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Array-based visualization techniques have been used for several decades to explore jet-
noise properties such as source strength, size, and distribution. However, near-field
acoustical holography (NAH) has only recently been utilized to study jet noise, and
experiments are typically performed on laboratory jets in controlled environments. In this
work, NAH was applied to measurements of a full-scale, installed jet engine. This paper
outlines three different NAH methods applied to the data and addresses practical problems
faced when NAH is performed on a full-scale jet. Holographic reconstruction of the jet-noise
field at low frequencies shows phenomena consistent with radiation from large-scale
turbulence structures. A comparison of reconstructed levels using both planar and
cylindrical NAH methods suggests that cylindrical NAH outperforms planar NAH for jet
noise sources.

I. Introduction

EAR-FIELD acoustical holography (NAH) is a useful tool for characterizing both the near sound field and the
sources of jet noise.”™ In any of the various forms of NAH, the measured sound field, or “hologram,” is
represented as a superposition of wavefunctions radiated from simple sources, be they planar, cylindrical, or
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Figure 1 Schematic of the measurement locations relative to the aircraft. Projections onto
the x-z plane of the surface measurements plane 1, plane 2, and the arc are designated by
black lines. The arc has a radius of 22.9 m, and it is centered on the estimated source region
(marked by a green “x”). The locations of the field array, the composite of which make up
the measurement surfaces, are marked by red triangles. In this paper, plane 2 was used as
the hologram measurement for planar implementations of NAH. The linear ground-based
microphone array at 11.7 m from the jet centerline, marked by blue dots, served both as a
reference signal array for the planar measurement and as a hologram measurement for
cylindrical NAH.

spherical waves.” Knowledge of these wavefunctions in one location allows for the extrapolation of the sound field
to any other location in a source-free medium. Thus, each wavefunction is individually propagated to a desired
reconstruction location, and the superposition of these waves provides an estimate of the total reconstructed sound
field at that location. NAH provides any acoustic quantity—pressure, particle velocity, or intensity—in a three-
dimensional region near a two-dimensional holographic measurement. It has been used to explore the near sound
field and to produce equivalent source models of high-power jet noise.*®’

It is commonly accepted that jet noise sources consist of two distinct components: large-scale turbulent
structures and small-scale turbulence.® The radiation from the large-scale structures dominates the sound field,
particularly in the aft direction. This radiation is directional and can be compared to Mach-wave radiation, or
radiation from a wavy-wall-like structure that is convecting downstream with supersonic velocity components.
Characteristic frequencies radiated by large-scale structures tend to be lower in frequency than the characteristic
frequencies of the small-scale turbulence.'® Phenomena of high-power jet-noise radiation at low frequencies, which
are consistent with established properties of large-scale turbulence structures, are the focus of this paper.

NAH measurements were made on the jet produced by a single engine of the F-22A Raptor. A scan-based two-
dimensional hologram in the geometric near field of the jet was measured using a small, dense, mobile array of
microphones. A second, one-dimensional, ground-based array of microphones was also used. This paper presents
the methodology and sound-field reconstructions obtained from the implementation of three different NAH methods
on the jet. Data from both microphone arrays are used in the various NAH methods.

This paper is organized as follows. Section Il provides a summary of the NAH experiment performed on the jet.
A detailed outline of the methodology implemented in the sound-field reconstruction process is given in Section IlI.
This includes a description of, and solutions for, the problems encountered in applying NAH to a full-scale jet.
Section IV contains reconstruction results obtained from the three NAH methods. The effectiveness of each method
in the jet-noise field is compared, and phenomena of large-scale turbulent structures are identified. Conclusions are
given in Section V.

1. Experiment Summary
Although only a brief review of measurement procedures is given here, comprehensive descriptions may be
found in Refs. 11 and 12. The aircraft used was a Lockheed Martin/Boeing F-22A Raptor, a fifth-generation military
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fighter jet designed for air dominance and precision ground attack. The Raptor has two Pratt & Whitney F119-PW-
100 turbofan engines that are each in the 160 kN (35,000 Ibf) thrust class. The engines have two-dimensional
convergent-divergent nozzles capable of +20° thrust vectoring. All measurements were made with the aircraft tied
down to a run-up pad, while the engine closest to the measurement arrays (see Fig. 1) was cycled through four
power conditions: idle, intermediate, military, and full afterburner, while the other engine was held at idle.

The field array used in this experiment allowed for a series of dense, large-aperture, two-dimensional
measurements of the sound field."* It was comprised of 90 6.35-mm (0.25-in) GRAS 40BE prepolarized
microphones, arranged in 5 rows and 18 columns with 0.15-m (6.0-in) equal spacing. The field array was mounted
to an extruded aluminum guide rail to allow for easy and precise placement. It measured the geometric near field of
the jet in a series of “scans.” The x-z locations of the field-array scans are designated by red triangles in Fig. 1. (The
y-axis is in the vertical direction, measured from the ground up.) Subsets of scans were patched together in both the
horizontal and vertical directions to make the two-dimensional measurement planes 1 and 2, which are marked by
black lines. In addition, an arc-shaped surface was measured in the transition region from the near to the far field.
The arc was centered at a point 5.5 m downstream of the nozzle (marked by a green “X”), and had a radius of
22.9 m. The angles shown are referenced to the front of the aircraft.

A second array of 50 microphones, called the reference array, was placed along the ground 11.7 m from the jet
centerline with 0.61 m spacing. The location of this array was fixed throughout the measurement, and these
microphones recorded sound pressures simultaneously with the roving field array. Their locations are marked by
blue dots in Fig. 1. The reference array served two purposes: (1) to allow for the generation of coherent field
measurements from temporally distinct scans,*** and (2) as an additional, simultaneous hologram measurement for
the implementation of cylindrical NAH. Several variants of GRAS Type | microphones, ranging from 3.18 mm to
6.35 mm in diameter, were used in the reference array.

I11. Holography Methods

Since the development of NAH by Williams and Maynard** in 1980, several augmentations and adaptations of
NAH have emerged. These include, but are not limited to, NAH for sources of various geometries,>** improved
filtering in the inverse problem,® source reconstruction using a limited measurement aperture*”*® or reconstruction
of a limited portion of the source,”®° and measurement of multiple independent sources in a scan-based
approach.>**?' Many of these elements of NAH processing have been used in the subsequent analyses.

The purpose of this section is not to give a comprehensive overview of NAH methods. Rather, it is designed to
illuminate key aspects of NAH methods that have been used to study jet noise in this experiment. Subsections IH1A
and B address some important preprocessing techniques to prepare the measured data for holographic projection.
Subsection I11C covers the basics of the several NAH methods implemented on the data.

A. Partial Field Decomposition

The scan-based near-field measurement was performed using the field array discussed in Sec. Il. Each scan
provided a dense measurement over a small patch of the jet near field. The field array scanned multiple locations to
afford a large measurement aperture. This resulted in a set of temporally distinct scans with no fixed magnitude and
phase relationships, i.e., the individual scans were incoherent. However, NAH processing requires a coherent
hologram. Therefore, multireference partial field decomposition (PFD) was employed to tie together the incoherent
scans of plane 2.

With the use of the reference array, the PFD method called virtual coherence was implemented on the scan-
based data,**? resulting in a set of mutually incoherent partial fields. Each partial field is a self-coherent hologram,
yet independent from all other partial fields. The partial fields calculated with the virtual coherence method are
ordered according to their relative strengths. Thus, the first partial fields correspond to the most prominent noise
sources. Theoretically, the first partial fields are coherent with radiated jet noise sources, and the remaining partial
fields correspond to measurement noise. A method for determining the number of source-related fields is given in
Refs. 1 and 13. Although a quantitative treatment of the number of partial fields related to jet-noise sources is not
given in this paper, it is insightful to see the decomposed fields and compare their relative strengths. (Some
quantitative analyses of the appropriate number of partial fields for this experiment are provided in Ref. 4.

Figure 2 shows the PFD of the hologram measurement at plane 2 and 105 Hz for the engine operating at military
conditions. All data locations are projected onto the y-z plane. The measured sound pressure levels (SPLs) are shown
in Fig. 2a, and the SPLs of the first four partial fields are shown in Fig. 2b. The color range of all plotted levels
spans exactly 30 decibels to facilitate comparison. The first partial field contains much higher levels than the second,
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Figure 2. Virtual-coherence processing for measurements made at military engine
conditions and for 105 Hz. All data locations are projected onto the y-z plane. a) The
measured SPLs at plane 2. b) The SPLs of the first four partial fields. ¢) The discontinuous
measured phase angles at plane 2. d) The phase angles of the first four partial fields.

and partial fields three and four have no levels less than 30 decibels below the maximum. Therefore, at 105 Hz and
for military engine conditions, most of the sound field energy is contained within the first two partial fields.

To demonstrate the ability of PFD to generate coherent partial fields from an incoherent measurement, the
phases corresponding to the magnitudes of the measured data are shown in Fig. 2c, and the phases of the first four
partial fields are shown in Fig. 2d. Note the sharp phase discontinuities between the individual measured scans,
which give Fig. 2c a “patchwork™ appearance. By comparison, these discontinuities are smoothed out into fixed-
phase relationships across most of the first two partial fields shown in Fig. 2d. The third and fourth partial fields still
have a patchwork appearance, i.e. no fixed-phase relationship is found. This suggests that these low-amplitude
regions of the partial fields are related to measurement noise, whereas the high-amplitude regions tend to be
coherent with actual source radiation.

The ordering of partial fields according to relative strengths makes PFD a useful tool for providing qualitative
information about the number of effective, independent subsources within an aeroacoustic source. For example, the
two high-amplitude partial fields of Fig. 2 suggest that the radiation from the jet at military conditions and at 105 Hz
can be represented by about two independent subsources.

The number of independent subsources in a jet depends on frequency. To show this, the PFD analysis performed
at 105 Hz was repeated for 210 Hz, and is shown in Fig. 3. Again, the measured levels and phase values are plotted
in Figs. 3a and c, respectively. The levels and phase values of the first four partial fields are plotted in Figs. 3b and
d, respectively. Note that significant energy and structure are contained in all four partial fields shown in Fig. 3b.
The physical locations of high-amplitude regions in Fig. 3b also correspond to regions of coherent phase
relationships in Fig. 3d. This suggests the existence of four or more independent subsources at 210 Hz. In fact,
although they are not all shown, the first seven partial fields contain levels within 30 decibels of the maximum level
of the first partial field. Additional analysis of higher frequencies has indicated rapid increase in the number of
independent subsources (or partial fields) required to represent the total measured sound field as frequency
increases.
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Figure 3. Virtual-coherence processing for measurements made at military engine
conditions and for 210 Hz. All data locations are projected onto the y-z plane. a) The
measured SPLs at plane 2. b) The SPLs of the first four partial fields. ¢) The discontinuous
measured phase angles at plane 2. d) The phase angles of the first four partial fields.

B. Aperture Extension

When a hologram measurement aperture does not sufficiently span the source large errors can occur due to edge
effects and wraparound.?® Such is the case for the hologram measurements made in this experiment. To mitigate this
problem, numerical procedures have been employed to extend the effective aperture of the data for each partial field.
Thus, a sufficiently large aperture is provided, which approximates the sound field in the extended region and has
pressure values that approach zero near the edges. The extension procedure is outlined in this subsection. The result
of an example aperture extension is shown in Fig. 4. It is the extended hologram for the first partial field, from the
105 Hz measurement, with the engine at military conditions.

The first step in the aperture extension procedure is to “mirror” the data over the reflecting plane at the ground.
This makes use of the fact that measurements were made over the concrete run-up pad, which can be considered a
perfect reflector at frequencies of interest. The partial field data are outlined by the black rectangle in Fig. 4. The
reflected data are outlined by the dashed rectangle. The method of images ensures that this is equivalent to a
measurement of the jet source and an image source in free-field conditions.** After the data are mirrored, pressures
in the spatial gap between the two surfaces are interpolated.

The next step is to perform numerical data-extrapolation. Several extrapolation procedures exist.*** The
accuracy of each method in approximating data outside the aperture depends on the nature of the measured data.?
Analytic continuation has been shown to be a stable method," and it was used in this study. The analytically
continued data for the partial field are shown Figure 4. Note that the SPLs transition smoothly from the values at the
edge of the measured/mirrored aperture toward values near zero at the edge of the extrapolated aperture.

C. Implementations of NAH
Three NAH methods were applied to the jet noise measurement: traditional holography based on a planar, spatial
discrete Fourier transform of the complex pressures in the hologram (planar DFT-based NAH); planar, statistically

5
American Institute of Aeronautics and Astronautics



Downloaded by Kent Gee on March 30, 2022 | http://arc.aiaa.org | DOI: 10.2514/6.2012-2081

130

—
N
W

—
N
(=]

[
—
(%)}

110

Sound Pressure Level, dB re 20 pPa

105

100

X, M

z, M

Figure 4. Illustration of the numerical data-extension method performed on each of the
partial fields prior to NAH propagation. (The extended aperture of the first partial field, for
the measurement at 105 Hz, with the engine operating at military conditions is shown here.)
The measured data location is outlined by a solid black rectangle. (1) The data were
“mirrored” over the reflecting plane at the ground. Mirrored data are outlined by the
dashed rectangle. (2) Data between the measured and mirrored data were interpolated. (3)
Analytic continuation was implemented to extend the resulting data to the full aperture
shown here.

optimized near-field acoustical holography (SONAH); and cylindrical DFT-based NAH. The first two methods rely
on a representation of the sound field as a superposition of plane waves, and both make use of the data resulting
from the PFD and analytic continuation of pressures measured at plane 2. These two methods are the focus of this
analysis. A brief mention is made in this paper of the third NAH method, which uses the data from the linear
reference array as the hologram measurement, instead of the planar field measurements. It represents the sound field
as a superposition of cylindrical waves instead of plane waves. These three methods are explained here, and sound-
field reconstruction results from each are provided in Sec. V.

Planar DFT-based NAH, developed by Williams and Maynard,**?® is the first and most straightforward NAH
method used here. In this method, a planar DFT is applied in the two spatial dimensions of the hologram, which
transforms the complex pressures from the spatial dimension into wavenumber space.® This means that every
wavenumber component pair (i.e. each wavenumber has a component in two dimensions) corresponds to a unique
plane wave; the superposition of the set of plane waves makes up the total measured sound field. Modified Tikhonov
regularization is applied, in conjunction with the Morozov discrepancy principle, to filter out noise contained in
evanescent-wavenumber components.’® Without regularization, the propagation of this noise would cause the
reconstructed sound field to blow up towards the source. A propagator is then applied, which generates the
wavenumber-space representation of the sound field at another desired location. Finally, the inverse DFT is taken to
give the reconstructed sound field at that location. DFT-based NAH is computationally simple, and fast.

Hologram requirements for DFT-based NAH include a coherent measurement, an evenly-spaced grid with
spacing shorter than one half of the smallest acoustic wavelength of interest, and an aperture that spans beyond the
region of the source and tapers toward zero at the edges. The measurement setup and the use of the aperture
extension method described in Sec. 111B ensured that these requirements were satisfied.
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Figure 5. Sound pressure levels (SPLs) at 105 Hz (narrowband) reconstructed using planar
DFT-based NAH. The engine was operating at military engine conditions. The original
measurement is outlined in black.

The second method used was statistically-optimized near-field acoustical holography (SONAH).2’ SONAH is
one of several patch NAH methods that avoid the requirement to measure an area much larger than the source,
because they bypass the DFT procedure. The tradeoff for this advantage is a significantly longer computation time
and larger memory requirements. In SONAH, the sound field at a desired location near the hologram measurement
is calculated using a transfer matrix between the hologram and reconstruction locations. Although the aperture
requirements for SONAH are not as stringent as the requirements for DFT-based NAH, it was found that some
aperture extension was still required to produce optimal reconstruction results. Therefore, the PFD and the aperture
extension methods described previously, as well as modified Tikhonov regularization, were implemented prior to
SONAMH propagation. The planar version of SONAH was used in this experiment.

A third NAH method is currently being investigated as a viable jet-noise visualization tool for this experiment:
cylindrical NAH.?® A representation of the sound field by cylindrical waves can be performed using both DFT-based
NAH® and SONAH?" methods. In this work the data measured by the reference microphones, which ran parallel to
the jet centerline (see Fig. 1), served as the hologram measurement. Cylindrical DFT-based NAH was applied. Since
these data were measured simultaneously, the hologram was coherent. Therefore, no PFD was required. However, a
similar procedure, called spatial transformation of sound fields,?®? was used to allow for averaging and a smooth
hologram. Then, a one-dimensional aperture extension using analytic continuation was implemented to ensure the
data taper toward zero at the edges. As an approximation, azimuthal symmetry was assumed.*® Although the
azimuthal symmetry assumption is not a perfect representation of the geometrical locations of the jet source and its
reflected image source, cylindrical NAH provides very promising reconstruction results.

IVV. Holography Results

The three-dimensional sound fields reconstructed using the NAH methods described in Section 111 are presented
in this section. All results shown in this paper are for the aircraft operating at military engine conditions, and most
data shown are plotted on a color axis that spans 100 to 130 dB re 20 pPa. First, the planar DFT-based NAH results
at 105 Hz are shown in Fig. 5. Average SPLs measured at plane 2 are outlined by the black rectangle. All other SPL
values shown are reconstructed from these data after the implementation of planar DFT-based NAH. Most planes
shown are perpendicularly spaced approximately 1.5 m apart. The reconstruction plane closest to the jet lies
approximately along the boundary of the shear layer. Figure 5 clearly demonstrates the directionality of the jet noise
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Figure 6. Sound pressure levels (SPLs) at 105 Hz (harrowband) reconstructed using planar
SONAH. The engine was operating at military engine conditions. The original measurement
is outlined in black.

source at 105 Hz. The highest levels occur in a single lobe that radiates at a large polar angle relative to the front of
the aircraft.

Figure 6 shows the reconstructed SPLs obtained from the implementation of planar SONAH for the same
frequency (105 Hz) and in the same locations as those shown in Fig. 5. At 105 Hz the reconstructed SPLs using
SONAH are nearly identical to those obtained from a DFT-based NAH approach. Thus, provided that the general
requirements for NAH are met (i.e. dense grid spacing and a sufficiently large aperture), then both of the NAH
methods that represent the sound field as a superposition of plane waves (planar DFT-based NAH and planar
SONAMH) give similar reconstructions of jet noise.

To provide a quantitative comparison of the two reconstruction methods, SPLs reconstructed at the location of

—
]
h

120}

115}

110}
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Sound Pressure Level, dB re 20 uPa
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100— : : . : ; .
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Figure 7. Reconstructed levels at 105 Hz, along the middle row of the arc (a height of y = 1.9
m), at a radial distance of 22.9 m, with polar angles measured relative to the front of the
aircraft and the arc centered on a point 5.5 m downstream of the nozzle (see Fig.1). The
results of both planar DFT-based NAH and planar SOANH are shown, along with a
benchmark measurement.
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Figure 8. Sound pressure levels (SPLs) at 210 Hz (narrowband) reconstructed using planar
DFT-based NAH. The engine was operating at military engine conditions. The original
measurement is outlined in black.

the arc measurement using both planar DFT-based NAH and planar SONAH are shown in Fig. 7. The locations of
these reconstructed levels are at y = 1.9 m (corresponding the height of the jet centerline), and at all angles along the
arc. Both NAH methods in the high-amplitude region yield levels within 1-2 decibels from the benchmark. Any
plane-wave representation of the jet noise field yields a similar reconstruction, regardless of the NAH method used.

The planar DFT-based NAH reconstruction at 210 Hz is shown in Fig. 8. If these levels are compared to the
levels shown in Fig. 5, it can be seen that the sound field is significantly quieter at 210 Hz than at 105 Hz. This is
consistent with the relative spectral levels shown in Ref. 12, Fig. 10. In addition, note how the main lobe at 210 Hz
radiates in a direction that is farther forward than the lobe at 105 Hz. Thus, the directionality of the radiation from
large-scale turbulence structures moves towards shallower polar angles as frequency increases. This qualitatively
matches the trend shown by Tam® that the angle decreases with an increase in peak Strouhal number. It is also
consistent with directionality measurements of full-scale supersonic jets and model-scale jets (see Ref. 31 Fig. 6, and
Ref. 12 Fig. 11).

Figure 8 shows that at 210 Hz and at military engine conditions there exists a secondary radiation lobe. The
second lobe is characterized by a directionality with a much larger polar angle. Features of the double lobe are
somewhat visible in the SPLs shown in Fig. 3a, but they become much more apparent after implementation of NAH.
Figures 11 and 14 of Ref. 12 also demonstrate two distinct radiation components near 210 Hz, along the reference
array, for this data set. The sources of the multiple radiation components require further investigation.

The reconstructed SPLs at both 105 Hz and 210 Hz on the surfaces closest to the jet are shown in Fig. 9,
projected onto the y-z plane. The region that contains levels within 3 decibels of the maximum SPL for each
frequency is outlined with a black contour line. The maximum-source region of 105 Hz (shown in Fig. 9a) extends
from approximately 6 m to 12 m in z. However, the maximum-source region of 210 Hz spans from about 3 m to 7
m. This shows that the source region becomes more compact and moves towards the nozzle as frequency
increases.** These reconstructions support the decision to locate the center of the arc measurements downstream of
the nozzle (e.g. at z = 5.5 m as explained in Sec. 111),* although the center of the source region does vary with
frequency.

Note that the level distributions are not symmetric in the z direction for both frequencies shown in Fig. 9. There
is a rapid drop in level in the upstream direction, but there is a more gradual drop in the downstream direction. This
suggests that the estimated source distribution is asymmetric in a similar manner.®3
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Figure 9. Reconstructed SPLs at a vertical plane, along the approximate shear layer
boundary, using planar DFT-based NAH, for military power. a) 105 Hz and b) 210 Hz.

The two plane-wave NAH methods shown here likely underestimate the levels projected in toward the source.
This is a result of trying to represent a geometrically spreading radiation field with plane waves; it is theoretically
possible but not practical for the finite discrete measurements used in an NAH measurement, this far from the
source, where much of the evanescent radiation has likely decayed below the measurement noise floor.

The results of the cylindrical DFT-based NAH implemented on the sound pressures measured by the array of
reference microphones are shown in Fig. 10. Levels are plotted as a function of location, projected onto the x-z
plane. The location of the reference array and the approximate shear-layer boundary are also shown. The lobe shown
here is similar to the lobe shown in Fig. 5. However, the levels shown in Fig. 10 tend to grow more dramatically as
the shear layer is approached than the levels shown in Fig. 5. Values inside the shear layer region serve as an
equivalent source model only, since NAH projection does not account for realistic flow conditions.

To demonstrate further that the cylindrical NAH method results in a faster growth in level than the planar NAH
methods as the source is approached the SPLs obtained at the shear layer boundary were calculated using both
planar DFT-based NAH and cylindrical DFT-based NAH. These are shown in Fig. 11, projected onto the z-axis.
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Figure 10. Cylindrical DFT-based NAH reconstruction of the sound field at 105 Hz for
military power. Black dots mark the locations of the reference microphone array from which
the data for the hologram were taken. The approximate location of the shear layer is also
marked.
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Figure 11. SPLs at 105 Hz, for military power, reconstructed at the shear layer using
cylindrical DFT-based NAH and planar DFT-based NAH.

Both methods locate the maximum source region near z = 8, but there is a dramatic difference in the reconstructed
levels—approximately 4-6 decibels at all locations.

The maximum SPL at 105 Hz, measured at plane 2, is 127.8 dB re 20 pPa, and the maximum SPL in the planar-
NAH reconstruction at the shear layer is only 128.3 dB re 20 pPa, which demonstrates a 0.5 dB increase in level as
the source is approached. This is probably a result of the inability of a planar representation of waves to represent
accurately the geometrically spreading sound field of a localized source when important evanescent information is
not captured. (Due to instrumentation limitations, such was the case for this experiment.*?) The reconstructions
shown in Figs. 10 and 11 demonstrate how a cylindrical representation of the wave field accounts for geometric
spreading. Thus, cylindrical NAH methods are a promising alternative to planar NAH methods.

V. Conclusion

Sound-field reconstructions of the jet on a high-performance military aircraft were obtained from three near-field
acoustical holography methods. These reconstructions show clearly the presence of strong lobing at low frequencies,
which is consistent with the popular two-source model of jet noise. It was also shown that the polar angle direction
characterizing this lobe decreases with increasing frequency. In addition, the source region of the jet was shown to
move upstream and become more compact as frequency increases. At 210 Hz a secondary lobe that radiates at a
very large polar angle was evident in the reconstruction.

The three NAH methods implemented in this experiment were planar DFT-based NAH, planar SONAH, and
cylindrical DFT-based NAH. The two planar methods resulted in very similar sound-field reconstructions, so long as
measurement requirements for NAH were met (i.e. dense spacing with a sufficiently large aperture). However, the
planar NAH reconstructions do not reflect the properties of geometrical spreading that are expected for a jet-noise
source, which is somewhat localized, particularly for an inward propagation (toward the source). This geometrical
spreading is better represented when the third method, cylindrical NAH, is applied.
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