 105 Hz, which is the pi
frequency. For certain low frequencies and en
conditions, as few as two or three partial fields
enough!

C. Coherence Length Analysis

The coherence lengths at the refere
microphone array give additional insight into whyfew
partial fields are needed for low frequencieFigure 10
shows the coherence between a reference microd&
m downsteam of the jet nozzle and all the other refere
microphonesfor the 105 Hz afterburner ce. At this
location and frequency we calculate a coherdength of
approximately 6 m. If we repeat this calculatioreoa
range of frequencies and across thetire referenc
aperture, we obtain the results shown in Fig. ThHe

(o]

..,08 000 o
Q o]
goe s %O
§04 ocp ’o @

0.2 © 2Lc | 09

Odbj ©
0

0 5 10 15 20 25
Distance Downstream (m)

Figure 10 Coherenceneasured between the reference microphor

m downstream of the jet nozzle, and all other exfee microphone:

for the 105 Hz afterburner case. The coherencgthel. is

determined to be the avem distance over which coherence dr

from 1 to 0.5.
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Figure 11 Coherence lengths plotted' against position onefexence
array and frequency. The maximum coherence lemgtheds 16 r
and occurs 27 m downstream of the jet nozzle, 448 &iz.

trend of increasing coherence length with decreg
frequency is consistent with the fact that fewdenmence
microphones are necessary for lower frequen
according the two- refencemicrophone-per-coherence-
length criterion. The remarkably high coherence lbg
towards the downstream end of the jet seem toviolle
trend of Tam'’s twasource jet noise mod?

For 105 Hz, the mean coherence length ove
entire aperture is 3.4 m. This suggests that tinimum
number of reference microphones required to per
NAH on this jet at 105 Hz is 18. However, we h
shown that, according to the coherence criterienfeav
as 5 reference microphones may be able to chaw
the source. At most frequenciend engine conditions
we have explored, the number of reference microp$
required is usually fewer than tihumber determined by
the two-reference-pareherenc-length guideline. The
true number of required reference microphoneskisyli
somewhere in betweersince the coherence criteri
requirement is somewhat idealized, and the singahre
decomposition can always be improved by addingas
reference microphones.By increasing the coheren
criterion (and consequently the SNR) the estim
reference microphone requirement will incre:

VI. CONCLUSIONS

We have showitiwo complementary methods
determining the number of reference microphol
necessary to perform PFD on measured hologranfals
jet noise source localization. The requiremthat two
reference microphones per coherence length mussds
is a simplea priori estimation if neefield coherence
lengths are known, and is probably
overestimation. This requirement can be veri
and compared to the reference microph
requrements determined using the virtual cohere
method, a postreasurement assessm To ensure
a highfidelity reconstructio, it is recommended that

Wall et al. : Rocket and jet noise 7
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