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Holographic reconstructions of the sound field in the vicinity of a tied-down F-35 aircraft were achieved by applying
multisource statistically optimized near-field acoustical holography to measurements taken at a linear ground array
approximately parallel to the shear layer of the jet. The measured field, as well as reconstructions to locations where
the field was not measured, show that the field can be described as a superposition of multiple lobes in the
spatiospectral domain. These lobes are observed in the field when the aircraft is operated at a variety of engine
powers, including afterburner. For a given engine power, as frequency is increased, the spatial lobes in the mixing-
noise region shift aft in directivity until they disappear beyond the aperture of the measurement while new ones
appear toward the sideline and shift aft with the others. At a fixed frequency, when engine power is increased, the
forward-most spatial lobe increases in level more than the other lobes, which is a major factor in the observed forward
shift in overall directivity with increasing engine power. Frequency-dependent raytracing of the spatial lobes gives
insight into the directivity and apparent source locations for jet noise components as a function of frequency and

engine power.
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I. Introduction

LTHOUGH important insights are gained from laboratory-

scale investigations of jet noise, some aspects of jet noise
produced by full-scale military aircraft have not yet been reproduced
by laboratory-scale measurements. Additional insight into aeroa-
coustic noise is, therefore, obtained by application of techniques
used in laboratory settings to measurements of full-scale, high-
performance military aircraft. Two such techniques are beamforming
and near-field acoustical holography (NAH). Beamforming has been
successfully used to image aeroacoustic sound sources in the labo-
ratory [1,2] as well as at full scale [3—-6]. Near-field acoustical
holography, which was developed for the general three-dimensional
imaging of noise fields [7,8], has been used in laboratory jet noise
measurements [9-12] and was recently adapted to full-scale mea-
surements of the jet noise produced by military aircraft [13,14]. The
NAH process involves fitting an equivalent wave model (EWM) for
the field under examination to measured data (called a hologram).
This fitted EWM can then be evaluated at any point of interest and
provides reliable estimations of the field as far as the assumptions in
the EWM hold. Acoustical holography studies of jet noise from high-
performance military aircraft have been successful in showing trends
across frequency and engine conditions in both the source extent and
directivity [14].

Wall et al. [15] used an advanced method of NAH called multi-
source statistically optimized NAH (M-SONAH) to investigate the
characteristics of the field in the vicinity of an F-35 operating at
100% engine thrust request (ETR). Using a ground-based linear
array as the input to the holography process, reconstructions were
achieved over a large area within the aperture of the hologram. At
several frequencies in the region of maximum radiation, multiple
radiation lobes were observed. As frequency increased, as many as
four individual lobes emerged toward the sideline, moved aft, and
submerged back into the overall field. Evidence of broadband shock
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associate noise (BBSAN) was also observed as a lobe propagating
in the forward direction [16,17].

The presence of multiple radiation lobes in military aircraft jet
noise has been seen in several data sets [18-21], although no con-
clusive explanation of its cause has been given. These lobes are
described as either multiple peaks in the spectra at a given measure-
ment location or as multiple local maxima in the directivity when
plotting a single frequency across space. Evidence of spatiospectral
lobe content in laboratory-scale measurements is sparse. In one
example, Long [10] used NAH to image the source from a heated
laboratory-scale jet and showed striation patterns in the spatial/
spectral domain.

Several studies have proposed explanations for multiple lobes.
Tam and Parrish [22] sought to explain dual spectral peaks shown
in one-third octave band spectra of a rectangular-nozzled aircraft [23]
in terms of indirect combustion noise sources that originate from
within the nozzle. Liu et al. [24-27] investigated temperature ratio as
apossible cause of multiple lobes by using large-eddy simulations of
laboratory-scale jets and showed far-field evidence for at least two
noise source mechanisms that became more distinct as temperature
ratio was increased. Schmidt et al. [28], doing spectral proper
orthogonal decomposition and resolvent analysis of large-eddy sim-
ulations of cold laboratory-scale jets, showed two main low-rank
wavepacket structure types: one in the initial shear layer of the jet near
the nozzle with a high phase speed and another downstream, more
spatially extended and with a lower phase speed. These wavepacket
types qualitatively agree with the two source mechanisms observed
by Liu et al. [24-27], as discussed in Ref. [29].

Previous NAH [30] and beamforming [31] performed on measure-
ments of military aircraft jet noise have constructed equivalent source
models that have been successful in reproducing the sound field.
These reduced-order equivalent source models use multiple indepen-
dent sources to contribute to individual spatiospectral lobes, sug-
gesting that the multiple lobes are incoherent. Swift et al. [32]
performed extensive correlation and coherence analyses on the same
data set presented in this paper that verify incoherence between lobes.
The incoherence between the lobes suggests that they may be due to
independent sources or source mechanisms. Additionally, Swift et al.
[32] showed correlation between the aft radiation where multiple
lobes are present and BBSAN in the forward direction, which sug-
gests that shock cell interactions could be a contributor to these
multilobe effects.

The purpose of the current study is to use M-SONAH, which was
developed for the use of imaging the field produced in the presence of
a ground reflection, to reconstruct the sound field produced by a tied-
down F-35B aircraft running at various engine conditions. Trends in
observed spatiospectral lobes and BBSAN across engine power are
presented in a large area surrounding the jet for select frequencies.
The measured and reconstructed fields show that the noise in the
region of maximum radiation is a superposition of multiple spatio-
spectral lobes, where the overall trends across frequency and engine
power are best described by the number and levels of the individual
lobes present. Prior observations of a dual peak or multilobe phe-
nomena by Wall et al. [14] and Tam et al. [20,22] appear to be subsets
of the more complete picture described herein.

II. F-35 Measurement

This section discusses the measured spectra and overall sound
pressure levels (OASPL) gathered from a ground-based array in the
geometric near field approximately parallel to the jet shear layer and a
far-field arc array 1.5 m off the ground. Spatiospectral lobes are seen
at all engine powers.

A. Setup

Extensive static measurements of the F-35 A and B variants were
performed at Edwards Air Force Base in 2013 [19]. The aircraft were
tied down on a concrete run-up pad while the engine was cycled
through various engine conditions, including 13 to 150% ETR.
Engine powers greater than 100% ETR are due to the addition of
afterburner. This paper uses measurements of the B variant, which
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Fig.1 Holography array and 38 m arc positions for the F-35B. The red
marker is the microphone array reference point, which was 7.5 m behind
the nozzle.

had a Pratt & Whitney F135-PW-600 afterburning turbofan engine.
The nozzle of the engine was 2 m from the ground and had a nominal
1 m diameter, although the exact nozzle diameter changed with
engine condition. Jet parameters such as Mach number, nozzle
pressure ratio, temperature, and exact nozzle diameter for each
engine power are unknown by the authors, so no Strouhal number
or other type of scaling is attempted in this work.

The coordinate system used in this study is centered on the nozzle
exit (with the point on the ground below the nozzle exit as the origin),
with the jet exhausting in the positive z direction, as illustrated in
Fig. 1. The x axis is the horizontal distance from the jet centerline and
the y axis is the height above the ground. Cylindrical coordinates are
used in the M-SONAH algorithm, with r being the radial distance
from the z axis. Another useful coordinate is the jet inlet angle 8,
which is measured from the direction of the aircraft nose (—z direc-
tion) around a microphone array reference point (MARP), which was
located at z = 7.5 m. The array was laid out to the left side of the
aircraft as shown in Ref. [19], although for ease of plotting and
consistency with previous NAH studies, all plots here are mirrored
to show it on the right side of the aircraft. This study focuses on a 32-
m-long, 71-element (with 0.45 m interelement spacing) linear ground
array placed approximately parallel to the shear layer, which is used
as the input to the holography processing and is referred to as the
holography array. An arc array located 38 m from the MARP is also
used to validate the field reconstructions. Figure 1 shows a schematic
for the test geometry with the coordinate system and the approximate
location of the F-35B.

B. Measured Data

The measured data along the 71-microphone holography array
demonstrate how the sound field varies with engine condition. The
measured OASPL and corresponding spectra for each engine con-
dition are shown in Figs. 2a and 3, respectively. As engine power
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Fig. 2 OASPL across the a) holography array and b) 38 m arc for
several F-35B engine conditions (given in % ETR).
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Fig. 3 Spatiospectral maps of normalized SPL on the holography array as a function of downstream distance from the nozzle and frequency. The

numbers indicate the several spatiospectral lobes.

increases from 25 to 150% ETR, a peak in the OASPL appears at
about z = 15 m at 50% ETR, shifts forward to about z = 11 m at
75%, and then continues shifting forward until it settles at about z =
8 m at 150% ETR. The transition between 130 and 150% ETR does
not increase the OASPL significantly, except for rounding out the
peak. At 50% ETR and above, a secondary local maximum is seen at
about z = 22 m. The far-field OASPL measured at the 38 m arc in
Fig. 2b shows the forward shift in directivity as engine power is
increased, although both afterburning conditions have similar curves.
The increased level in the forward direction at 25% ETR is attributed
to aircraft noise, but at 75% ETR and above, the increase in the
forward directions is due to BBSAN [16]. There are hints of a split
directivity in the OASPL at 75% ETR and greater, although the
deviation is too small and the angular spacing of the array is too
large to be sure. The OASPL directivity shifts from being centered at
approximately 145 deg at 25% ETR to 125 deg at afterburner.

The spectra at each point on the holography array illuminate why
the OASPL changes as it does. Figure 3 shows the sound pressure
levels (SPLs) for frequencies between 30 and 700 Hz (spacing of
3 Hz) for each microphone along the array. Each pane of Fig. 3 shows
the data for an engine condition (specified above the pane). The color
bar on the right (shared across panes) shows the levels relative to the
peak, which is specified above each pane. At 25% ETR, the left
portion of the array (z < 10 m) appears to be dominated by engine
noise, with the louder jet noise farther aft. At 50% ETR and above, jet
noise dominates the whole array. For engine conditions at 75% ETR
and above, radiation in the forward direction is observed between 300
and 700 Hz, which analyses in Refs. [16,17] show to be BBSAN.

The most prominent feature of the spatiospectral plots in Fig. 3 is the
presence of multiple lobes in the space-frequency domain. There are at
least two lobes at 25% ETR, four lobes between 50 and 130% ETR,
and five at 150% ETR. Deciphering the exact number of lobes is an
ongoing research problem, with different methods being employed.
For this work, the patterns of minima and maxima in the levels are
used, as indicated by the white numbers on the spectra in Fig. 3.

The placement of each lobe in the spatiospectral domain appears
consistent across engine conditions, although their individual extent,
shape, and relative amplitudes differ greatly. A clear example is the
difference between the 50 and 75% ETR engine conditions; lobe 4 is
barely visible in the 50% ETR case, but in the 75% ETR case, ithas a
much greater contribution to the field. The significant addition of
upstream energy in the third and fourth lobes in the transition from
50 to 75% ETR appears to be the single greatest contributor to the
increase in OASPL and the forward shift in directivity seen in Fig. 2.

Qualitatively, the total spectrum appears to be a simple superposition
of these lobe structures, which would imply an incoherence between
them. These observations seem to show that the aft radiation region,
which has been attributed to large-scale turbulent structure noise may
actually be a superposition of different noise mechanisms. Analyses
in Secs. IV.D and IV.D.2 of this paper are geared to understand the
source regions in the jet plume responsible for these spatiospectral
lobes, although additional work is needed to understand if these are
universal aeroacoustic phenomena or only apply to military aircraft
jet noise.

III. M-SONAH Method

This section discusses the application of M-SONAH to the F-35B
measurements (described in Sec. II) to reconstruct the time-averaged
complex pressure field in the area surrounding the aircraft. M-SONAH,
developed by Wall et al. [13], modifies the traditional SONAH
algorithm [33] to use a two-source model: one along the jet centerline
and an image source, equidistant from but below the ground, to
account for the ground reflection. Each source has a corresponding
set of cylindrical basis functions that constitute the EWM of the field.
The time waveforms recorded from the holography array are the input
to the M-SONAH algorithm, which includes the following steps.

A. Extract Frequency-Dependent Complex Pressures from Recorded
Pressure Waveforms

To obtain the frequency-dependent complex pressures for all meas-
urement locations and engine conditions, the recorded 30 s time
waveforms are split into multiple blocks with a 50% overlap and
windowed with a Hann function. The Fourier transform is then applied
to each block. During the F-35B measurements, several organizations
and different data acquisition systems with different sampling frequen-
cies were involved in the simultaneous measurement of all the micro-
phone channels. For this study, the block sizes for each different
sampling rate were chosen such that the resultant frequency resolution
was 3 Hz in all cases. The applied Fourier transform yields a single
complex pressure value per block, per frequency. The remaining steps
are done on a frequency-by-frequency basis.

B. Perform a Partial Field Decomposition to Generate Mutually
Incoherent Partial Fields

Application of acoustical holography fundamentally assumes that
the field in question is coherent. Therefore, to apply NAH to partially
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Fig. 4 Singular values of the 71 partial fields as a function of frequency for a) 75% and b) 150% ETR.

coherent jet noise, the complex pressures on the holography array are
decomposed into mutually incoherent but self-coherent partial fields
that can be processed independently. After propagation, the individ-
ual partial fields are summed energetically to reproduce the total field
[34]. For each frequency, the cross-spectral matrix (CSM) of the input
array is calculated. The CSM is a matrix where the ijth entry is the
cross spectrum between elements i and j in the array. A singular value
decomposition (SVD) is done on the CSM, where the singular
vectors of the SVD scaled by their corresponding singular values
yields a set of partial fields. The number of partial fields generated is
equal to the number of elements in the input array. Figure 4 shows the
SPLs of the singular values for two representative engine powers.
These singular values indicate the contribution of each partial field
at each frequency. At low frequency, the field exhibits low-rank
behavior; the majority of the energy is compacted by the SVD into
relatively few partial fields.

Since each partial field is processed individually and the final
reconstructed field is a sum of all the processed partial fields, a
filtering of sorts can be done by only using the most energetic partial
fields to reconstruct the total field. In this study, for each frequency
of interest, the number of partial fields used was selected such that
their sum represented 99.9% of the total energy of the input holo-
gram. Over the frequency band presented in this paper, only four
partial fields were needed to meet this energy criteria for the lowest
frequencies and on the order of 50 for the highest frequencies.
Because the excluded partial fields generally had higher relative
amplitudes toward the edges of the array, the 0.1% of energy
removed generally causes the field at the edges of the array to be
slightly underestimated.

C. Numerically Extrapolate Each Partial Field Beyond the
Measurement Aperture

The SONAH algorithm was originally developed to reduce errors
caused by having a measurement aperture that was not significantly
larger than the source [33]. Even with the SONAH algorithm, in this
measurement, the 32 m aperture was not large enough to capture all
the pertinent energy for the lowest frequencies, causing finite-aper-
ture effects to become significant. The two most significant finite-
aperture effects in this work are wraparound error and high-wave-
number leakage. Wraparound error is solved easily by zero-padding
the edges of the input hologram so that it is much larger than the area
in which the reconstructions are made. Leakage of high wave num-
bers is caused by pressure discontinuities in the input, which in turn
are caused by the pressures not decaying to zero by the edges of the
hologram. In an attempt to simulate the missing energy from having a
too-small aperture at low frequencies and to reduce the discontinuity
at the measurement edge, linear forward prediction was implemented
to estimate values for the complex pressures of the field at locations
beyond the original measurement aperture and a window was applied
to the extended measurement to reduce the pressures to zero by
the edge.

In linear forward prediction, the coefficients of a polynomial are
determined from existing data, and the polynomial is used to predict
one point beyond the original aperture, which is then included in the
fitting of a new polynomial. This process is iterated until the field is
extended the desired amount. This method has been used for previous
studies [35] and is repeated here for simplicity. A challenge with
extending the aperture of each partial field individually is that the
SVD-based partial field decomposition may generate partial fields
that do not monotonically decrease toward the end of the original
measurement. In such cases, the linear forward prediction (which has
a tendency to produce extraneous oscillations [35]) of the higher-
order partial fields (which via the SVD are inherently less energetic
than the lower-order partial fields) often end up contributing more to
the energy of the extended field than the lower-order partial fields.
This causes the extended field to only be accurate for short distances
outside of the original measurement. To enforce a graceful taper of
the pressures to zero at the end of the extended aperture and reduce the
effect of extraneous oscillations outside the original measurement, a
Tukey window is applied to the magnitude of the complex pressures
along the extended hologram. The window has a value of one over the
original measurement that decays to a value of zero within one
acoustic wavelength of the edge of the original measurement.
Extending the aperture with the window provides zero-padding as
well. For this measurement geometry, the aperture is extended
approximately 68 m on either side of the array, which is needed to
eliminate wraparound error for as low as 32 Hz.

D. Formulate the Equivalent Wave Model of the Jet in the Run-Up
Pad Environment and Solve for Pressure at Desired Reconstruction
Locations

The EWM methodology used in the M-SONAH algorithm is
described in detail in Refs. [13,14]. For this study, the EWM is
comprised of two sets of cylindrical wave functions to capture the
effect of the rigid ground on the measurement, one centered along
the jet centerline and another along an image jet centerline below the
ground. The basis functions for outward propagation are

_ Hj(k) il ik,z >

Wi (r)= Hll o) e''P ettt r>ry @))]
where r, ¢, and z are the radial, azimuthal, and axial spatial coor-
dinates of the position vector r; H } is the /th-order Hankel function of
the first kind; 7 is the imaginary unit; r, is some small reference radius
(traditionally the assumed source radius) [36]; and k, and k, are
the axial and radial wave numbers, respectively. For this study, only
I = O 1is used, since a single, ground-based linear array is used as the
input. This choice of [ forces axisymmetry for each wave function at
each frequency. This limitation is sufficient to reconstruct the sound
field over a limited azimuthal aperture, as exemplified by the success
of prior work [14], where a large two-dimensional array was used
as input but only the zeroth-order mode was needed for accurate
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reconstructions. The success of limiting the equivalent wave model to
[ = 0 is likely due to the reconstructions only being attempted at
sufficiently low frequencies.

The number of wave functions in each set M is therefore only
dependent on the number of k, values used. The k, values for this
study are regularly spaced between —z/dz and z/dz in steps of
z/Az, where dz is the interelement spacing along the array in z
and Az is the total axial span of the array. The radial wave numbers are

VK2 =k for |k| > |k,|

k, = @)

ik2—Kk> for |k| < |k,|

where k = w/c is the acoustic wave number, @ is the angular
frequency, and c is the speed of sound. This choice for wave function
and definition of k implies a time harmonicity of e~".

The basis functions in Eq. (1) depend on a position vector
r = (r, ¢, z), which is expressed relative to the above-ground jet
centerline (superscript ') or the image jet centerline below the ground
(superscript 2) via Egs. (3) and (4):

rl= (\/m tan“(%),z) 3)
P = (m tan™! (%)z) C))

using the Cartesian coordinates of Fig. 1. The notation r;, is now used
to represent the position vector of the ith point on the holography
array (which has N, points), and r,,, represents the position vector of
the ith of N, points on the reconstruction array.

The total EWM is now created by evaluating all the basis functions
at each measurement point and each reconstruction point. They are
combined into the matrices

Y (r}zl) Y, (r}lNh)

A= lI"k:M (71111) ‘"Pk,M (r;,Nh) )
Y ("%,1) Y, ("%N,,)
Y (ril) Ye (r%,}vh)

and

Wi, (1) ¥y, (ro,)

Yo Y. (r('ﬂ) T (r;Nq) ©
Yy, ("1211) 7 (rqu)
Wi, (rg) Wiy (rn,)

where the number of rows in A is equal to the number of wave
functions used in the model (twice the M discrete k, values), and the
number of rows is equal to the N;, measurement points on the holo-
gram. The a martrix has the same number of rows as A, but with
columns equal to the N, number of points in the array where the field
is to be reconstructed.

At this point, the M-SONAH process is the same as SONAH [33],
where the column vector of pressures at all the reconstruction loca-
tions p,, is given in terms of the column vector of pressures at each
point of the hologram p,, as

Py = PiRyn Ala (7

where the superscript T is the transpose, the superscript H is the
Hermitian transpose, and R 4u , is the regularized inverse of AHA.
Regularization was performed using a modified Tikhonov filter with
the generalized cross-validation procedure for the selection of the
regularization parameter as outlined in Ref. [37]. The reconstructed
pressures for each partial field are then energetically summed to
obtain the final answer for each frequency. All levels shown in this
paper for specific frequencies are scaled as if these frequencies were
extracted from an autospectrum with units of PaZ.

IV. Results and Discussion

This section shows the reconstructed field in the area surrounding
the aircraft. In Sec. IV.A, the field is reconstructed along the holog-
raphy array to verify the spatial and frequency regions where reliable
reconstructions are obtained. Section IV.B contains reconstructions
to the two-dimensional plane along the ground surrounding the air-
craft as well as comparisons of reconstructions to the measured field
along the 38 m arc. Section IV.C has the reconstructions that were
made along the nozzle lipline of the jet to give insight into acoustic
source characteristics of the jet plume. Section IV.D.1 shows recon-
structions made to the field in the region to the side of the aircraft to
characterize BBSAN directivity and source location. In Sec. [V.D.2,
the region of maximum radiation in the aft direction is examined and
the field sound level maps are used to characterize the behavior of the
multiple spatiospectral lobes across frequency and engine power.
Finally, Sec. IV.E compares these results to previous studies of
similar military aircraft as well as a numerical simulation of a heated
laboratory-scale jet.

A. Reconstructions at the Hologram

To verify the frequency range in which the aperture and interele-
ment spacing of the array are sufficient, field reconstructions are
made at the input array and compared to the measured data. The
differences between the reconstructed and measured fields are dis-
played in Fig. 5 for two engine conditions: an intermediate condition
(75% ETR) and the maximum afterburning condition (150% ETR).
The largest errors in the reconstruction occur at low frequencies,
where the method overestimates the field level, and at high frequen-
cies (above 400 Hz), where the levels are underestimated. The low-
frequency errors are attributed to the array not being large enough to
fully capture all the pertinent energy in the field. The high-frequency
underestimations are due to spatial aliasing, where the trace wave-
length of the noise along the array is smaller than twice the interele-
ment spacing in the array. The spatial aliasing at frequencies above
400 Hz causes a reallocation of energy to a nonphysical lobe that
starts far downstream and propagates upstream. This reallocation of
energy is manifest as an immediate drop in level at about 400 Hz for
z > 10 m. The upstream region (z < 10 m, where BBSAN is dom-
inant) maintains a smaller error for frequencies above 400 Hz until the
aliased lobe causes an overestimation of the levels there (particularly
at 75% ETR). Based on these limitations, investigations into the
directivity of the aft radiation lobes are only conducted for frequen-
cies less than 400 Hz.

B. Field Reconstructions

The benefit of the holography process is its ability to reconstruct
the field at arbitrary locations, which gives a physics-based extrapo-
lation of the field to a myriad of points that would be impractical to
measure. Figure 6 shows reconstructions of the field to points in the
ground plane (y = 0) for two representative frequencies and engine
conditions. The top row corresponds to 162 Hz and the bottom row to
354 Hz. The columns represent two engine conditions: on the left, an
intermediate condition (75% ETR) and on the right, the maximum
afterburning condition (150% ETR). The color contour maps show
the reconstructed sound pressure level (SPL) at each point, the white
line is the holography array location, and the gray outline is the
aircraft position. In general, the reconstructions show field trends
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Fig. 5 Error of the M-SONAH reconstruction along the input holography array as a function of frequency for two engine conditions, 75% and 150 %

ETR.

075% ETR

40

30F

X, m

162 Hz

354 Hz

100 110

150% ETR

z,m

120 130

SPL, dB re 20 uPa

Fig. 6 Reconstructions along the y = 0 plane at two frequencies and engine conditions.

expected for jet noise, with the maximum radiation beaming at a large
aft angle. However, the most apparent features at these frequencies
are the multiple radiation lobes. At 75% ETR and 162 Hz, two lobes
are present with distinct directivities and apparent source locations; at
the same frequency but 150% ETR, the lobes rotate to a more forward
directivity, have a higher level, and overlap more. The same trend
(although less clear) can be seen at 354 Hz.

To be able to characterize the directivity of the multiple lobes
across frequency and engine power, it is important to understand the
spatial limitation of accurate field reconstructions. Although not
shown in Fig. 1, the F-35 measurement contained a number of arrays
in the field, including arcs with radii of 19, 29, 38, and 76 m as well as
additional line arrays in front of and just behind the holography array.
A previous study [38] compared M-SONAH reconstructions to the
measurements at these arrays and found errors were less than 2 dB
between § = 50 and 150 deg. Further investigation of the artifacts of
the M-SONAH procedure was done using a numerical simulation. A
numerical source was created along the jet centerline, the M-SONAH
procedure was applied to an input hologram (same spatial location as
the F-35 measurements), and field reconstructions of the numerical

source were compared to the numerical field. The 2 dB error contours
of this numerical case are used in conjunction with the error of the
M-SONAH reconstructions to all the measurements in the region to
determine a conservative estimate of a region of good fit for the
frequencies of interest in this paper. The boundary of the good-fit
region is represented by the dashed green lines in Fig. 6. A line is
drawn from the edges of the holography array outward to select
microphone positions at the 19, 38, and 76 m arcs. Upstream of the
main radiation lobe, the boundary points are chosen as § = 50 deg
for the 19, 38, and 76 m arcs and, downstream of the main radiation
lobe, 6 = 140 deg for the 38 m arc and @ = 130 deg for the 76 m
arc. These lines are continued from the edges of the holography array
inward to the nozzle lipline to the spatial region that contains the top
6 dB of reconstructed levels at each frequency (discussed further in
Sec. IV.C).

The accuracy of the outward reconstructions is confirmed by
comparing reconstructions to measured spectra along the 38 m arc.
Figure 7 shows five spectra measured at 110, 120, 130, 140, and
150 deg at two engine conditions, along with the M-SONAH recon-
structions at the corresponding measurement locations (dotted lines).
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Fig. 7 Select spectra along the 38 m arc at five polar angles and two engine conditions. Dotted lines are M-SONAH reconstructions.

The spectra are limited between 30 and 400 Hz and normalized to the
peak of the spatiospectral domain (similar to Fig. 3). Although the
measurement was taken at 5 ft off the ground, the multipeaked spectra
observed at all engine conditions are not attributed to ground reflec-
tion interference nulls. Because of the large distance of the array from
the jet, the lowest frequency where ground reflection nulls for even an
infinitely long cylindrical source at the jet centerline is calculated to
be above 400 Hz. Reconstructions follow the measured spectra
closely except for frequencies below 150 Hz at the 150 deg location,
where the reconstructions underestimate the levels, likely due to the
limitations in the aperture extension procedure.

To provide a more complete view of the aft radiation, holographic
reconstructions to adense grid along the 38 m arc are shown in Fig. §
in the same format as Fig. 3, with the exception that the horizontal
axis is now the jet inlet angle 6. The M-SONAH reconstructions
appear to interpolate between the measured spectra in Fig. 7 and
show up to three clearly defined spatiospectral lobes in this fre-
quency range.

025% L =99 dB
peak

050% L =115dB
pea!

C. Source Reconstructions

M-SONAH reconstructions at the nozzle lipline for the F-35B
(along the line at x = 0.5 m, y = 2.0 m) can provide insight into
source characteristics. Spatiospectral reconstructions to the nozzle
lipline are displayed in Fig. 9, which is in the same format as Fig. 3.
Each pane represents the reconstructions between 30 and 700 Hz at
each point along the lipline. The green contour lines represent the
spatial region where the levels are within 6 dB of the maxima at that
frequency. For a given engine condition, the peak region of the source
contracts in size and shifts upstream with frequency, which is well-
documented for subsonic [39] and supersonic [40,41] jet noise at
laboratory scales. However, like previous studies of tactical aircraft
[6,14], there are some deviations in the source distributions. At 25%
ETR between 200 and 400 Hz, there seem to be two spatially
separated local maxima. The upstream maximum is possibly an
attempt by the algorithm to reconstruct the engine noise, while the
other is the reconstruction of the aeroacoustic noise, with lower
frequencies dominated by aeroacoustic noise and higher frequencies
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Fig. 8 Reconstructed spatiospectral maps along the 38 m arc in the same format as Fig. 3.
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Fig. 9 Spatiospectral maps of M-SONAH reconstructions along the nozzle lipline.

dominated by engine noise. Spatiospectral lobes are seen at 50% ETR
and above that follow similar patterns as in Fig. 3. At 50 and 75%
ETR though, instead of discrete lobes as seen in Fig. 3, it appears as
more of a continuous L-shaped region. At 130 and 150% ETR,
however, the spatiospectral levels in Fig. 9 start to mimic the mea-
sured data at the input array and split into separate lobes similar to
those in Fig. 3.

As previously mentioned, spatial aliasing starts to appear in the
field reconstructions at 400 Hz. Even though an aliased lobe does not
appear at the lipline until above 500 Hz, at 50, 75, and 100% ETR,
there is an enlargement of the marked 6 dB down region between 400
and 500 Hz. The enlargement is probably due to the spatial aliasing,
as it does not follow trends measured from similar full-scale military
aircraft [6].

D. Multiple Lobe Tracing

The multiple radiation lobes can now be tracked across space
because of the holographic projection of the field between measure-
ment arrays. First, the field was reconstructed to a dense polar grid
(with the MARP as the origin) along the ground plane in the vicinity
of the aircraft. This projection onto the ground plane provides an
approximation of the lobes that would be found in a free-field
analysis (lobe tracing at the jet centerline height with no ground
interference effects). Examples of these field reconstructions are seen
in Fig. 6. To capture trends of the multiple spatiospectral lobes across
frequency and engine power, lines were fit in the z—x plane to each of
the spatial lobes at each frequency, similar to laboratory-scale work
where the field could be measured directly [42]. To trace the lobes,
points of local maxima were selected along each radius of the dense
polar grid programmatically. Several local maxima were seen at each
arc due to the multiple radiation lobes in the aft direction, the BBSAN
noise lobe in the forward direction, and noise in the reconstruction. To
identify which points correspond to spatiospectral lobes, these points
were then overlaid over plots of the complete field reconstructions
such as in Fig. 6 to see them in context. Each plot for every frequency
and engine power combination was then viewed to manually select
which points were representative of each directivity lobe in the field.
Lines in the z—x plane were then least-squares fit to each group of
selected points to create a line to represent each directivity lobe. This
resulted in a set of lines that represent specific directivity lobes at
individual frequencies.

The lines with a positive slope (representing a spatial lobe with aft
directivity) for each frequency were then associated with each of the
spatiospectral lobes as numbered in Fig. 3. This association was done

by calculating the intersection point of each line with the holography
array and superimposing those points on Fig. 3. Each point (repre-
senting a traced line at a single frequency) was then manually
assigned to one of the numbered spatiospectral lobes. This process
contains some ambiguity in that sometimes more than one spatial
local maximum at a single frequency appears to be a part of a single
spatiospectral lobe as numbered in this paper. This suggests that the
spatiospectral lobes as numbered in Fig. 3 are in fact not capturing all
the physical phenomena present. However, for the purposes of this
paper, these smaller fluctuations are ignored. Further analyses to
quantitatively isolate finer patterns than the several lobes discussed
in this paper (such as coherence analyses [32]) are ongoing.

The slope and z intercept of each line now give information about
the directivity and apparent source location of each spatiospectral
lobe and can be tracked as a function of frequency and engine power.
This procedure for tracking the spatiospectral lobes is used in
Secs. IV.D.1 and IV.D.2 to discuss the trends of the BBSAN lobe
in the upstream direction and the multiple radiation lobes in the aft
direction.

1. BBSAN Trends

BBSAN has been explored in much more detail in the jet noise
literature than the spatiospectral lobes radiating in the aft direction.
The characteristic spatiospectral signature can be seen along the
holography array (Fig. 3) for 75, 100, 130, and 150% ETR between
400 and 700 Hz at z < 7 m. M-SONAH reconstructions of the field
show BBSAN as a lobe radiating upstream. Figure 10 shows M-
SONAH reconstructions along the ground plane at two representative
frequencies from 75 to 150% ETR. At 450 Hz, there is little evidence
of BBSAN at 75% ETR, but it quickly strengthens as engine con-
dition increases. At 549 Hz, BBSAN is apparent at 75% ETR and
increases in strength up to 150% ETR. The lines fitted to the BBSAN
lobes are superimposed on Fig. 10 in dark blue.

The reconstructions at frequencies above 400 Hz (as shown in
Fig. 10) are considerably noisier than the low-frequency reconstruc-
tions seen in Fig. 6. This noise arises during the regularization step in
the inversion of A" A, which becomes more difficult as frequency
increases (particularly above the Nyquist frequency when aliasing is
present). A more stringent choice of regularization parameter signifi-
cantly smooths out the field but also causes the level to be severely
underestimated. The parameter used here was chosen to favor accu-
racy in level.

To track the BBSAN lobe characteristics across frequency and
engine condition, Fig. 11 shows the directivity angle and z intercept
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Fig. 10 Reconstructions along the ground plane of the region toward the side of the aircraft where BBSAN is apparent.

of lines fitted to the BBSAN lobe for several engine conditions. Little
variation across engine condition is seen, except for the z intercept at
75% ETR. The BBSAN at this engine power is low in level and
appears at the edge of the holography array, as seen in Figs. 3 and 10.
The low prominence of the BBSAN lobe and incomplete coverage by
the array likely causes the fitted line to be less accurate than at higher
engine powers, where the BBSAN lobe is fully captured. For all
engine conditions, however, the placement of the origin of BBSAN in
Fig. 11 is within the 6 dB down region seen in Fig. 9. The directivity
angle of BBSAN noise increases with frequency across all engine
conditions, which is consistent with laboratory-scale overexpanded
jets [43], as well as conclusions for this aircraft by Neilsen et al. [16].

2. Mixing-Noise Trends

The trends of the aft spatiospectral lobes across frequency and
engine condition are summarized by Figs. 12 and 13. Figure 12 shows
M-SONAH reconstructions in the same format as Fig. 6 butincluding
more engine conditions, frequencies, and the lines that were traced
through the multiple spatiospectral lobes. These lines are color coded
to correspond with the spatiospectral lobe numbers from Fig. 3: Lobe
1 is blue, lobe 2 is green, and lobe 3 is orange. At a fixed engine
condition, when frequency is increased, the lobes swing aft until they
leave the aperture of the array. While that happens, new lobe(s)
appear upstream and then swing aft as well. When each new lobe
appears, it starts at a low amplitude, grows to a peak in the maximum
radiation direction of the overall field, and then decays as it continues
to swing aft and out of the aperture of the array.
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Fig.11 Directivity and z intercept of the line traced through the BBSAN
lobe for four engine conditions.

For a given frequency, lobes increase in level for higher engine
conditions and their directivity angle decreases, consistent with an
increasing convective Mach number of the jet. Additionally, which-
ever lobe originates closest to the nozzle increases in level more than
the others do, thus increasing its relative contribution to the overall
field. As with the discussion of Figs. 2 and 3, it appears that the
increasing contribution of the forward-most lobe is the driving factor
in the change of overall directivity as engine condition increases,
especially in the transition from 50 to 75% ETR.

As was done for the BBSAN lobe, lines were fit to each lobe that
define them by two parameters: the slope and the z intercept. The
slope of the line can be expressed in terms of the jet inlet angle, giving
a measure of directivity for that lobe. The z intercept of the line gives
an approximation to the acoustic source region corresponding to that
lobe. The directivities and z intercepts in Fig. 13 came from lines that
were fitted to every spatial lobe between 60 and 400 Hz. At 60 Hz,
lobe 1 (blue) begins with an aft directivity and downstream source
location. As frequency increases, the directivity and z intercept tend
to increase, although there appears to be some clustering of the points,
suggesting that lobe 1, as identified in Fig. 3, is probably a super-
position of two lobes that are not entirely separable when looking at
level alone. Coherence analyses in Ref. [32] corroborate this con-
clusion. Lobe 2 (green) has a source region between 5 and 10 m
downstream that does not change drastically with frequency but
consistently shifts downstream with increasing engine condition.
The directivity angle increases with increase in frequency, with as
much as a 15 deg increase for 50 and 75% ETR from 150 to 400 Hz.
At 130 and 150% ETR, the change in directivity across frequency is
less. Lobe 3 (orange) first appears at a higher frequency than the other
two lobes and has similar trends as lobe 2. Lobes 2 and 3 share similar
z intercepts as the BBSAN lobe seen in Fig. 11. As engine power
increases, the z intercepts for all lobes are shifted farther downstream,
and the directivities shift toward the sideline. In most cases, the lines
representing the several lobes stay in the same ordering relative to
each other; lobe 1 remains the farthest downstream, with lobe 3 being
the farthest upstream.

E. Comparison with Other Studies

The spatiospectral lobe trends discussed in this work have been
partially observed by several studies in recent years. Harker et al. [44]
showed one-third octave band spectra for pressures measured by a
ground-based linear array parallel to the jet centerline of a tied-down
high-performance military aircraft with a rectangular nozzle. Figure 2
of that paper displays the OASPL and spectra as a function of distance
downstream from the nozzle, similar to Figs. 2 and 3 of this paper. At
least two spatiospectral lobes are apparent at the afterburning engine
condition, with the first centered at about 100 Hz and 17 m down-
stream of the nozzle and the second centered at 250 Hz and about
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Fig. 12 M-SONAH reconstructions along the y = 0 plane for several frequencies and engine conditions.

10 m. Acoustic intensity vectors measured in the vicinity of that same
aircraft are reported by Stout et al. [45,46]. A video attached to
Ref. [45] shows a vector intensity map that changes as a function
of frequency. At low frequency, the intensity vectors show a large aft
directivity with apparent source region far downstream. As frequency
increases, the vectors measured nearer to the nozzle grow in level
relative to the far aft intensity vectors, while all vectors slightly rotate
aft. This pattern is again recorded in Fig. 12 of Ref. [46], in which the
angular span of the top 3 dB of intensity vectors is plotted as a
function of frequency. The top 3 dB region of the radiation points
far aft at low frequency, and then, as frequency increases, the angles
jump upstream, shift downstream, then jump upstream again. This
general pattern is the same as is observed in the columns of Fig. 12 in
the current work; as frequency increases, new lobes appear upstream
and grow in strength as the farther aft lobes decay and shift out of the
measurement aperture.

A recent measurement of the T-7A trainer aircraft [21] with an
expansive near-field array identified spatiospectral lobes in military,
afterburner, and two intermediate conditions with qualitatively sim-
ilar patterns across frequency and engine power as those discussed
here. Similarity in the spatiospectral domains of the F-35, the T-7A,
and the aircraft measured by Wall et al. [18] suggests that, with some
frequency or velocity scaling, they could potentially collapse into
self-similar behavior. For most military aircraft, however, flow

parameters are not disclosed, thus rendering this type of analysis
difficult.

Another look at the multiple lobes in the one-third octave band
spectra of the same aircraft in Refs. [14,18,23,44] was performed by
Tam and Parrish [22], who attempted to fit large-scale turbulent
structure similarity spectra to the spectra published in Ref. [23].
Tam and Parrish [22] identified two new noise components associ-
ated to regions in the measured spectra that did not fit the ad hoc
similarity spectrum they derived specifically for that study. For the
first, this similarity spectrum was fit to the lower of the two peaks in
the measured spectrum at an inlet angle of 115 deg, and the higher
frequency component was deemed to be a new noise source (see
Fig. 22 of Ref. [22]). For the second new noise source, the similarity
spectrum was fit to the higher frequency peak at an inlet angle of
150 deg, and the extra low-frequency content is called a new source
(see Fig. 29). These two new noise sources were then identified as fast
wave indirect combustion noise and slow wave indirect combustion
noise. If that aircraft under investigation has a similar spatiospectral
structure as the F-35B, then it would appear that the authors are
attempting to fit the similarity spectrum to lobe 2 and are calling lobe
3 fast wave indirect combustion noise and lobe 1 slow wave indirect
combustion noise. Because of the high-resolution measurements
provided by the current study, it is clearly seen that lobes exist across
multiple engine conditions, regardless of the presence of afterburner.
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reconstructions.

In previous laboratory-scale investigations of jets exhausting over
rigid surfaces [47-52], an additional peak in the spectrum was
observed below the peak frequency of the jet noise and was attributed
to the interaction of the jet with the surface. For cases in which the
surface was smaller than the extent of the plume, the noise source was
found to be the scattering of the jet off the edge of the surface. In cases
in which the surfaces were larger than the extent of the plume and
were meant to represent a rigid ground, low-frequency amplification
is observed in the far aft beyond inlet angles of 150 deg [47,48]. Itis
noted that lobe 1 as labelled in the current work is situated below the
peak frequency of the jet noise from this aircraft and is found in this
far aft region. It is therefore possible that jet-ground interactions
could be a contributing effect. For example, there are a few cases in
Fig. 13 in which the directivity and source location of lobe 1 do not
follow the same trends as the other lobes (particularly apparent at
50% ETR). It may be that, at these low frequencies, jet noise and
jet—ground interaction noise are superimposed, thus corrupting the
field reconstructions. Further work is needed to understand the effect
of the ground on the low-frequency component of military aircraft
jet noise.

In an attempt to shed light on the origin of multiple radiation lobes,
Liu et al. [26] used the JENRE® large-eddy simulation (LES) solver
developed at the U.S. Naval Research Laboratory to simulate a
supersonic jet at a temperature of 2100 K (total temperature ratio of
7), which is comparable to operating conditions of high-performance
jet engine exhaust at afterburner. Figure 21a of Ref. [26] shows a far-
field spatiospectral plot, which is described as being separated into
three regions: the first upstream region being dominated by BBSAN,
the second region that is the region of maximum radiation, and a third,
further aft region that is dominated by a lower frequency component.
These three regions appear similar to those seen in Fig. 3 of this paper
at afterburning engine powers, where the z < 7 m region is domi-
nated by BBSAN, 7 m < z < 15 m is dominated by lobes 2-5, and
z > 15 m downstream is dominated by the low-frequency lobe 1.
Leeteetal. [29] investigated the coherence of the LES-generated field
of Ref. [26] and found that the BBSAN component originated from
the potential core region where shock cells are present, the region of
maximum radiation originated from the supersonic portion of the jet,
and the far aft radiation originated from an extended region around
the end of the supersonic core. The source localizations of the
BBSAN in Fig. 11 and the lobes in the afterburner cases in Fig. 13

agree qualitatively with the pattern found in the LES data set, with
BBSAN originating in feasible locations for shock cells and lobe 1
appearing farther downstream than lobes 2 and 3.

An important distinction between the LES of the highly heated
laboratory-scale jet [26] and F-35 data seen in the present work is that
the LES does not contain multiple spectral peaks, simply a smooth
transition from spectra with a high-frequency peak toward the side-
line to a low-frequency peak in the far aft. The only time any discrete
spatiospectral content is seen in the LES is when the coherence with
the field is calculated to a reference point along the nozzle lipline
where shock cells are present (see Fig. 7 of Ref. [29]). The coherence
of the field appears to split into spatiospectral lobe-type patterns,
suggesting that shock cells contribute to the presence of distinct
lobes. However, without more knowledge of the plume character-
istics of the F-35, more specific comparisons cannot be made.

V. Conclusions

The sound field in the vicinity of a tied-down F-35B aircraft is
examined for engine powers ranging from 25 to 150% ETR. The
OASPL across a linear ground array approximately parallel to the
shear layer show that as engine power increases, the directivity of
the field in the main radiation direction shifts toward the sideline.
Spatiospectral maps along the array show that trends in the jet noise
field can be described as a superposition of multiple spatiospectral
lobes, and the trends in overall level with engine power are explained
by the number of lobes present and their distribution of amplitudes.

M-SONAH reconstructions of the field in the vicinity of the air-
craft allow for a detailed look at the evolution of each spatiospectral
lobe across frequency and engine power. At a single engine condition
with increasing frequency, the lobes swing farther aft until they pass
beyond the downstream extent of the array. While that happens, new
lobe(s) appear upstream and then swing aft as well. As engine power
increases for a fixed frequency, all lobes increase in level, and their
directivity shifts slightly toward the sideline. Additionally, whichever
lobe is the farthest upstream increases in level more than the other
lobes present at that frequency, which seems to be the largest con-
tributor to the overall directivity shifting forward.

The extra detail provided by this measurement of the F-35B along
with the M-SONAH reconstructions of the field sheds light on
previous measurements of similar high-performance military aircraft.
These and prior data show that looking at the main radiation region
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from high-performance military jet aircraft as a single phenomenon is
insufficient. The paradigm needs to shift to thinking of the main
radiation lobe as a superposition of multiple, overlapping lobes, the
trends of which across frequency and engine power dictate the trends
of the overall field. The source mechanisms involved in producing the
multiple radiation lobes are still unknown, although their presence at
low engine powers suggests they are not combustion related. Also
unknown is why these phenomena appear to be more prominent in the
current measurement of the F-35B than measurements of other air-
craft, laboratory-scale jets, and numerical simulations. Answering
these questions is necessary to have a complete understanding of
aeroacoustic noise from full-scale high-performance jet aircraft.
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