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ABSTRACT:

Noise from a tactical aircraft can impact operations due to concerns regarding military personnel noise exposure and
community annoyance and disturbance. The efficacy of mission planning can increase when the distinct, complex
acoustic source mechanisms creating the noise are better understood. For each type of noise, equivalent acoustic
source distributions are obtained from a tied-down F-35B operating at various engine conditions using the hybrid
method for acoustic source imaging of Padois, Gauthier, and Berry [J. Sound Vib. 333, 6858—6868 (2014)]. The
source distributions for the distinct noise types are obtained using different sections of a 71 element, ground-based
linear array. Using a subarray close to the nozzle exit plane, source distributions are obtained for fine-scale turbulent
mixing noise and broadband shock-associated noise, although grating lobes complicate interpretations at higher
frequencies. Results for a subarray spanning the maximum sound region show that the multiple frequency peaks in
tactical aircraft noise appear to originate from overlapping source regions. The observation of overlapping spatial
extent of competing noise sources is supported by the coherence properties of the source distributions for the differ-

ent subarrays. © 2020 Acoustical Society of America. https://doi.org/10.1121/10.0001260
(Received 30 December 2019; revised 24 April 2020; accepted 28 April 2020; published online 18 May 2020)

[Editor: D. Keith Wilson]

I. INTRODUCTION

Noise from high-performance, tactical aircraft affect
military operations, such as training tempos; the potential
risk of hearing damage and community annoyance and dis-
turbance can lead to operational restrictions. Distinct types
of noise are generated by the turbulent structures and shock
cells in the aircraft exhaust, such as fine- and large-scale tur-
bulent mixing noise (TMN) and broadband shock-associated
noise (BBSAN). The contribution of these distinct types of
noise on the sound field varies with spatial location and
operating condition. Increased understanding of these differ-
ent noise sources can help inform operational decisions that
can reduce the effects of the noise on military personnel and
surrounding communities, as well as inform future noise
reduction efforts. This paper presents equivalent acoustic
source distributions for different noise sources from the
F-35B at multiple engine power conditions.

Two primary types of jet noise are TMN and BBSAN.
In the two-source model for TMN,I’2 large-scale turbulent
structures generate partially correlated, directional noise,
responsible for the dominant radiation in the aft direction,
and fine-scale turbulent structures produce uncorrelated,
omnidirectional radiation, which can be detected outside the

Electronic mail: david.vankomen@gmail.com, ORCID: 0000-0003-0610-
0806.

YORCID: 0000-0002-9729-373X.

“YORCID: 0000-0002-5768-6483.

3550  J. Acoust. Soc. Am. 147 (5), May 2020

0001-4966/2020/147(5)/3550/15/$30.00

Pages: 3550-3564

maximum radiation region and, particularly, to the sideline
of the peak source region. Fine-scale similarity (FSS) and
large-scale similarity (LSS) spectra were derived from
laboratory-scale jet noise by Tam er al.'” Neilsen et al.
applied these similarity spectra to noise from the F-35B*
and another high-performance military aircraft’ and found
good agreement with a few exceptions, including at high
frequencies where nonlinear propagation was believed to be
present and at frequencies and positions affected by multiple
spatiospectral lobes. The other main type of noise from the
F-35B is BBSAN, which is present in nonideally expanded,
supersonic jets."'? The F-35 BBSAN was analyzed in Refs.
4 and 13. BBSAN is the loudest component of the F-35B in
the region to the side and forward of the nozzle exit plane."?
Both TMN and BBSAN are identifiable in the F-35B noise
field,* but an increased understanding of the underlying
sources is needed to inform military operations and guide
noise reduction efforts.

Many methods have been employed to estimate equiva-
lent acoustic source distributions for TMN and BBSAN.
Equivalent acoustic source distributions for TMN have pri-
marily been obtained in laboratory-scale environments, e.g.,
by the sound power'* and via vector acoustic intensity.'> The
resulting equivalent acoustic source distributions compliment
studies that focus on the physics of turbulence and flow, such
as particle image velocimetry (PIV)'® or computational fluid
dynamics (CFD),'”'® by providing a means of comparing
predictions of acoustic radiation.'® Indirect estimates of

© 2020 Acoustical Society of America
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equivalent acoustic source distributions can be obtained from
phased-array methods.'®?%?' The current study applies a
phased-array method, called the hybrid method for acoustic
source imaging by Padois et al.** (hereafter referred to as
HM), to sound measured in different spatial regions near a
tied-down F-35B to obtain unique equivalent acoustic source
distributions for different sources of jet noise.

Phased-array methods have been utilized to estimate
equivalent acoustic source distributions for jet noise. For
example, acoustical holography and traditional beamform-
ing methods have been applied to both laboratory-scale jet
noise> " and tactical aircraft noise’® > to estimate the
overall levels of sources. However, traditional beamforming
relies on the assumption that extended noise sources can be
represented by a distribution of incoherent monopoles?**
processed independently—an assumption not met by the
extended, partially correlated sources present in jet noise.'
To overcome such limitations, advanced phased-array meth-
ods have been developed, many of which are reviewed in
Refs. 18, 20, 21, and 35. Methods for localizing correlated
and partially correlated noise sources include DAMAS-C?®
and derivatives,37 covariance matrix fitting for correlated
sources [CMF-C*® and mapping of acoustic correlated sour-
ces (MACS)*®%], the source directivity modeling of a cross
spectral matrix method for modeling source directivity,*
noise source localization and optimization of phased-array
results modified for coherent sources,41 generalized inverse
beamforming42 (L,-GIB) and its derivatives [such as the
generalized inverse (GINV) beamforming method® and
generalized weighted inverse beamforming***°], and the
HM.?* Such phased-array techniques have been applied to
both single-flow*® and dual-flow® hot, laboratory-scale jets.
These algorithms produce a complex, source cross-spectral
matrix (SCSM)?’ representation of the underlying source
distribution that not only represents equivalent source levels
but also provides information about the source’s self-
coherence. These results can provide a more complete
equivalent source distribution to give insights into the com-
plicated sound radiation mechanisms for tactical aircraft
noise, provided the measurement array is sufficient.

In attempting to isolate different noise sources, different
types of arrays may be used. For example, Brusniak er al.*’
employed multiple arrays (such as a polar array, multiple
parallel linear arrays, and a multi-arm spiral) to measure the
various jet noise sources of a commercial grade engine that
propagate in different directions of the sound field. By using
traditional beamforming, they found that the linear array
was most appropriate to estimate TMN properties of full-
scale, tactical aircraft. Underbrink®® introduced an array
concept called “pletharray,” which is a measurement array
that contains a plethora of subarrays, and demonstrated that
such arrays work well in instances that require directional
noise and sufficiently show large-picture results for signal
processing. Dougherty,”> when developing the GINV
method, transformed his results into an angular-aperture-
independent coordinate system to mitigate the effects of
small array aperture sizes. In each of these cases, smaller
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arrays placed in strategic locations were more useful for iso-
lating different selections of noise, although the ideal array
geometry generally includes large numbers of microphones
and depends mainly on the noise of interest.

A recent study on tactical aircraft noise, conducted by
Harker et al.,*® presents equivalent source distributions found
using the HM. Noise measured on a 50-element, ground-based
microphone array spanning 30m in the vicinity of a tied-
down, tactical aircraft was input to the HM. Equivalent source
distributions were obtained for one-third octave (OTO) bands
(spanning 40-2000Hz). Source distributions for the higher
frequencies were attainable because of a phase unwrapping
and interpolation method called UPAINT, developed by
Goates et al.”® From each complex SCSM, the self-coherence
of the source reconstructions was calculated, and predicted
OTO levels were compared to measured levels both closer to
and farther from the input array. In Ref. 49, the HM was used
to obtain meaningful equivalent acoustic sources for the
overall field. Because the entire array was used and only OTO
levels were presented, TMN dominated the source reconstruc-
tion, and BBSAN was not observed.

By contrast, the present study uses the HM to develop
equivalent acoustic source distributions for different compo-
nents of F-35B noise, which contains stronger BBSAN. For
comparison, the HM is first applied to noise measured using
all 71 elements of a ground-based, linear array that spanned
32 m near the F-35B to obtain equivalent overall source dis-
tributions for 3 engine power conditions, similar to those
shown in Harker e al.*® but for a different aircraft. To fur-
ther characterize the overall equivalent acoustic source, the
source self-coherence is shown and a nondimensionalized
coherence length is introduced to analyze frequency-
independent trends. (A concept explained in Sec. IV B that
was not presented previously.)

To accomplish the task of localizing distinct compo-
nents of jet noise, namely BBSAN and TMN sources, the
HM is applied to different subsets of the full array. These
subarrays are selected to cover upstream, middle, and down-
stream regions relative to the jet flow as described in Sec.
IV C. The upstream subarray detects primarily BBSAN and
fine-scale TMN. The center subarray covers the spatial area
in which multiple spectral peaks are present in the measured
spectra.” The downstream subarray is dominated by one low-
frequency peak®'~>* similar to that postulated for large-scale
TMN. The resulting equivalent acoustic sources and nondi-
mensionalized coherence lengths for the three subarrays are
compared across engine condition and frequency to provide
insights into where various noise types, such as BBSAN and
TMN, originate. Of particular interest is how the source
localizations from different subarrays appear to overlap both
physically and spectrally. Each of these analyses help create
a more detailed picture regarding the different noise sources
present in high-performance military aircraft noise.

Il. METHODS

A previous numerical study involving jet noise simu-
lated via wavepackets conducted by Harker er al.®®
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compared various advanced phased-array methods, such as
Cross beamforming,54 functional beamforming,34 the HM,22
the GINV method,* and the MACS® method, and found
that all methods adequately estimated source levels using a
distributed numerical source at multiple frequency bands
within 6dB upon reconstruction for the scenarios tested.
However, they concluded that the HM showed improved
overall performance while estimating source levels, as well
as coherence properties, to within an adequate threshold at
the array design frequency. The HM was also found to
reduce noise along the outer edges of the reconstruction
ranges. Following these conclusions, Harkerer al.*> applied
the HM to tactical aircraft noise to obtain the first OTO
band equivalent acoustic source distributions that account
for source coherence. For the current study, source recon-
structions from the HM and GINV beamforming method are
compared and confirm these observations. These methods
are briefly discussed in Sec. IT A.

This discussion of the methods is followed (in Sec. II B)
by an explanation of how the results depend on the input
array and describes how a subarray analysis is used to inves-
tigate potential source regions for BBSAN and TMN from
the F-35B. Sources of uncertainty due to array selection are
also presented.

A. Techniques

A variety of phased-array methods has been developed
to estimate equivalent acoustic source distribution for radi-
ated sound. These methods typically solve an inverse prob-
lem and use a regularization technique. The input to the
inverse problem for many phased-array problems in acous-
tics is a linear set of equations formulated to estimate radiat-
ing sources in the vicinity of an array of sensors located at
positions x;, with 7 = 1, ..., m. Assuming a total of s possible
sources, the equivalent source reconstructions at positions
{ri} can be found by solving a least-squares minimization
problem with measurement points: P = Gq, where the vec-
tor array of acoustic pressures, p, for a given frequency, f, is
[m, 1] in size, with m being the number of microphones. The
matrix G is the Green function matrix comprising the steer-
ing vectors along the columns such that G = [g,...g,] and
models the free-field propagation from each source location
to each microphone array element. Each steering vector, g;,
is comprised of steering elements from the potential source
location, 77, to each measurement location. The vector of
complex source strengths, q, is [s, 1] in size, where s is the
number of potential source locations. These source strengths
are combined to form the SCSM, defined as C = qu,
whose diagonal elements provide complex source volume
velocity estimates at positions {7;} in units of m?®/s for the
F-35B noise discussed in this paper.

Many different techniques exist to solve for ¢, but a
common method is to employ a Moore-Penrose pseudoin-
verse coupled with a regularization approach.?>>
Traditional Tikhonov regularization improves the condition-
ing of G"G with a penalization parameter along the
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diagonal entries determined by various means, such as
Morozov discrepancy and generalized cross validation.”® In
the HM, the regularization is accomplished by expanding
the solution through the use of a priori information obtained
from the conventional beamforming (CBF) method. In a
departure from the spatially independent approach used in
Tikhonov regularization, the use of this a priori information
in the regularization weights the Green function matrix dif-
ferently across the source reconstruction region. This spa-
tially dependent penalization allows the noise threshold to
vary in space as a function of the precomputed CBF levels
so that regions where acoustic sources are absent are more
strongly regularized. A more in-depth review of the HM’s
mathematics can be found in Refs. 49 and 35. Chapter 2 of
Ref. 35 provides the regularization parameters used in the
current study.

Because regularization can impact the results, initial
HM results are compared with those obtained by the
GINV*? method in Sec. IV A. The GINV method, developed
by Suzuki*® and expanded upon by Dougherty,** is useful
because it can be applied to both incoherent and coherent
source distributions. Instead of looking for a least-squares
solution to find q, Suzuki solved a more generalized cost
function by means of an L; norm parameter, which solves
the problem using an iteratively reweighted least square
(IRLS) algorithm. Dougherty, however, moved away from
the L, norm using a singular-value decomposition, improv-
ing the speed of the algorithm. These methods are summa-
rized in Refs. 42 and 43, respectively. The GINV method
relies on reciprocation, which amplifies small noises—gen-
erally associated with the measurement floor.

All inverse techniques have the potential to under-regu-
larize (allows more resolution at the cost of extra noise) or
over-regularize (lower resolution causes excessive smooth-
ing) the results. In this work, the regularization parameter
and other methodologies employed are described in chapter
2 of Ref. 35. The comparison of the GINV method and the
HM results at a few frequencies is shown in Sec. IV A.
Consistency between the results from the GINV method and
the HM applied to a small subset of the data increases confi-
dence in the source distributions obtained from the HM.

B. Subarrays analyses

While the GINV method and the HM both adequately
overcome the limitation of incoherent monopole distribution
as the underlying model associated with traditional beam-
forming, careful implementation of these methods is
required to obtain equivalent acoustic source distributions
and coherence properties for distinct sources of jet noise.
The spatiospectral variation in the types of noise present
needs to be accounted for; some regions are dominated by
large- or fine-scale TMN and others are dominated by
BBSAN. The noise received on the input array determines
the information contained in the beamforming source recon-
structions. Thus, the source approximation results obtained
from using a long input array that spans a broad angular
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range differs from that obtained when portions of the array
(namely, subarrays) are used; the full array can be divided
in subarrays to create equivalent source reconstructions for
the different components of jet noise. A suitably small array
may still capture the dominant features of a particular region
of interest. (Details about the subarray selection are
explained in Sec. IV C with beamforming results presented
in Secs. IVD and IVE)

Because the large-scale TMN and BBSAN radiate pri-
marily in different directions, sound measured in different
spatial regions can yield equivalent source distributions for
each. However, selecting subarrays and analyzing their
resulting equivalent source distributions requires an under-
standing of potential sources of uncertainty. For example,
frequency and array aperture are tied directly to resolution.
At low frequencies, the reduced apparent array aperture
increases the beam width of the array and leads to errone-
ously large source reconstruction as the energy is spread
across larger regions. This spreading is evident in the results
in Sec. IV and imposes a lower frequency limit on source
characterization. The second consideration deals with the
quantity of microphones used in the calculations. Both the
HM and the GINV method are, at their core, matrix optimi-
zation problems, so fewer microphones in the subarrays
(compared to the full array) leads to fewer data points in the
source matrix, which produces a larger uncertainty in the
source reconstructions than if more microphones had sam-
pled the same region. Another consideration is experimental
error (in array location, source presupposed location, timing,
etc.), which is amplified under an inverse operation. Thus,
subarray results operate effectively for a different frequency
band compared with those of the entire array, and they
provide a unique perspective on the equivalent source recon-
structions. These inherent uncertainties must be remembered
when comparing beamforming results from the full array to
those from the subarrays results as in Secs. IVD and IV E.

lll. MEASUREMENT DETAILS

A series of measurements was taken at various engine
conditions to create equivalent source distributions that pro-
vide insight into overlapping source regions for the F-35B.
The measurement setup is detailed in Sec. III A, showing
the positioning of the aircraft as well as microphones used
in both full array beamforming and subarray beamforming.
Section III B shows spectral maps for three different engine
conditions. Features of interest are also noted before the
measurements are input to the beamforming algorithms, the
results of which are discussed in Sec. I'V.

A. Measurements

The noise measurements used in this study were
obtained from a tied-down F-35B at Edwards Air Force Base
in 2013. The aircraft, equipped with a Pratt and Whitney
F135-PW-600 afterburning turbofan engine (capable of up to
430001b of thrust; East Hartford, CT), was tied down to a
concrete run-up pad while the engine was operated at
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different engine thrust requests (ETRs)—the only parameter
known to the authors for describing the engine operating
conditions and related jet parameters (see Ref. 57, Sec.
3b)—ranging from idle (13% ETR) to 150% ETR. (ETR val-
ues greater than 100% indicate afterburning conditions.) The
nozzle of the engine was located 2.0 m above the ground and
had a nominal diameter of 1m, although the exact nozzle
diameter varied with the engine condition. Measurements
were conducted in early morning hours when temperatures
varied between 19.4 °C and 23.1 °C, relative humidity varied
between 37.6% and 45.7%, and an average wind speed of
3.3kn was present. The sound speed was calculated from the
temperature and humidity measured at the time of each
recording.

Microphones were arranged in either line arrays or
semicircular arcs that were centered at the microphone array
reference point (MARP) as described by Wall e al.>' The
MARP represents a rough estimate of the apparent source
location for the dominant TMN at many frequencies of
interest and is used to define angles relative to the engine
inlet. The coordinate system used in this paper, illustrated in
Fig. 1, has its origin at the nozzle exit plane with the jet cen-
terline along the positive z axis. The term “downstream”
refers to the region with larger z values. The horizontal dis-
tance away from the jet centerline is the x axis, and the
height from the ground is the positive y axis. The MARP is
located at z=7.5 m. The measurement system was origi-
nally laid out to the left side of the aircraft as seen in the
study by James et al.,’® although in this study, for ease of
plotting and consistency with previous studies on the F-35,
all plots are mirrored to place the array on the right side of
the aircraft.

While over 350 microphones were placed in the vicinity
of the F-35B, this study focuses on a linear ground-based
array. This linear array includes 71 elements [0.45 inter-
element spacing with 6.35mm (1/4 in.) diameter micro-
phones] located parallel to and 8-10m from the estimated
shear layer. The linear array spans 32 m, which corresponds to
an angular aperture of 35°-152° relative to the engine inlet
and the MARP as illustrated in Fig. 1. Calibrated acoustic
pressure waveform data were simultaneously acquired with
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FIG. 1. (Color online) Measurement array setup for the F-35 B. The “x” is
the MARP located 7.5 m behind the nozzle of the aircraft. This figure also indi-
cates the division of the microphones into subarrays described in Sec. IV C.
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National Instruments PXI-4498 cards (Austin, TX) with a
204.8 kHz sampling rate for 30s on each test. Although five
or six measurements were taken at each ETR, the variation in
the measured levels was less than 1dB,"* so only one mea-
surement for each ETR was used for this study. Placing the
array on the ground removes complications due to ground
reflections. By positioning the array approximately parallel to
the jet shear layer, the risk of unwanted effects from the turbu-
lent pressure fluctuations of the jet hydrodynamic near field
was minimized. Ground effects on the sound speed or wave-
form were not included, which is a reasonable approximation
due to the short propagation distance.

B. Spectral levels

The variation of the radiated sound signals recorded
across the linear array is shown as spectral maps in Fig. 2.
The sound pressure level (SPL) for each microphone is
shown for (a) 75%, (b) 100%, and (c) 150% ETR. The hori-
zontal axis is the z position of the microphones or the dis-
tance relative to the nozzle exit plane as seen in Fig. 1.
These spectral maps also include vertical lines showing how
the microphones were divided into subarrays as discussed in
Sec. IV C. These data at various ETRs® have been used for
correlation and coherence analyses,52 acoustical hologra-
phy,”® BBSAN variation,'* and nonlinear propagation
effects.®

Features to note in these spectral maps include BBSAN
signatures (present as streaks near and above 400Hz for
z<5 m at each ETR) as well as multiple spatiospectral
lobes (present as 4-5 lighter regions beyond z =5 m starting
at 100 Hz that shift positions as frequency increases). These
distinct features in the spectral maps prompted the division
of the full array into subarrays to separate out these features.
The subarray to the left (noted as sideline subarray in Fig.
1), captures the BBSAN signature at each ETR while avoid-
ing the large and dominating lobes at larger z. The other two
sections (noted as the middle subarray and downstream sub-
array in Fig. 1) contain noise likely dominated by TMN,
although the current understanding of TMN does not allow
for multiple spectral peaks seen in tactical aircraft engine
noise.®"*%> The middle and downstream subarrays are
divided shortly after the lobe centered at 200 Hz. The com-
plex spectra corresponding to these different spatial regions
compose the p vector used in the beamforming algorithms
discussed in Sec. I B.

Prior to the phased-array analyses, the measured spectra
are preprocessed to produce a cross-spectral matrix at each
frequency. Each measurement was divided into time-
waveform blocks of 16384 samples each with a 50% over-
lap. Each block was filtered by a Hann window, and then the
Fourier transform of each block was calculated. The result-
ing spectra were multiplied to yield the cross spectrum of
each measurement pair per block, which were then averaged
together. The resulting complex spectra were next averaged
to create the time-averaged, cross-spectral density matrix, C
at each frequency. These C are used in the GINV method
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FIG. 2. (Color online) Spatiospectral narrowband maps of sound pressure
level (SPL) on the microphone array as a function of frequency and distance
from the nozzle (z) for three different ETRs. The small black dotted lines
represent the SPL at 2dB intervals. The bold, dashed lines represent the
division of the array into subarrays used in Secs. IV C-IVE.

and the HM to calculate source reconstructions. Each scan-
ning location (i.e., equivalent source location), 77, or scan-
ning grid location selected for the equivalent source
reconstructions was at the jet centerline at nozzle height: a
horizontal line located at y=2 m and x =0 m.

Phased-array methods produce grating lobes when
attempting reconstructions above the spatial Nyquist fre-
quency due to spatial aliasing. With an array spacing of
approximately 0.5m, the expected Nyquist frequency is
near 380 Hz for the linear array. However, given the posi-
tioning of the array at an angle relative to the direction of
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incidence, the effective Nyquist frequency is observed to be
closer to 500 Hz.

IV. RESULTS

The goal of this study is to obtain equivalent acoustic
source distributions for tactical aircraft noise that provide
insight into the apparent source regions of the different types
of noise sources and could be used for sound field predic-
tions. In Sec. IV A, a comparison between the results from
the HM and GINV method is provided to motivate the use
of the HM to obtain equivalent source representations. In
Sec. IV B, the HM results using the entire linear array are
presented, which provide an equivalent model for the com-
bined noise sources. Section IV C provides a brief discus-
sion on the subarray selection procedure, explaining which
types of noise sources are expected to appear in which
results with localization of BBSAN presented in Sec. IVD
and TMN presented in Sec. IV E. The noise source charac-
teristics are confirmed by nondimensionalized coherence
length analysis, which helps estimate the source properties
given by the resulting beamforming matrix at various fre-
quencies. The ultimate goal of each analysis is to identify
and characterize equivalent source distributions for BBSAN
and TMN from the F-35B operating at different engine
conditions.

A. Comparison of the HM and the GINV method

Because matrix optimizations like the HM require a
user-defined regularization parameter, a quick comparison is
done between the HM and the GINV method to check for
consistency. A comparison of the results from the HM and
the GINV method applied to F-35B data at three frequencies
from the full array is shown in Fig. 3. The diagonals of the
resulting source SCSM contain the source strengths as a
function of position along the axis. Because different recon-
struction grid spacing is used at different frequencies, the
source strength values are normalized by the grid spacing to
remove dependence on the spacing of source reconstruc-
The resulting frequency-dependent source
strength densities are plotted as a function of the centerline
position (z) downstream, where z=0 is at the nozzle exit
plane. Examples of source strength densities found for 100,
250, and 400 Hz at 150% ETR are shown in Fig. 3. Both the
GINV method and the HM provide consistent results over
approximately the top 12dB of the results in both level
(within 1-2 dB) and shape. The consistency of the two meth-
ods over the top 12dB of the source reconstructions pro-
vides confidence in the results in the rest of the paper. In the
numerical studies shown in chapter 2 of Harker,” the HM
results were less sensitive to the regularization than the
GINV method. Thus, the HM is selected for the remaining
analyses in this paper.

B. Full array results

Source strength densities for individual frequencies (as
in Fig. 3) can be combined to produce maps to more easily
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FIG. 3. (Color online) Source strength densities, where q represents the
diagonals of the SCSM along the jet centerline z position for the F-35B at
150% ETR. The solid line represents the results from the HM, while the
dashed line represents the results from the generalized inverse (GINV)
method.

visualize trends. The source strength densities from the HM
as a function of centerline position and frequency at three
engine conditions (a) 75%, (b) 100%, and (c) 150% ETR are
shown in Fig. 4. The plots (as well as the similar plots in
Secs. IVC-IVE) have been overlaid with white contour
lines showing absolute levels and black contour lines dis-
playing levels relative to the peak value at each frequency.
Specifically, the —6 and —12 dB relative level contours are
useful to examine the frequency variation in the spatial
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FIG. 4. (Color online) Source strength density (diagonal of SCSM) for the
F-35 B along the jet centerline z position as a function of frequency using
the full array at (a) 75%, (b) 100%, and (c) 150% ETR. The colormap and
dotted contour lines indicate absolute levels, and the solid contour lines
indicate the levels relative to the maximum level at each frequency.

distribution. For example, in Fig. 4(a), the 75% ETR part [,
at 100 Hz, the 6 dB-down region covers 5—18 m, whereas at
200Hz, the 6dB-down region covers a narrower spatial
aperture of approximately 3—10 m.

As mentioned previously in Sec. III B, grating lobes
begin to appear around 500 Hz for z> 10 m and cause the
source strength densities to decrease rapidly in the higher
frequency regions as the HM algorithm distributes energy,
which should belong in the main lobe, into the additional
grating lobes. The size and level of the span of the grating
lobes increases with ETR, but the same general
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characteristics of size and positioning are present in all
cases. The uncertainty introduced by the grating lobes was
studied by Harker er al.*° in obtaining source strength densi-
ties for a different tactical aircraft. When the UPAINT
method>® was used to remove the grating lobes, the 6 dB-
down regions were extended by a few nozzle diameters, i.e.,
several wavelengths, and the source strength density levels
were higher (see Fig. 3 in Ref. 49). As such, it can be con-
cluded that the shapes of the F-35B source reconstructions
are adequate for estimating the extent of the frequency-
dependent source regions.

The equivalent source reconstructions vary with engine
condition. The 150% ETR results have the highest levels
(maximum of 63 dB) with 100% and 75% each seeing a fur-
ther decrease (maxima of 57dB and 54 dB, respectively).
This change in source level with ETR is consistent with the
increased noise levels seen in Fig. 2. The general shapes of
the source regions across frequency are similar for all three
ETRs. However, both 100% ETR and 75% ETR show that
the main energy distributions (seen in the 6dB-down
regions) are narrower above 200Hz than the 150% ETR
results are. For example, at 500 Hz, the region is approxi-
mately 8 m across at 150% ETR, closer to 5-6m across at
100% ETR, and between 4 and 5 m across at 75% ETR with
most of the decrease coming from the downstream side of
the source region. The broader high-frequency source regions
at 150% ETR are possibly related to effects of afterburning
conditions. In addition to the overall trends seen by compar-
ing ETRs, a closer look is needed to appreciate some details.

The source strength density maps in Fig. 4 also show
apparent source locations for the multiple spectral peaks
(seen in Fig. 2 and discussed in Sec. III B). The localization
of the different peaks is most clearly seen at 100 Hz and
200 Hz near 13m and 7 m, respectively. The peak around
300 Hz is harder to identify in the 150% ETR reconstruc-
tion, but it can be seen at 5 m in the 100% ETR construction.
The positioning of the peaks in the source reconstructions
combined with the 6 dB-down regions at these frequencies
shows that the sources for the different peaks appear to orig-
inate in overlapping spatial regions both in front of and
beyond the MARP (Fig. 1) with lower peak frequencies
located farther downstream than higher frequency peaks.
The source strength densities from the full array have been
used to predict the sound field, and the results compare well
to the sound levels measured.®?

The full array results also contain a set of vertical stria-
tions, forming near 400 Hz at all three engine conditions.
The striations are also clearly seen in both the HM and the
GINV method results in Fig. 3(c). Perhaps these striations
are indicative of shock cells that are critical in the formation
of BBSAN as seen by their disappearance in the TMN sub-
arrays discussed in Sec. IV E. These striations also appear in
multisource statistically optimized near-field acoustical
holography (M-SONAH) reconstructions on the same data-
set, especially for 150% ETR, but are not quite as pro-
nounced for other engine conditions (see Fig. 7 of Ref. 53).
The upper frequency limit of the M-SONAH reconstructions
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is also limited by grating lobes. Further investigation into
these striations will require the application of UPAINT to
remove the grating lobes to determine if they are indeed
physical phenomena.

The source strength densities in Fig. 4 come from the
diagonals of the SCSMs at each frequency. The complex
SCSMs also contain information about coherence properties
of the reconstructed sources. One measure that can be used
to investigate frequency-dependent variation in source coher-
ence is the coherence length, L,». Wall et al®* defines L., as
the spatial distance from each reference point to the location
where coherence drops below 0.5. The L,» in the upstream
direction are calculated for F-35B source reconstructions and
displayed in Fig. 5. A general trend of shorter source with
increasing frequency was observed across all engine condi-
tions: L,» exceeded 8 m below 60 Hz and transitioned to less
than 1m above 400Hz. In addition, generally longer L,
existed for near z=10-15 m at frequencies below 200 Hz.
These general trends confirm those shown for a tactical air-
craft with different nozzle geometry.49 (However, in Ref. 49,
both the upstream and the downstream coherence lengths
were calculated with the smaller of the two being displayed.)

While the L.,» can help identify trends in source coher-
ence, comparison between the specific frequencies at which
the multiple peaks occur is best facilitated by scaling L,» by
the wavelength. The standard coherence length values vary
too rapidly across the wide range of frequencies to identify
the specific features of the overlapping noise sources present
in the reconstructions (Fig. 4). To combat this variance, a
nondimensionalized coherence length was calculated; the
original coherence lengths are divided by the wavelength, 4,
as indicated by Swift et al.>? The nondimensionalized coher-
ence lengths as a function of frequency for the F-35B source
reconstructions are shown in Fig. 5. The area shown is the
same as that indicated by the —12 dB contour line in Fig. 4.
This spatial aperture was chosen due to the significant
uncertainty at lower levels.

Portions of the source region associated with spatio-
spectral lobes appear to display slightly elevated nondimen-
sionalized source coherence lengths. One striking feature is
the large drop in source coherence which occurs above
500 Hz, likely due to the presence of two competing noise
sources: TMN and BBSAN. (If the drop in self-coherence at
these frequencies were due to grating lobes, it would likely
affect the entire source region and not just the region that
corresponds with the localization of BBSAN as shown in
Sec. IV D). Below 150 Hz, the general increase in coherence
length with z implies that the noise generation at these fre-
quencies becomes more coherent farther downstream as was
observed for a comparable aircraft in Ref. 49. While the
general trend of increasing coherence with increasing z con-
tinues above 150 Hz, bands of shorter coherence lengths can
be seen at all engine conditions. These lower coherence
bands run at a slight diagonal (blue through the purple) at
the downstream edge of the 12 dB-down region.

These coherence length trends coincide with the multi-
ple spectral peaks in the source reconstructions that are
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FIG. 5. (Color online) Source L. in the upstream direction calculated from
the reconstruction cross-spectral matrix and normalized by A for locations
with source strength densities within 12dB of the maximum at each fre-
quency in Fig. 4 for the full array at (a) 75%, (b) 100%, and (c) 150% ETR.

present in the spectral maps and the reconstructions (approx-
imately 100, 200, 300, and 400 Hz) in Figs. 2 and 4, as well
as in Refs. 53 and 52. The regions of high coherence corre-
spond to the same positions as the peaks in the reconstruc-
tions, and the bands of lower coherence correspond to the
drops in source strength between the peaks. The bands of
lower coherence appear to provide evidence that the sources
of the individual lobes are not correlated but originate in
overlapping regions. This idea is supported by a comprehen-
sive correlation and coherence analysis on this same dataset
by Swifter al.>
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C. Subarray selection

To investigate the incoherence among different noise
sources and obtain equivalent source distributions for each,
the original 71-microphone array was divided into 3 subar-
rays. In Fig. 2, the dashed lines on the spectral plots indicate
the extent of the three subarrays. The first subarray (18
microphones spanning 35°-75°, the “sideline subarray” in
Fig. 1) is selected to isolate the BBSAN (see Fig. 3 in Ref.
13) without the dominating influence of TMN. The second
subarray (30 microphones spanning 75°-120°, the “middle
subarray” in Fig. 1) contains the spatially overlapping lobes
and the majority of maximum noise region. The final subar-
ray (23 microphones spanning 120°-153°, the downstream
subarray in Fig. 1) includes mostly the largest, lowest fre-
quency lobe with directivity farthest downstream. A prelimi-
nary study by Harker er al.%® performed a division in line
array measurements for a similar tactical aircraft and found
that such a division adequately divided fine-scale and large-
scale TMN via a mid-array and downstream array split. The
division of a full array was further explored on the same
dataset in Ref. 49, which found no evidence of BBSAN and
used OTO band reconstructions to show a division of fine-
scale TMN and large-scale TMN, which provides support
for the divisions used in the current study. The source
strength densities for each subarray are shown in Secs. IV D
and IVE.

D. Sideline subarray results

The sideline array is chosen to estimate source regions
of the BBSAN and the fine-scale TMN. The two-source
model describing the generation of tactical aircraft noise'
predicts that omnidirectional, fine-scale turbulent structure
is detected to the side and forward of the MARP (Fig. 1).
BBSAN propagates in this same region and is stronger than
the fine-scale TMN'? between 35° and 70°—the angular
aperture spanned by the 18 element sideline subarray. The
time-averaged, cross-spectral density matrix, C, at each fre-
quency for the sideline subarray is input to the HM, and the
resulting source strength densities are shown in Figs. 6(a),
6(b), and 6(c) for 75%, 100%, and 150% ETRs, respec-
tively. These source reconstructions have a significantly dif-
ferent shape than when the full array was used (Fig. 4) and
have levels much lower than those found in the full array.

A general trend across all engine conditions from the
sideline subarray (Fig. 6) is the presence of three peak
regions. These regions are most clearly seen in the 150%
ETR case [Fig. 6(c)]: the first is below 100Hz at z=35 m,
the second near 200Hz and z=2 m, and the third near
500 Hz. The white contour lines indicate their presence in
the other engine conditions. The highest source levels are
located between 400 and 600 Hz and given the levels and
frequencies indicated by Vaughn et al.'* show the equiva-
lent acoustic source distributions of the BBSAN, whereas
the peaks at lower frequencies are likely related to fine-scale
TMN. The largest difference between these peaks—approxi-
mately 5 dB—occurs at 100% ETR [Fig. 6(b)]. The BBSAN
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FIG. 6. (Color online) Source strength densities using the sideline subarray
(18 microphones spanning 35°~70°), similar to Fig. 4; (a) 75%, (b) 100%,
and (c) 150% ETR.

equivalent source distributions are substantially different
than at lower frequencies because the location of the
upstream edge of the 6 and 12 dB-down regions shift dra-
matically (approximately 4m) at each engine condition.
This shift is not present in the full array reconstructions in
Sec. IV B, nor in the other subarrays in Sec. IV E. The main
difference between these reconstructions and the others is
that BBSAN is only dominant in the angular region spanned
by this sideline subarray.'?

From the source strength density maps obtained from
the HM using the sideline array, the apparent origin of
BBSAN initiates near z=3 m at 400 Hz and shifts down-
stream slightly as frequency increases. While the
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interpretation must be qualified with a reminder that grating
lobes are present at these frequencies, removal of grating
lobes via UPAINT for a comparable aircraft has shown that
the 6 dB-down regions remain in relatively the same posi-
tions (varying by only a few nozzle diameters). Thus, the
shift in the regions of the source distribution above 400 Hz
is greater than the uncertainty due to the grating lobes,
although the source strength density levels are likely
underestimated.

Nondimensionalized coherence lengths also help verify
the shift from TMN to BBSAN near 400 Hz. Over this side-
line region, fine-scale TMN tends to dominate below
approximately 300 Hz, and BBSAN covers 400-600 Hz as it
varies across engine conditions as seen in the spectral
decompositions shown by Neilsen e al.* and in the spectral
maps in Fig. 2. Within the 12 dB-down regions shown in
Fig. 7, the coherence lengths are fairly uniform with most
regions having coherence lengths greater than half of a
wavelength. Below 400Hz, points where the coherence
lengths decrease correspond to the increased source strength
densities seen in Fig. 7. The shortest coherence lengths, on
the other hand, are localized to the frequencies and position
ascribed to the BBSAN. For example, in the 75% ETR plot,
a region with nondimensionalized coherence lengths of
approximately 0.25 is found around 2-5m near 500 Hz.
Similar spots can be seen in the 100% and 150% ETR plots
at slightly lower frequencies. These areas most likely corre-
spond to the spatial regions and frequencies where BBSAN
and fine-scale TMN are competing, thus lowering the source
coherence.

E. Additional results

To investigate the source locations of different parts of
the TMN without interference from BBSAN, the time-
averaged cross-spectral matrices for the middle subarray (30
microphones spanning 75°-120°) and downstream subarray
(23 microphones spanning 120°-153°) are each input into
the HM. The resulting source strength densities using the
middle subarray are shown in Fig. 8 and the downstream
subarray is shown in Fig. 10 with the corresponding
upstream, nondimensionalized coherence lengths in Figs. 9
and 11, respectively.

1. Middle subarray

The middle subarray results in Fig. 8 are similar to the
full array results (Fig. 4). The upstream 6 dB-down edge
retains the same general positioning across all frequencies
and engine conditions as seen in the full array results, indi-
cating that the middle subarray accounts for the majority of
the source reconstructions when the full array is used. The
same multiple spectral peaks at 100, 200, 300, and 400 Hz
(discussed in Sec. IV B) are seen using the middle subarray
input and localized in the same positions with the exception
of the 100Hz centered peak not extending as far into the
lower frequencies. These middle subarray results confirm
that the equivalent source distributions for the multiple
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FIG. 7. (Color online) Source L.» values calculated for the sideline subarray
(18 microphones spanning 35°~70°), similar to Fig. 5.

peaks above 100 Hz overlap substantially as was indicated
in prior studies.' >34

While the downstream edge of the 6 dB-down region
for the middle subarray appears to follow the same trends as
the full array at higher frequencies, the extent of the source
distribution 1is significantly reduced at frequencies below
150 Hz with the downstream edge less by approximately
5m or more. Both reductions at lower frequencies are
expected since this subarray does not include as much of the
lower frequency levels as can be seen by the division lines
in Fig. 2. Other possible reasons for this include the splitting
of the lowest frequency lobe and different families of Mach
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FIG. 8. (Color online) Source strength densities for the middle subarray (30
microphones spanning 75°-120°), similar to Fig. 4.

waves and the possibility that sound in the lowest frequency
lobe may come from upstream.®®

The middle subarray results, below 300Hz, exhibit
multiple peaks indicative of the TMN lobes. These different
TMN lobes are similar to those in the full array results in
Fig. 4 (and the spectral levels in Fig. 2). The location of the
lowest frequency peaks (around 100 Hz) has been shifted
slightly upstream, although their levels are slightly lower
(approximately 1-3dB). The second lobe (at around
200 Hz) is found in approximately the same location, and
the levels are preserved (within 1dB). These results show
that the middle subarray captures most of the energy found
in the spatiospectral lobes.
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FIG. 9. (Color online) Source L,» values calculated for the middle subarray
(30 microphones spanning 75°—120°), similar to Fig. 5.

A curious difference between this middle subarray
and the full array results (Fig. 4) is the disappearance of
the striations above 500 Hz seen at all engine conditions.
Upon removing the data captured by sideline subarray, the
striations disappear across all engine conditions. In fact,
the source strengths found when the middle and down-
stream subarrays were input together also did not contain
the striations. This observation appears to contradict the
potential cause of the striations being due to similar stria-
tions seen in the overall SPL measurements mentioned in
Sec. III B (see Ref. 53, Fig. 2), as those striations occur in
the data captured by the middle and downstream subar-
rays. However, the true cause of the striations cannot be
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FIG. 10. (Color online) Source strength densities for the downstream subar-
ray (23 microphones spanning 120°—153°), similar to Fig. 4.

confirmed until future work is done to remove the grating
lobes.

The types of noise present in the middle subarray can
be further examined by considering their corresponding
upstream, nondimensionalized coherence lengths as shown
in Fig. 9. In general, the coherence lengths for the middle
subarray SCSMs are similar to those seen in the full array
(Fig. 5), except the all-white areas below 100 Hz along the
upstream edge are due to numerical artifacts introduced by
using a smaller array. Downstream sources still have the
highest coherence lengths with dips along this edge occur-
ring at the same frequencies (300, 400, 500 Hz). However,
the dip in coherence lengths previously seen at 200 Hz is
almost nonexistent (with the exception of a tiny dip for
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FIG. 11. (Color online) Source L,» values calculated for the downstream
region subarray (23 microphones spanning 120°-153°), similar to Fig. 5,
except with a different scale to show the significantly longer coherence
lengths.

150% ETR). The conclusion that these dips are related to
the overlapping generation of the multiple spectral peaks
implies that the middle array did not capture much of the
downstream sources for the 200 Hz lobe, which is consistent
with the spectral content for the middle subarray shown in
Fig. 2.

A significant difference between what is seen in this
middle subarray and the full array is that the significant
decrease in coherence length near and above 500 Hz (for all
ETR) shown in Fig. 5 has almost entirely disappeared. This
large drop was attributed to the competing nature of the
fine-scale TMN and BBSAN, and its disappearance means
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that the noise reaching this subarray is not influenced by
these competing sources. There is still a dip at 150% ETR at
the same frequencies and locations, and it could be attrib-
uted to large-scale TMN competing with fine-scale TMN at
these frequencies or indicate that not all BBSAN was
removed when selecting the subarray. However, grating
lobes complicate drawing conclusions for drops in coher-
ence length above about 500 Hz.

The variation in the multiple spectral peaks in the source
strength densities from the middle array is quantified by com-
paring the location of the peaks and the extent of the 6 dB-
down regions for the middle subarray at each ETR. The
approximate frequencies of these multiple “lobes” can be seen
in Fig. 2, are described in more detail in Refs. 53 and 52, and
are listed in the first column of Table I. To demonstrate how
each lobe’s apparent source position changes across engine
conditions, Table I also lists the location of the peak in the
source strength density plots at each frequency (Fig. 8) and
the width of the 6 dB-down regions. In all cases, 150% ETR
has peak positions localized farther downstream than both
75% and 100% ETR with all but the first lobe also spanning a
larger spatial extent. Given the increase of thrust exiting the
nozzle as the ETR increases, this trend is expected.67 Table I,
combined with Fig. 8, provides clear evidence that for the F-
35B, the multiple lobes all originate in overlapping regions.

2. Downstream subarray

The downstream subarray (23 microphones spanning
120°-153°) was selected to view the source locations of
noises that primarily travel in the far aft direction. The
reconstructed source levels, shown in Fig. 10, are vastly dif-
ferent than the previous results. In comparison to the full

TABLE I. Comparison of equivalent source distributions of the spectral
peaks from the middle subarray (30 microphones spanning 75°-120°) for
each ETR. The frequency of each lobe (from Fig. 2), the location of the
peak in the source strength densities, and the extent of the 6 dB-down width
are included.

ETR  Frequency (Hz) Peak position (z; m) 6 dB width (m)
Lobe 1

75% 100 8.35 7.55

100% 100 8.85 7.65

150% 100 10.3 7.6
Lobe 2

75% 200 6.85 6.4

100% 200 8.1 6.6

150% 200 10.3 8.45
Lobe 3

75% 350 43 5.45

100% 300 6.2 6.6

150% 300 7.8 9.45
Lobe 4

75% 500 2.4 6.05

100% 500 5.7 6.75

150% 400 8.2 9.05
Lobe 5

150% 500 6.3 6.65
3562  J. Acoust. Soc. Am. 147 (5), May 2020

array (Fig. 4), the upstream 6 dB-down edges are shifted far-
ther downstream consistently for all frequencies below
500Hz. In Fig. 10(c), for 150% ETR at 100 Hz, that shift
causes the upstream edge to change from z=1mto z=12 m—
a significant change. As for the downstream edge of the 6 dB-
down region, below 150Hz across all engine conditions, it
moves farther downstream as frequency decreases and matches
closely with the downstream edge of the full array results. Given
the large peak at 100 Hz, the shift of the upstream 6 dB-down
edge, and the consistent downstream 6 dB-down edge, it is clear
that this subarray localizes the remainder of the main 100 Hz
lobe seen in Fig. 2 and a portion of the 200 Hz lobe. As for fre-
quencies above 200Hz, the source levels decrease rapidly by
30dB or more, indicating that the downstream subarray does not
capture noise sources at those frequencies. The nondimensional-
ized coherence lengths in Fig. 11 show that below 300 Hz, the
noise sources reconstructed by the downstream subarray are
more coherent than the other two subarrays (note the change in
the color scale). The long coherence lengths above 300 Hz are
likely due to the low source levels and possible end fire effects.
Thus, it is clear that the downstream subarray localizes the
100Hz lobe across all engine conditions and one main type of
noise is present in the area covered by this subarray.

V. CONCLUSION

To formulate distinct equivalent acoustic source distri-
butions for TMN and BBSAN produced by a tactical air-
craft, a source reconstruction via an advanced phased-array
method, called the HM,22 has been applied to acoustical
measurements made near a tied-down F-35B. This study has
confirmed that the HM is an appropriate phased-array
method for tactical aircraft noise as recommended by the
numerical study by Harker.”> The HM has been applied to
data from a 32 m long ground-based array, and the resulting
source strength densities were compared to a prior study®’
on a different tactical aircraft showing many of the same
source features. In addition to obtaining these equivalent
source reconstructions, analysis of the nondimensionalized
coherence lengths of the reconstructed sources have shown
the presence of competing noise sources in overlapping spa-
tial and spectral locations across engine conditions.
Recently, these results have been used for field predictions
that compare well with data measured both closer to and
farther from the 71 element ground-based array.®®

To further investigate the competing noise sources, the
full array measurements were divided into three subarrays
(the sideline, middle, and downstream regions) to isolate the
noise associated with TMN and BBSAN,with BBSAN
captured on the sideline subarray and the TMN captured on
the middle and downstream subarrays. The resulting source
strength density for each of the subarrays has provided
insight into the source locations of both BBSAN and TMN.
In the case of BBSAN, it was discovered that at frequencies
of the BBSAN spectral peak, the resulting equivalent source
distributions are relatively narrow and shift downstream
with increasing frequency. However, these BBSAN sources
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appear to compete with structures that generate fine-scale
TMN as evidenced by a drop in self-coherence near 500 Hz.

When the HM was applied to the middle and down-
stream subarrays, the resulting equivalent source reconstruc-
tions had maximum values at about 5—10 m aft of the nozzle
exit plane. The striking feature, which has not been seen in
prior laboratory-scale studies, is the presence of multiple
lobes in the source reconstructions. Each of the large-
amplitude lobes are found at the same frequencies as seen in
the spectral maps with the level decreasing as the frequency
increases. This analysis has shown that the lobes appear to
come from overlapping spatial source regions across all
ETR, and the nondimensionalized coherence lengths indi-
cate decreased coherence among each of the lobes.
Comparisons of the source distributions obtained for the
fine-scale TMN, large-scale TMN, and BBSAN suggest
they originate from overlapping regions: the resulting broad-
band equivalent source distributions indicate that the appar-
ent region of maximum sound generation for these three jet
noise phenomena occur in close proximity.

Although equivalent source distributions for BBSAN
and TMN for the F-35 noise have been found, further work
can be done. As was mentioned previously, the UPAINT
method®® to extend the capabilities of the beamforming
algorithm by reducing grating lobes was not applied.
Applying UPAINT to these results could prove useful in
identifying more certainty sources above 500 Hz. It would
also bring more insight into the striations that were localized
in the full array source distributions but were not apparent in
subarray source distributions. Further analysis can be per-
formed by dividing the subarrays further through conditional
selection to localize sources seen in spectral maps. For
example, to localize just one lobe, a hypothetical box could
be drawn around the lobe’s position and frequency in an
attempt to isolate and focus on its source properties. Other
considerations are multidimensional reconstruction areas as
this study only focused on equivalent source distributions at
the nozzle height along the jet centerline.
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