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Correlation analyses of ground-based acoustic-pressure measurements of noise from a tethered F-22A provide

insights into the sound-field characteristics with position and engine condition. Time-scaled single-point (auto)

correlation functions show that, to the side of the nozzle exit, the temporal-correlation envelope decays rapidly,

whereas the envelope decays more slowly in the maximum radiation region and farther downstream. This type of

spatial variation has been previously attributed to a transition from fine- to large-scale mixing noise in laboratory-

scale jets. Two-point space–time (cross) correlation functions demonstrate that noise froma single engine operating at

intermediate power is similar to that from a heated, convectively subsonic laboratory-scale jet, whereas additional

features are seen at afterburner, relative to supersonic laboratory jets. A complementary coherence analysis provides

estimates of coherence lengths as a function of frequency and location. Acoustic coherence lengths across the ground

microphone array are used to analyze one-dimensional, equivalent-source-coherence lengths obtained from the

DAMAS-Cbeamforming algorithm.The source coherence reaches itsmaximumdownstreamof themaximumsource

level, suggesting that uncorrelated sources meaningfully contribute to the dominant source region. In addition to

revealing further the nature of the sound field near an advanced tactical engine, the characteristics seen should be

useful as a phenomenological comparison point for those trying to model military-scale results both experimentally

and numerically.

Nomenclature

Aab = envelope function between measurements a�t� and
b�t�

Dj = jet-nozzle diameter
f = frequency
Gxy�f� = cross-spectral element between signals x�t� and y�t�
Lγ2�x; f� = coherence length
Rxy = correlation function between measurements x�t�

and y�t�
Sr = Strouhal number
t = time
z = downstream distance
γ2 = coherence
η = nondimensional timescale
τ = time delay

I. Introduction

C ORRELATION analyses of near-field acoustical data from
supersonic tactical aircraft engines provide key insights into the

noise-field variation as a function of location and engine power.

Furthermore, because jet-noise-source characteristics are imprinted
on the radiated sound field [1], the spatiotemporal features found in
the pressure field complement spectral analyses by providing a more
complete understanding of the acoustic source, thereby assisting

those who seek to more accurately replicate these environments
analytically, numerically, and experimentally. For example, both
two-point space–time pressure correlation functions [2–5] and the

shape of single-point autocorrelation functions have been used to
distinguish between the fine- vs large-scale nature of the jet-noise
radiation [1,6]. These measurements have also been used to provide
spatiotemporal length scales, either broadband [1] or band limited

[7], which are useful in validating and improving jet-noise models
[8–10]. Consequently, the correlation results presented in this paper
for full-scale tactical engine noise extend the growing number of

laboratory and computational jet studies that use auto- (single-point)
and cross- (two-point) correlation functions of the acoustic field to
obtain not only valuable information of the spatial structure of the
noise field, but also insights into the noise sources found within the

turbulent jet plume.
Previous experiments have used correlation analyses to relate

pressure-field measurements to source phenomena. Early works by
Clarkson [11], Fuchs [12,13], Maestrello [14], Fisher et al. [15], and
Ribner [16], as well as a more recent work by Tam et al. [1], have

suggested the autocorrelation function has significant negative loops
when large-scale structure noise dominates the spectrum. This was
verified byHarker et al. [6], who calculated autocorrelation functions
defined by Tam’s and Tam et al.’s large- and fine-scale similarity

spectra [17,18], and showed that the autocorrelation function of the
large-scale similarity spectrum contains significant negative loops.
Viswanathan et al. [5] used an extensive conical array ofmicrophones

to calculate near-field correlation measurements of a laboratory-
scale, heated supersonic jet. They determined that a large coherent
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region existed, at least two potential-core lengths downstream and
beyond themaximum radiation region, as well as a singlemechanism
responsible for the generation and radiation of noise to the peak
radiation sector. Kumar et al. [19] showed how the temporal width of
the far-field correlation measurements broadened as a laboratory-
scale jet was operated at under-, ideally, and overexpanded
conditions. Liu et al. [20] calculated cross correlations as part of an
analysis of numerical pressure fields resulting from simulations of
perfectly expanded and underexpanded jets. They found that,
although the broadband shock-associated noise (BBSAN) could be
identified in the cross correlation, the autocorrelation distribution
gives a more precise end location of the BBSAN. Correlation
analyses, including the works of Panda et al. [21] and Papamoschou
et al. [22], have also been applied to measure the correlation of
pressure measurements in the acoustic field to the jet flow properties.
The results of these prior correlation studies indicate that field
characteristics can provide insights into source characteristics.
In this paper, the spatiotemporal-correlation and coherence

analyses of sound measured in the vicinity of a static F-22A Raptor
are presented to provide an improved characterization of the noise
radiation, and to provide a benchmark case for comparing against
modeling and laboratory-scale experiments. An introduction to
correlation methods is followed by a short description of the
experiment. Auto- and cross-correlation functions of the pressure
field from an array of ground-based microphones in the vicinity of an
F-22A aircraft at intermediate (INT) and afterburner (AB) conditions
are presented to investigate the broadband features of the sound field.
Some of the F-22A correlation features are not exhibited in previous
laboratory-scale jet studies. To investigate these features further, a
complementary study of the coherence of the noise at select
frequencies is presented to provide additional insights, and allow for
comparison between field properties and related source properties
obtained using beamforming methods. Findings yield a more
complete picture of tactical jet-noise characteristics and highlight
features of noise from high-performance military aircraft that have
not yet been replicated in laboratory-scale jets.

II. Methods

A short description of the methods for each of the correlation and
coherence analyses applied to the F-22A data is provided in this
section. First, definitions of the auto- and cross-correlation functions
are followed by coherence spectrum and coherence-length
definitions. Finally, a cross-beamforming and deconvolution
algorithm called DAMAS-C is briefly described, and a method for
extracting estimated source coherence from the DAMAS-C output is
summarized.

A. Correlation

The single-point correlation (autocorrelation) functions are
studied to understand the temporal scales overwhich thewaveform is
correlated and the evolution of these properties in space. In addition,
two-point correlation (cross-correlation) functions provide a look at
the spatiotemporal variation in the correlation properties, as well as
estimates of correlation-length scales. The correlation between two
waveforms is defined as [23]

Rxy�τ� � E�x�t�y�t� τ�� (1)

in which the expectation value E�·� of a signal x�t� with a signal y�t�
delayed by time τ. The autocorrelation function,Rxx�τ�, is the inverse
Fourier transform of the autospectral density, and there is, therefore, a
single autocorrelation function that corresponds to a given spectrum.
This property permitted the development of similarity autocorrela-
tion functions from Tam’s fine- and large-scale similarity spectra [6].
Similarly, the cross-correlation function, Rxy�τ�, and the cross-
spectral density form a Fourier transform pair. Although the
correlation and the spectrum technically contain the same
information, using one or the other can be beneficial in examining
different trends in the sound field. For example, correlation may be
used to more easily identify waveform periodicities, and obtain

spatiotemporal length scales and phase speeds. On the other hand,
coherence (a normalized form of the squared cross spectrum) is
useful for extracting the spatial phase relationships of the field as a
function of frequency. In this paper, all correlation functions are
normalized by the maximum correlation value (i.e., as correlation
coefficients), such that jRxy�τ�j2 ≤ Rxx�0�Ryy�0�. In this study, a
temporal or spatial correlation length is defined as the time or distance
over which max�Rxy�τ�� > 0.5.
To facilitate the comparison of temporal decay rates of Rxy�τ� and

better identify low-level features, the envelope function of the
correlation coefficient is employed. The envelope function is defined
as [23]

Axy�τ� � �R2
xy�τ� � ~R2

xy�τ��1∕2 (2)

in which ~Rab�τ� is the Hilbert transform of the correlation function.
Because Axy�τ� is positive semidefinite, it can be plotted on a
logarithmic (decibel) scale to more clearly observe low-amplitude
features not visible in Rxy�τ�. Additionally, the envelope function is
useful to more consistently quantify differences in the temporal decay
rate of Rxy�τ� for various locations around a jet, or for jets of different
scales and conditions. Instead of relying on an interpretation of negative
loops in the autocorrelation to define a temporal or spatial correlation
scale [1],Axy�τ� provides themagnitude of the temporal correlation and
can be used to compare the temporal decay of fundamentally different
autocorrelation functions [e.g., Axy�τ� > 0.5] [6].

B. Coherence

The coherence between a reference microphone and other ground-
array microphones indicates the spatial extent over which the
individual frequency components of the jet noise are related, and
allows for additional investigation of features seen in a broadband
cross-correlation analysis. The frequency-dependent coherence
function is defined as

γ2xy�f� �
jGxy�f�j2

Gxx�f�Gyy�f�
(3)

in which the cross-spectral measurementGxy�f�, relating signals x�t�
and y�t�, is normalized by the respective autospectra, and therefore,
bounded between 0 and 1. In a manner similar to the correlation
analyses, a spatial-coherence length, Lγ2�z1; f�, is defined as the
length over which there is significant coherence. In this paper, it may
be defined as the distance at which the coherence, γ2xy�f�, of a
reference signal at z1 drops below 0.5 when compared to adjacent
measurements, zi, in the upstream direction [7].

C. Source Coherence via Beamforming

Beamforming measurements have been used in multiple contexts
in efforts to reconstruct source properties from jet-noise radiation
[24–27]. Using phased arrays, pressure measurements provide
equivalent-source reconstructions by defining a source-distribution
region in the vicinity of the jet plume. Generally, beamforming
analyses assume a distribution of incoherent simple sources.
However, more advanced beamforming algorithms have been
developed that successfully reconstruct spatially distributed sources
with varying degrees of spatial coherence [28–30]. One such
algorithm is an extension of the DAMAS [31] algorithm, known as
DAMAS-C [32], which is favorable for jet-noise studies because of
partial coherence over the source region as a function of frequency. A
detailed description of theDAMAS-C algorithm can be found in [32].
Because flow parameters and refraction effects are not incorporated
to the beamforming model presented, an equivalent-source region is
obtained. Of importance here, however, is our use of DAMAS-C to
provide an estimate of source coherence within the source
reconstruction region. Although source level can usually be obtained
as a function of space and frequency using traditional beamforming
methods, DAMAS-C also determines a relationship in level and
phase between two source locations, in whichXz1z2�f� represents the
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DAMAS-C output due to the likelihood of sources at locations z1 and
z2 along the jet centerline generating themeasured pressure field. The
algorithm is applied to each frequency component individually, and
the coherence, γ2z1z2 , may be shown to be related by the corresponding
beamforming outputs:

γ2z1z2�f� �
jXz1z2�f�j2

Xz1z1�f�Xz2z2 �f�
(4)

Thus, in addition to obtaining an estimated source region, the
spatial properties of the equivalent-source coherence can also be
obtained. In spite of this advantage, DAMAS-C has not been widely
used because of its high computational expense, which requires on
the order ofN4 operations, in whichN is the number of beamforming
reconstruction points. For the current work, a one-dimensional
source distribution along the nozzle centerline axis, similar to other
equivalent line-sourcemodels [15,24], is chosenwith a 0.3m spacing
(∼0.5Dj) between each scan point, such that the algorithm run time
for each frequency was reduced from days to minutes.

III. Experiment

In this section, details of the F-22A measurement [33] that are
pertinent to the correlation and coherence analyses are provided. In
addition, although engine operating parameters are not available, a
discussion is included of how these results may possibly relate to
published jet-noise studies for known operating conditions.

A. Full-Scale Measurement and Analysis

Noisemeasurementsweremade of a Pratt &Whitneymodel F119-
PW-100 turbofan engine installed on Lockheed Martin/Boeing F-
22A Raptor, which was tied down on a concrete run-up pad. One of
the aircraft engines was operated at four engine conditions [idle, INT
(80%), military (100%), and AB], whereas the other was held at idle.
A linear array of 50 GRAS 6.35 and 3.18 mm type 1 microphones,
spanning 30 m, was placed on the ground 11.6 m from the centerline
of the jet axis, as shown in Fig. 1a. The ground-array element spacing
was 0.61 m. Each measurement was taken for 30 s at either a 48 or
96 kHz sampling rate, depending on the engine condition tested, and
each resultant waveform was divided into time-waveform blocks of

215 samples each with 50% overlap. A Fourier transformwas applied

to each block after a Hanning-window correction was applied, and

cross-spectral calculations were averaged over the blocks to obtain

cross-spectral density elements.
The one-third octave (OTO) band spectra of the F-22A

measurement at INT and AB engine operation conditions are shown

as a function of position z along the ground-based array in Fig. 2, and
the averaged overall sound-pressure levels (OASPLs) across the

array are plotted alongside. An extensive analysis of the spectral

variation along the array, including contributions due to large- and

fine-scale turbulent structures, is contained in [34]. The spectral

comparisons show evidence that a combination of fine- and large-

scale mixing noise exists over most of the spatial aperture at INT

engine power, with the levels associated of the large-scale

contributions remaining relatively flat. On the contrary, at AB

condition, there is a more abrupt transition from fine- to large-scale

contributions and a rapid increase in level due to Mach-wave

radiation.
Also of importance here are the variations in peak frequency at

each engine condition as a function of z. Sound to the sideline,

defined as 4 m < z < 6 m, and upstream (z < 4 m) exhibits spectra

that are broad in nature and generally contain a higher peak-

frequency content (approximately 800–1200 Hz). Farther down-

stream, the peak frequency drops to between 100 and 200Hz, and the

spectral shapes narrow and become more haystacklike. Across most

of the array, the spectral shape has a single peak frequency, as has

been observed for laboratory-scale jets [5,27]. However, some

locations exhibit a double-peaked spectral shape that appears as the

peak shifts between two discrete frequencies. Such a transition region

exists at both military and AB conditions in approximately the

12 m < z < 15 m range, in which two dominant frequencies exist in

the spectra. Neilsen et al. [35] have described how the presence of

dual spectral peaks is not accounted for by the analytical similarity

spectral shapes given by Tam [17] and Tam et al. [18], and also

Fig. 1 a) Experimental setup schematic and b) photograph from F-22A
Raptor test (ground array is along pavement edge).

Fig. 2 Overall levels and OTO band spectra for ground-based
microphones at a–b) INT and c–d) AB engine power.

1556 HARKER ETAL.



discussed how these peaks are not present in existing laboratory-scale
measurements. The reason for the double peaks in the military-jet-
aircraft spectra is currently under investigation [36–38]. Note that a
similar double peak has been observed in F-35 AA-1 data [39] and in
far-field F-22A data [40], well below ground interference nulls
caused by elevated microphones, and so this feature appears to be a
characteristic of current-generation tactical aircraft noise spectra at
high engine powers.

B. Comparison to Similar Experiments in the Literature

The correlation and coherence analyses add further dimensionality
to prior jet-noise characterizations from this high-performance
tactical aircraft. The previous investigations of the overall F-22A data
set include near-field acoustical holography [41,42], vector intensity
[43], beamforming [28], equivalent-source modeling [44,45], and
similarity-spectrum analyses [34,35]. These studies have improved
the understanding of military jet-noise environments, and elucidated
both similarities and differences with laboratory-scale jets. Because
the jet-nozzle exit conditions for the F-22A engine are not available, a
complete scaling with laboratory studies is not possible. However,
some basic scalings can be performed that establish a regime for this
experiment and allow for connections with laboratory-scale
phenomena.
Three scalings that potentially allow for, at the very least,

phenomenological comparisons with laboratory-scale jets include
jet-noise classification based onmaximum radiation angle, scaling of
peak Strouhal number in the maximum radiation direction, and
geometric scaling based on nozzle diameter. First is the question of
radiated overall directivity. As the convective Mach number of a
heated jet transitions from subsonic to supersonic, the peak radiation
angle shifts from 150 deg (re engine inlet) forward. For the INT
engine condition (80%) here, the overall radiation angle is
approximately 150 deg, suggesting the jet noise may be treated as
being radiated from a convectively subsonic source. For the AB case,
however, the maximum radiation angle is approximately 125 deg
[40], indicating a convective Mach number of approximately 1.7–
1.8. Note that these classifications are strengthened by a similarity-
spectrum analysis [34] of the same data set. The analysis revealed a
gradual transition between fine- and large-scale similarity spectra
with increasing angle for INT power and a much more abrupt
transition for AB. These similarity spectral trends were consistent
with those of Tam et al. [1] for convectively subsonic and
supersonic jets.
Although the F-22A engine jet conditions are unavailable, the

derived convective Mach-number range exceeds prior scale-model
engine tests. Greska [46] presented results from a laboratory jet that
matched the operating conditions of the F404 engine, with a resulting
far-field radiation angle of 130 deg. Baars et al. [47] described near-
field correlation measurements of a heated supersonic jet that
approximated the conditions of the F414 engine [48], resulting in the
maximumoverall level radiated at 135 deg.Other jet experiments, not
intended tomatch tactical jet engines, butwithmaximumdirectivities
in the 130–135 deg range, were Krothapalli et al. [49] and Baars and
Tinney [50]. The former experiment waswith a highly heated jet with
conditions similar to the scaled F404/F414 engine tests, whereas the
latter was with an unheated Mach 3.0 jet. Three laboratory-scale
experiments with the convective Mach number required to produce a
125 deg peak far-field angle are noteworthy. Greska experimentally
showed that themaximumdirectivity angle for supersonic jets shifted
to 125 deg as temperature increased to beyond 1300 K for a jet Mach
number of 1.3, and 1000 K for Mach 1.5 and Mach 1.8. The
measurements of Seiner et al. [51] exceeded these jet velocities and
temperatures, resulting in peak directivities at slightly lesser angles.
Of particular relevance to this study, Viswanathan et al. [5] made
near- and far-field correlation measurements of a heated supersonic
jet with convective Mach number 1.69. Both the studies of
Viswanathan et al. [5] andBaars et al. [47]will be described further as
part of the data analysis.
The other potential scalings are related to frequency and geometry.

For the AB case, the peak frequencies along the maximum radiation-

angle number are between 125 and 250 Hz. Prior engine tests, in
which the supersonic jet conditions were available — for the F404
engine by Greska [46] and an advanced tactical engine by Schlinker
et al. [26] — the peak Strouhal number is approximately 0.15–0.3.
This suggests a frequency-to-Strouhal-number scaling of approx-
imately 1.2E − 3 Hz−1. Regarding geometric scaling, Tam and
Zaman [52] suggest nonround nozzles may be considered as a round
nozzle with equivalent area. Consequently, an approach to geometric
scaling would be to treat the F-22A engine nozzle, despite its
complexity, as a 2∶1 aspect-ratio rectangle and a hydraulic diameter
of 0.6 m [42]. These scalings, of course, have considerable
uncertainty. Consequently, the figures in this paper will be presented
in terms of dimensional length and frequency units; references to
scaled units will be considered in the discussion as appropriate.

IV. Analysis and Discussion

We first present a broadband analysis of full-scale jet correlation
measurements using auto- and cross-correlation techniques in
Sec. II.A to obtain temporal and spatial waveform characteristics.
This provides a general overview of the spatial variation in the
waveform features and associated correlation lengths. Because many
features within jet noise are frequency dependent, the correlation
investigation is augmented by a coherence analysis in Sec. II.B,
which provides spatial scales of frequency-separated elements. The
resulting field-coherence maps provide estimates of the coherence
lengths as functions of frequency and position for both engine
conditions. Finally, because the connection between the field and
source coherence is also of interest, equivalent-source-coherence
measurements are obtained using the DAMAS-C beamforming
algorithm and compared with the corresponding field-coherence
measurements.

A. Correlation Analysis

The broadband nature of turbulent mixing noise is studied most
easily using time-domain correlation analyses [53]. Previouswork on
laboratory-scale data provides a backdrop against which these
correlation analyses are compared to indicate both the similarities and
differences that exist between laboratory-scale and full-scale
jet noise.

1. Autocorrelation Measurements

Several previous laboratory studies have used features of pressure
autocorrelation functions to argue for the existence of large-scale and
fine-scale turbulent structures as distinct sources of jet mixing noise.
Tam et al. [1] state two arguments to distinguish between the two
sources. First, the width of the peak in the autocorrelation is
considerably narrower to the sideline than in the aft direction. This
argument was used by Kumar et al. [19] and by Tam et al. [1,3] to
indicate that large-scale turbulent structures generated the noise at the
aft angles and that the randomness at sideline angles is indicative of
fine-scale structures. However, it has been shown [6] that the
autocorrelation-function width is strongly dependent on the spectral
peak frequency, and scaling of the temporal axis by peak frequency
causes the gross differences in the width of the autocorrelation
function to disappear. Thus, the autocorrelation-function width is not
intrinsically related to the nature of the jet-noise field, and a more
careful analysis is required. The second argument by Tam et al. [1] is
that the existence of negative loops (dips) in the autocorrelation at aft
angles indicates the presence of partially correlated noise from the
large-scale turbulent structures. Harker et al. [6] confirmed this to be
true by demonstrating that the negative loops are present in the
autocorrelation function obtained from the analytical similarity
spectrum associated with the large-scale structures. A limited
analysis of the autocorrelation of select F-22Awaveforms indicated
the presence of negative loops at downstream distances, similar to
those seen in laboratory-scale cases [1,3,19]. However, there are
features in the full-scale data that are not seen in the laboratory-
scale cases.
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Across the ground-basedmicrophones in the vicinity of the F-22A,
the autocorrelation functions show significant variation.As examples
of the features seen at different locations, Rxx curves are shown in
Fig. 3 for AB and microphones located at z � 4, 12, and 26 m along
the ground array. The left column displays the correlation as a
function of delay time τ similar to Fig. 14 in Tam et al. [1], whereas
those in the right column have been scaled by peak frequency:
η � τ · fpeak. The initial positive peaks of the scaled autocorrelation
functions have nearly the same width, but the widths of the Hilbert-
transform-based envelopes, Axx�η�, shown as dashed lines, illustrate
the different natures of the sound measured at these three locations.
The envelope for the sideline location (z � 4 m) has a narrower
width, due to the broad spectrum and small-amplitude ringing that
may result from BBSAN, given the similarity with the “wriggles”
observed for an aerospike nozzle operated at off-design conditions by
Kumar et al. [19]. At z � 26 m, the single set of deep negative loops
in Rxx broadens Axx, matching the observations of Tam et al. [1] for
radiation dominated by large-scale noise. However, in the region of
maximumOASPL, at z � 12m, there are two sets of negative loops,
which result in a different shape for Axx beyond η > 1. This is a
feature that has not been reported for laboratory-scale jet-noise
studies. Overall, the differences in the autocorrelation functions in
Fig. 3 imply that the noise signal characteristics vary at these three
downstream distances.
The presence of these same features in the autocorrelation

functions and envelopes over the entire 30 m spatial aperture reveals
distinct transition regions between the types of signals for both INT
(Fig. 4) and AB (Fig. 5) engine conditions. At AB, in Fig. 5, for
locations with z < 9 m, there is only low-level ringing in the
autocorrelation outside the peak region. When viewed in the time-
scaled envelopes, the ringing corresponds to appreciable correlation,
particularly for measurements in the sideline region. For z �
9–13 m, the second set of negative loops leads to a significant
correlation over much greater values of η. It is important to note that
this region corresponds to themaximumOASPLmeasured across the
array, as seen in Fig. 2c, but slightly upstream of the dominant dual-
peak region in Fig. 2d. For z > 13 m, the single set of negative loops
is the only feature of significance outside the peak region. From the
autocorrelation envelopes for the AB case, it can be seen that once the
peak-frequency dependence is removed from the scaling, the relative
temporal length of the negative loops does not increase significantly
with downstream distance, suggesting an invariant nature to the

noise. Note that similar features are shown for military power in [54],

that is, it is not solely an AB phenomenon.

To investigate if these autocorrelation characteristics are unique to

high engine powers, they can be compared to the analysis for INT

power that was shown in Fig. 4. The map of Rxx�τ� shows the lack of
negative loops to the sideline with a gradual increase in depth in the

downstream direction, but other distinguishing features are easier to

see inAxx�η�, which is shown on a decibel scale. There is less ringing
for z � 7 m at INT than at AB, which is consistent with the

hypothesis that the afterburning ringing at AB is due to BBSAN. For

Fig. 3 Autocorrelation functions, Rxx�τ�, (left) at different ground-
based microphones for AB, and corresponding time-scaled versions,
Rxx�η�, with overlaid autocorrelation envelopes (right).

Fig. 4 a) Rxx�τ� at ground-based array for INT engine condition;
b) Corresponding envelope functions,Axx�η�, shown on a decibel scale.

Fig. 5 Similar to Fig. 4 but at AB engine condition.
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7 m < z < 11 m in Fig. 4, there is perhaps evidence of the double
negative loops, albeit at levels about 10 dB down from the peaks.
Farther downstream, the relative width of the envelope continues to
increase, indicating that the relative temporal width of the single
negative loops increases with distance downstream. This increase
could be related to end-fire effects because of the large spatial
aperture being considered. Thus, the fact that this broadening of the
envelope is not observed at AB is even more meaningful: the signals
received at the farthest downstream distances at AB have less
evidence of the large-scale turbulent structures than those at z
between 13 and 20 m.
To summarize the results of the autocorrelation analysis, the F-22A

maps show both the similarities and differences with laboratory-scale
jet noise. The presence of negative loops downstream, which are
more quantifiable using envelope functions, helps to distinguish
between large- and fine-scale turbulent mixing noise, and ringing in
the upstream direction may be indicative of BBSAN at both scales.
However, in between these two spatial regions, the double loops are
unique to the full-scale jet-noise case, and although present at both
engine conditions, they are significantly stronger at high engine
powers.

2. Cross-Correlation Analysis

Some of the first studies to look at the spatial distribution of
acoustic-pressure cross correlations were Clarkson’s [11] and
Maestrello’s [14] work with subsonic jets. Clarkson explored the
differences in the correlation for the hydrodynamic near field and the
geometric near and far fields. Maestrello produced two-point space–
time correlation maps (correlograms) over a distant sphere to
illustrate the usefulness of acoustic-pressure correlations in
quantifying the broadband features of the jet noise. Maestrello’s
goalwas to use the phase-preserving cross-correlation functions as an
inverse problem for identifying source characteristics. Although his
conclusions were not universally accepted [16], Maestrello
concluded that the lack of correlation at angles to the side of the
nozzle exit was indicative of incoherent sources and that larger
regions of high cross-correlation peaks for angles closer to the jet axis
were indicative of a more coherent source downstream than near the
nozzle exit.
The cross correlation of the acoustic-pressure field has been used

in recent years to show support for the two-source model of jet noise
proposed by Tam et al. [18] based on the presence of uncorrelated
fine-scale turbulent structures radiating to the sideline and partially
correlated large-scale turbulent structures responsible for the Mach-
wave radiation in supersonic jets. The angular variation in cross
correlations for a wide variety of subsonic and supersonic laboratory
jets has confirmed what Maestrello [14] originally observed: for
angles close to the jet axis, there is relatively high correlation.
Conversely, for sideline angles, the peak cross-correlation values
drop off rapidly [1,2,4,5,55]. A study by Ahuja et al. [2] has shown
the same trends for a nozzle of a variety of shapes, including a
rectangular nozzle with an aspect ratio of 8. These overall features
have appeared to be relatively independent of the jet velocity for
measurements in the acoustic far field [5].
The analysis of the cross-correlation functions from the 50 ground-

basedmicrophones provides the unique opportunity to examine if the
noise in the vicinity of the F-22A exhibits similar temporal and spatial
evolution as laboratory jets or, if like autocorrelation analysis, there
are significant differences. Examples of the normalized cross-
correlation coefficient, Rxy, are displayed for AB in Fig. 6 for
reference microphones at z � 4, 12, and 26 m, and the closest four
microphones on either side (spaced at 0.6m (2 ft) intervals, except for
one 1.2 m (4 ft) gap [seen in the bottom plot]). There is essentially no
correlation (Rxy < 0.1) between the microphone at z � 4 m and the
neighboring microphones. At z � 12 m, which is within the
maximum OASPL region, the peaks in the cross correlation fall off
more gradually and exhibit a second set of negative loops, similar to
the autocorrelation. At z � 26 m, the maximum values of cross
correlation are significantly greater, and the cross-correlation
functions are broader and contain a single negative loop, similar to the
findings of previous studies. As with the autocorrelation, some of the

broadening in the cross correlation as downstream distance increases
is caused by the decreasing peak frequency. However, because the
cross correlation involves two signals, the most meaningful
frequency scaling to correct for the change in peak frequency has not
yet been determined.
The spatiotemporal interdependence between the recorded signals

can be seen in correlograms that have been calculated across the
entire array, relative to the same three reference microphones. The
correlograms are shown in Fig. 7 for INT power and Fig. 8 for AB
engine condition. As with the autocorrelation, the use of the Hilbert-
transform-based envelopes of the cross correlation allows the
correlograms to be plotted on a logarithmic scale, facilitating the
identification of low-level features. At INT (Fig. 7), the magnitude
and extent of the region of large correlation in Axy�τ� increase when
the reference microphone is located farther downstream. However,
for all three reference locations (zref � 4, 12, and 26 m), there is
appreciable correlation across the array, indicating that partially
correlated noise exists across the entire 30 m aperture. This is likely
due to the large spatial region over which the large-scale turbulent
mixing noise contributes significantly to the signals, as shown via
spectral decomposition in [34]. The turning points with zero slope in
Fig. 7 mark the region at which acoustic energy is traveling
perpendicular to the array and the transition between the upstream
and downstream radiation. For the INT case, this turning point occurs
between z � 0 and 5 m in all three correlograms, suggesting that the
overall source location is close to the nozzle exit (<8Dj). In addition,
the slope of the correlation functions at downstream locations is
relatively constant, indicative of planarwave fronts crossing the array
with an apparent directivity of 145–150 deg. This directivity is
consistent with a heated, convectively subsonic jet [26]. Constant

Fig. 6 Autocorrelation and neighboring cross-correlation functions at
AB,with referencemicrophones located at downstreamdistances of 4, 12,
26 m.
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downstream slope for a space–time correlogram across a linear array

was used previously by Baars et al. [47] to calculate the phase speed

across a linear array located near an unheated jet.
The correlograms for the AB in Fig. 8 vary greatly from those seen

in the INT case. The high correlation region depends greatly on the

location of the reference microphone zref . When zref � 4m (Fig. 8a),

there is little cross correlation with the other locations and a relatively
compact turning point (3 m < z < 5 m), both of which are indicative

of uncorrelated noise dominating the noise radiation in this region.

The turning points for downstream reference microphones are more

extended, 3 m < z < 7 m, and the slope of the region of large
correlation is not constant, but continues to increase, both of which

could be indicative of the extended nature of the source. Note that

changing cross-correlogram slopes have been previously usedwithin

the hydrodynamic near field to estimate the decay rate of convective
velocities along the shear layer [47].
Additional correlogram features are present for downstream

referencemicrophones atAB that are not observed at the sideline or at

any locations in the INT case or in laboratory studies. When
zref � 12 m, within the region of maximumOASPL between 10 and

15 m (see Fig. 8b), there is essentially no correlation with the

upstream locations (z < 5 m), and a relatively large aperture of high

correlation in the downstream direction. In addition, there are
striations in the cross correlations near zref � 12 m and at the farthest

downstream locations. This splitting of the region of high correlation

is seen more clearly in Fig. 8c. The signals recorded in the region of
maximum OASPL have significant correlation with the signal at

zref � 26 m at two different time delays. The slopes of the two curves

in the array correspond to two sets of waves with discretely different

phase speeds propagating through the array, resulting in different far-

field directivities. This dual directivity has been noted in other studies
of the F-22A data [34,38,43]. Tam and Parrish [37] have postulated
that one of these sources is associated with indirect combustion noise
and the other with large-scale turbulent mixing noise. However, it
may be significant to note that, in the correlograms, both branches
appear to have turning points at z ∼ 5 m, suggesting that the apparent
overall origins of both the noise sources are at least that far
downstream. Alternatively, Liu et al. [36] observed that for high-
temperature jets, such as those found in full-scale military
applications, large-eddy simulations showed a separation of two
noise components which radiate in a similar direction in low-
temperature jet cases. They hypothesized that the Mach wave
radiation and the large-scale turbulent structures radiation are distinct
components and thus responsible for the separate radiation angles. In
any case, further investigation is required to identify the underlying
mechanisms.
The differences between INTandAB are also evident in the spatial

distribution of the maximum cross-correlation coefficients between
all 50 microphones. To facilitate discussing the features of the peak
correlation values, correlation lengths are defined as the distances
over which the Rxy > 0.5, shown by the bold contour line in Fig. 9.
Considering INT power in Fig. 9a, the small correlation lengths at
sideline locations indicate the presence of relatively uncorrelated
noise, with correlation increasing in the downstream direction. This
behavior is phenomenologically similar to laboratory-scale jets [1,5],
but acoustical cross-correlation lengths appear not to have been
quantified for laboratory jets previously. ForAB, however, the spatial
distribution of the peaks of the correlation functions has somewhat
different features. First, for zref < 7 m, the correlation lengths are less
than themicrophone spacing of 0.6m, and are overall shorter than for
INT, even beyond zref � 20 m, where the peak frequency for AB

Fig. 7 Envelope-based cross correlograms, Axy�τ�, at INT; reference
microphones are located at downstream distances of 4, 12, 26 m.

Fig. 8 Similar to Fig. 7 but at AB engine condition.
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begins to dip below INT. Viswanathan et al. [5] noted a reduction in

peak correlation by nearly 50% as Mach number increased from a

convectiveMach number of 1.05 to 1.69 for highly heated jets, and so

these results are not surprising. However, the cause for the dip in

correlation length at around zref � 22 m for Fig. 9 is undetermined. It

corresponds to a relatively rapid change inOASPL in that region, and

so perhaps could represent a transition away from the dominant

Mach-wave-radiation region to other large-scale radiation

phenomena that dominate beyond 25 m downstream. However,

corroborative experiments are required to verify this hypothesis.

B. Coherence Analysis

Coherence is useful to characterize the directivity and propagation

of jet-noise data based on frequency-dependent characteristics, and

thereby directly complements the correlation analyses. The

coherence across the linear array, located in the geometric near

field of the F-22A, is used to explore the properties of the sound field.

In addition, a cross-beamforming technique yields an estimate of the

coherence properties of an equivalent one-dimensional source

located along the jet centerline. A comparison between the field

coherence and the estimated source coherence provides additional

insight of the jet noise dependent on the engine condition.

1. Field Coherence

Previous coherence studies of laboratory-scale jets provide a

background against which the full-scale coherence can be evaluated.

For example, Baars et al. [47] calculated the coherence spectra at

multiple reference locations for a heated, supersonic jet. They

showed high spatial coherence across a linear array in the

hydrodynamic near field, with coherence lengths, Lγ2 , up to 7Dj,

particularly at frequencies associated with Mach-wave radiation.

Work by Viswanathan et al. [5] showed both the azimuthal and axial

variations of coherence as a function of frequency for heated subsonic

and supersonic jet-noise conditions. Although sideline coherence

lengths were small, they found a large coherent region about two

potential-core lengths downstream that was about 15Dj in length,

and which demonstrated high azimuthal coherence. Further work

done by Ahuja et al. [2] showed the coherence of subsonic and
supersonic unheated jets in the far field. They found, similar to
Viswanathan et al. and similar correlation studies, that for both
subsonic and supersonic cases, there are high degrees of coherence in
the downstream direction, and incoherent noise in the sideline and
upstream direction at most frequencies. However, they also observed
nonnegligible coherence between the sideline and downstream
measurements for Sr < 0.1.
In this study, the coherence analyses of INT and AB power

conditions are presented, which show both similarities and
differences with the laboratory-scale measurements described
previously. In addition, coherence lengths show the effects of
different mixing noise contributions in themeasurements, as the fine-
scale and large-scale turbulent mixing noise have short and long
coherence lengths, respectively. These coherence-length estimates
near the F-22A across downstream distance, frequency, and engine
condition can enhance jet-noise prediction models and design of
measurement arrays.
Coherence calculations have been performed for the ground-based

array as described in Sec. II, and are shown at OTO band center
frequencies for reference locations zref � 4, 12, and 26 m in Fig. 10
for INT power and Fig. 11 for AB power. For both engine conditions,
the coherence spectra for zref � 4 m (Figs. 10a and 11a) are highly
symmetric spatially in the upstream and downstream directions, with
the exception of frequencies below 50 Hz. This low-frequency
observation agrees with the findings of Baars et al. [47] for a
laboratory-scale engine experiment. When the reference microphone
is placed in the region of maximum OASPL, (about 10–25 m at INT
and 10m for AB), the coherence transitions dramatically to be highly
coherent at most frequencies below 400 Hz (Sr < ∼0.5) in the
downstream direction, although the region of high coherence does
not extend in the upstream direction. Thus, for example, the 100 Hz
coherence lengths at INT condition in Fig. 10b extend up to 15 m in

Fig. 9 Maximum cross-correlation coefficients for a) INT and b) AB
condition.

Fig. 10 Coherence spectra at INT for reference microphones at a) 4,
b) 12, and c) 26 m.
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the downstream direction, but only about 5 m in the upstream

direction. This highly self-coherent region, ascribed to the large-scale
radiation features, has been observed by Baars et al. [47] for a

supersonic heated jet, and by Viswanathan et al. [5] for both subsonic

and supersonic heated jets. However, this large downstream
coherence region is most dominant for frequencies below 400Hz, as,

similar to sideline measurements, the coherence is much more
spatially symmetric at higher frequencies. TheABcase shares similar

general features with the INT, except that Lγ2 values progressively

decrease as the engine power increases. The distinguishing features
in the spatial dependence of coherence length across engine

conditions are few: the onset of high Lγ2 values at AB occurs slightly
upstream compared to the INT case — consistent with the idea that

large-scale structure radiation shifts upstream with the increase in

engine power (convective Mach number) [33], and at zref � 26 m
(Fig. 11c), the coherence at 100 Hz is markedly low at AB for

unknown reasons.
The spatial-coherence characteristics shown in Figs. 10 and 11 can

be summarized using coherence lengths, which quantify the spatial

and frequency-dependent variation in the coherence of the sound
field. These are shown in Fig. 12, withL−

γ2
representing the coherence

lengths in the upstream direction relative to the reference position.

Because of theway the coherence length is calculated, good estimates
of upstream coherence lengths are not available when the array does

not extend sufficiently far to capture the location at which

γ2�f� ≤ 0.5. These regions are shaded out in the figure. As seen in the
previous figures, coherence lengths generally decrease with

increasing engine condition, and they are generally largest in the
downstream direction where large-scale-structure turbulent mixing

noise dominates. The coherence lengths also highlight less obvious

features in sound field. For example, for both engine conditions, the
variation in L−

γ2
is seen to be very pronounced for frequencies below

200 Hz and changes rapidly for zref > 10 m. This corresponds to the

regions where the maximum overall levels occur, as shown in Fig. 2,
and where the spectral shapes are well described by solely the large-
scale turbulent-structure similarity spectrum [34]. In the AB case, a
small increase inL−

γ2
values is visible, between 125 Hz < f < 400 Hz

and at zref � 11 − 12 m. Considering spectral levels in Fig. 2, this
corresponds to the dominant spectral features across the array
between 200 < f < 500 Hz. Thus, the coherence lengths of the
primary radiation at these frequencies are significant, although much
lower in comparison with the coherence lengths farther downstream
[e.g., L−

γ2
�125 Hz� at zref � 17 m]. In addition, a transition region

exists, in which L−
γ2
values indicate a dip in coherence lengths. At

both engine powers, this dip occurs for 40 Hz < f < 125 Hz and at
zref ∼ 7 − 8 m, dependent on frequency. It was previously shown that
a combination of the fine-scale and large-scale similarity spectra is
necessary to represent the measured spectra in this region [34]. In
addition, the frequencies at which the dip in coherence length occurs
coincide with the locations where the two spectra are equal
contributors to the spectral levels.
To further investigate the spatial variation in coherence lengths

near the peak frequency, the coherence at two particular frequencies
is examined at AB condition between all microphones on the ground-
based array in Fig. 13. Coherence plots are oriented, such that self-
coherence (nominally unity) occurs along the diagonal, and
coherence between two distinct locations can be found along the off-
diagonal elements. Shown alongside the coherence maps are the
corresponding sound-pressure levels (SPLs) across the array at each
frequency. The largest levels generally correspond to locations with
the longest coherence lengths. However, this does not seem to be the
case in the upstream direction. At 100Hz, a narrower spatial extent of
significant correlation is located at z � 6 − 7 m, separating larger
coherence lengths in the far downstream and the upstream direction.
This is also present at 200 Hz, although more difficult to observe. In
this region, the SPL increases with z, but the coherence lengths
unexpectedly decrease to aminimumvalue. Theminimumcoherence
levels may result from the interference of competing independent
sources. Previous work showed that the spectral shapes along the
ground-based array change frommatching the general features of the
fine-scale similarity spectrum to those of the large-scale similarity
spectrum over a transition (or combination) region that occurs over
z � 5 − 7 m for frequencies below 400 Hz [34]. The presence of

Fig. 11 Similar to Fig. 10, except at AB condition.

Fig. 12 Coherence lengths, L−
γ2
, for a) INT and b) AB power.
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similar levels of the independent fine-scale and large-scale turbulent
mixing noise would account for the drop in coherence in this

transition region. Thus, the independent signals would be responsible
for increasing overall levels, and yet decreasing coherence lengths in

this region. Although some have recently discounted the two-source
model of jet noise [1,55] in favor of continuous source models, such

as a wave-packet ansatz, the similarity-spectrum fit performed
independently nevertheless explains the otherwise discrepant effects
seen here in the coherence at the sideline.
In addition to the large spatial coherence related to theMach-wave

radiation, there is a secondary region of large spatial coherence in the
far downstream region of the array (z > 20 m), visible in Figs. 13b

and 13d. At 100 Hz, the spatial extent of this region extends up to
15m, although coherence levels are lower (0.1 < γ2 < 0.4) compared
with the 200 Hz measurements (0.1 < γ2 < 0.7), in which the spatial
extent is smaller (about 5 m). Interestingly, this region is also
separated from the coherence associated with Mach-wave radiation

by a region of low spatial coherence, similar to the effect seen at
z � 6 − 7 m, suggesting an independent signal radiating in the far

downstream direction. Tam and Parrish [37] argued that farther aft of
the Mach-wave radiation, there is evidence in the spectral data of

radiation from an additional source in the AB condition for these
frequencies. This needs to be the subject of further study. There is also
evidence related to the dual spectral peaks at this engine condition

seen in Fig. 13d as an additional narrowing of the correlation lengths
for 15 m < z < 20 m. The previous cross-correlation analysis

showed evidence corresponding to two radiating sources with
different directivities at AB. This is related to the dual spectral peaks

that are seen in Fig. 2 and that are just visible in the levels in Fig. 13c.
Although these two features are relatively self-coherent, coherence

between the two peaks is only minimally significant. These radiators
may thus be independent and associatedwith two incoherent sources.

The coherence relating these features is explored in greater detail
through holography analyses in [38].

2. Source-Coherence Analysis

The analyses thus far have characterized the correlation and
coherence properties of the acoustic field, which provides insights

about the nature of the source. However, source-related character-

istics can be obtained more directly from pressure data, even in the
absence of flow information. For example, Baars et al. [47] used a
linear microphone array located within the hydrodynamic near field
of their F414-simulated jet to show a significant decrease in the
convective (phase) speeds between 11 and 20Dj downstream of the
nozzle exit, which they attributed to the decay of large-scale turbulent
structures. Others have shown direct correlation between the flow-
and acoustic fields. For example, Papamoschou et al. [22] found a
significant correlation between beamformed far-field acoustic-
pressure and jet shear-layer optical deflectometry measurements in
the mixing region and outside the hydrodynamic layer. Panda et al.
[21] correlated far-field acoustical pressure with jet density and
velocity measurements for subsonic and supersonic unheated jets at
laboratory scale. They found that correlation between density and
velocity parameters was greatest in the downstream radiation,
corresponding to large coherent structures.
The prior studies show direct links between the correlation

properties of the radiated acoustic field and the source. Here, in the
absence of flow data, the coherence properties of the source are
obtained by beamforming the ground-array pressure measurements
to the jet centerline. Because the DAMAS-C algorithm used (see
Sec. II) makes no assumptions on the degree of source correlation,
source-coherence properties can be calculated as part of the analysis.
The source-coherence maps are shown in Fig. 14 for INT power and
Fig. 15 for AB at 100 and 200Hz, with the beamformed source levels
plotted alongside. Coherence values are only shown for estimated
source amplitudes within 12 dB of themaximum reconstructed level.
The diagonal elements of the coherence maps represent the self-
coherence at each reconstruction location, which by definition is
unity. The off-diagonal elements, γ2z1z2 , represent the coherence
between equivalent sources located at positions z1 and z2 along the jet
centerline.
There are a number of noteworthy features in the source-coherence

results in Figs. 14 and 15. First, generally speaking, the calculated
source coherence contracts with increasing frequency aswell, similar
to the trends seen in the field measurements. At 100 Hz, the spatial
aperture of significant coherence is particularly large at both engine
conditions,with source-coherence lengths (γ2 > 0.5) that span 5–6m
(8–10Dj) for the AB case within the peak source region. This lends
merit to efforts to produce self-coherent (e.g., wave packet)models to

Fig. 13 Sound pressure measurements and corresponding spatial
coherence at AB power for a–b) 100 Hz and c–d) 200 Hz.

Fig. 14 Beamforming levels and corresponding coherence of equivalent

sources from DAMAS-C for INT power at a–b) 100 Hz and c–d) 200 Hz.

HARKER ETAL. 1563



characterize the radiation in the large-scale radiation regions. Second,
the dual radiation lobe for AB at 200 Hz that produced two coherent
regions in Fig. 14 has resulted in a single broad source region with
maximum coherence in the 5–9 m range. Recent holography source
reconstructions for the F-22 have shown that the dual radiation lobe in
the field collapses to a single source region, but which extends over
multiple axial coherence lengths [56].
A final feature of note in the beamforming source-coherence maps

in Figs. 14 and 15 is the fact that, for both engine conditions, the
region of maximum coherence is downstream of the maximum
amplitude, with the difference being greater for INT than AB. This
could be possibly related to the laboratory-scale findings of
Viswanathan et al. [5], who showed that, for their test with convective
Mach number 1.69 (thus approximating AB here), the radiation far
downstream was most correlated with near-field measurements
between 13 and 31Dj. Jordan andColonius [53] later countered these
conclusions, suggesting that tracing their results back to the
centerline results in a coherent-source region that was both farther
upstream and smaller. The conflicting views merit a further look. In
the Viswanathan et al. test, the peak overall directivity of the jet was
approximately 125 deg, and the region of maximum correlation was
in the 135–150 deg range. Although correlation is a broadband
quantity, the tie between the aft angles and the downstream location
suggests that the high correlation is due to low frequencies (i.e.,
Sr < 0.1) that have downstream source origins relative to the overall
dominant radiation region. However, ray tracing their results back to
the centerline would, as Jordan and Colonius pointed out, contract
their results.
For the results here, we recall that 100–200 Hz is in the peak-

frequency range of the spectrum in the maximum radiation direction
for both engine conditions. At AB, these frequencies are believed to
fall in the Sr ∼ 0.15 − 0.3 range, not the low frequencies that
Viswanathan et al. [5] were likely considering. Through ray tracing,
the maximum directivity angles can be used to relate the levels at the
ground array and the source, but can also be used to show that the
maximum coherence at a given frequency does, in fact, appear
downstream of the maximum source level. These results, and the fact
that the difference is greater for INT than for AB, can be explained
with a two-source model of jet noise — a relatively compact,
uncorrelated source region and an extended, correlated source region,

like the fine- and large-scale structures described by Tam et al. [1].

The field analyses already have distinguished between fine- and

large-scale behavior, showing relatively uncorrelated noise to the

sideline and correlated noise downstream. For each frequency,

however, the source regions will overlap, thus producing amaximum

level that may result upstream of the maximum coherence, which is

dominated by the extended source producing the downstream

radiation. The fact that the spatial difference is greater for INT than

AB would then be attributed to the fact that the fine- and large-scale

contributions are more equal for INT than for AB, which was shown

previously through a similarity-spectrum analysis [34].

V. Conclusions

A detailed time-waveform analysis of jet noise from a high-

performance military aircraft has been completed. Correlation and

coherence analyses have been presented from ground-array data

collected in the vicinity of a tethered F-22A with a single engine

operated at INT and AB engine conditions. The comparison of the

combined analyses with previously published studies has confirmed
that many of the basic properties of laboratory jets are

phenomenologically the same as those observed for noise from the

F-22A. All the analyses indicate that the noise radiated at INT power

seems to behave largely like a heated, convectively subsonic jet with

uncorrelated, fine-scale turbulent mixing noise to the sideline and

with a smooth transition to more correlated, large-scale mixing noise

downstream. However, for the AB jet, the analyses contain features

that have not been observed for laboratory-scale jets.
The fundamental differences between the correlation functions of

high-power full-scale and convectively supersonic laboratory-scale

jets appear in the region of maximum OASPL. Autocorrelation

functions reveal a secondary set of negative loops in this region,

whereas laboratory-scale jets have only shown no loops to indicate

fine-scale noise or a single set of loops to indicate noise associated

with large-scale structures. In the cross-correlation analyses, the

dominant features in the correlograms appear to split around and

downstream of the dominant radiation direction, thus correspond to
multiple phase speeds across the array. Both analyses are indicative of

multiple, mutually incoherent radiating sources with distinct

directivity patterns that contribute to the sound radiation in the region

of maximum overall level, resulting in dual-peaked spectral shapes

and dual directivity lobes.
Two complementary coherence studies have also been presented.

First, the field-coherence spectra and corresponding coherence

lengths found at INT and AB exhibit properties similar to those

observed for laboratory-scale jets, with a reduction in coherence

length at frequencies in which there are believed to be nearly equal

contributions from fine- and large-scale structures [34]. For the AB

case, however, there are additional increases and reductions in

coherence length in the downstream direction, especially around

200 Hz, which appear to indicate multiple mutually incoherent

sources. Second, one-dimensional, equivalent-source-coherence

properties at the jet centerline have been developed from the

DAMAS-C beamforming algorithm. It has been shown for both

engine conditions that the maximum source coherence occurs
downstream of the maximum source level, which indicates that, as

observed across the measurement array, the maximum source-level

region is composed of both uncorrelated and correlated sources, and

that the correlated source dominates farther downstream.
In conclusion, the cumulative results have provided a deeper

understanding of jet-noise characteristics for a high-performance

military aircraft, and provided connections to phenomena shown in

the literature. The differences seen for the full-scale case may

motivate further laboratory and computational investigations into

understanding the physical mechanisms that result in these

differences. By matching the coherence and correlation properties

of the field, in addition to spectral levels, will result in more complete

jet-noise models and possibly point toward efficient noise-reduction

strategies.

Fig. 15 Similar to Fig. 14, except at AB power.
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