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ABSTRACT

Spatiospectral Features in Supersonic, Highly Heated Jet Noise

Kevin Matthew Leete
Department of Physics and Astronomy, BYU

Doctor of Philosophy

The sound produced by military aircraft is dominated by noise generated by the turbulent
mixing of the jetted exhaust with the ambient air. This jet noise has the potential to annoy the
community and pose a hearing loss risk for military personnel. The goal of this dissertation is
to characterize spatiospectral features in the field produced by full-scale military aircraft that are
not traditionally seen at the laboratory scale and identify potential noise mechanisms for these
features. Measurements of two military aircraft jet noise fields are found to be best described as a
superposition of spatiospectral lobes, whose relative amplitudes dictate the overall directivity at
each engine power. Near-field acoustical holography techniques are applied to one of the military
aircraft measurements to characterize the behavior of the lobes as a function of engine power.
The simulated jet noise of a highly heated laboratory-scale jet is then analyzed to compare with
the military aircraft measurement and is found to only partially contain the spatiospectral lobe
phenomenon. Application of near to far field coherence tracing and near-field acoustical holography
to the simulations provides validation of the methods used on the military aircraft and illuminate
potential source mechanisms that may explain the presence of the spatiospectral lobes.

Keywords: aeroacoustics, jet noise, near-field acoustical holography, coherence analysis, large eddy
simulations, military aircraft
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Chapter 1

Introduction

Turbulent fluid flow generates noise. From the characteristic sound of a sharp exhalation to the

roar of a military aircraft flying overhead, the fundamental laws governing the motion of the fluid

are simply those of Newton. One may then think that understanding the generation of sound

from fluids would be simple, though as fluid dynamicists can attest, calculating fluid flow can

become prohibitively difficult very quickly. The Navier-Stokes equations, which are the result of

the application of Newton’s laws to continuous fluids, usually have no analytical solution.

The aeroacoustic noise on which this dissertation focuses is simply called jet noise, and refers

to the noise generated from gas being exhausted from an orifice, or jet. The most impactful source

of jet noise to the everyday person is that caused by the exhaust of turbojet aircraft. To achieve the

thrust required to fly, aircraft must expel a large volume of air quickly, which in turn generates a lot

of noise. This jet noise has the potential to annoy communities and harm to those who work in close

proximity to aircraft. As the design of aircraft has changed over the years, commercial passenger

aircraft have increased the bypass ratio of their engines, and as a result of this increase, the jet noise

has decreased significantly [1]. Military jet aircraft and supersonic commercial aircraft, however,

do not have this luxury, as this would significantly increase drag and impact performance.

1
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Rockets to power spaceflight are another source of jet noise, which can be so loud that vi-

broacoustic loading by the radiated sound on the body of the launch vehicle can cause mission

failure [2,3]. Additionally, with the increase in interest in commercial spaceflight, community noise

could become a huge issue as the number of spaceports near urban centers increases.

The generation, propagation, and reception of jet noise is then an important area of research for

current and future goals of military and civilian groups. This dissertation focuses on understanding

the spatiospectral characteristics of jet noise generated by high-performance military aircraft, which

is often significantly different from jet noise studied at smaller scales. Two measurements of

military aircraft and a numerical simulation of a laboratory-scale jet (operating near military aircraft

conditions) are examined to investigate the important features of the radiated sound and their

corresponding source mechanisms.

In the following sections, I present a brief overview of some of the major points of jet noise

research over the past fifty years, covering the development of acoustical analogies, experimental

measurements of jets, numerical simulations of jets, field decomposition analysis, wavepacket

analysis, and the current state of understanding of the basic description of the jet noise field and

their source mechanisms.

1.1 Jet Noise Research Overview

One can think of the start of jet noise research as being with Sir James Lighthill’s 1952 paper [4]

where he rearranged the Navier-Stokes equations so that a linear wave operator was on the left hand

side and a complex expression involving a multidimensional tensor of Reynolds stresses was left on

the right. This formulation is interpreted as the jet noise problem being analogous to an equivalent

fictitious problem in a quiescent medium with an array of sources described by the complicated

terms on the right-hand side. This is known as “Lighthill’s acoustic analogy”, with the tensor named
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Lighthill’s stress tensor. The benefit of the acoustic analogy is that it allows for all known solutions

to the wave operator to be applied immediately: if the values of the stress tensor are known at all

points within the jet, then a simple Green’s function integration would be sufficient to calculate the

sound pressure everywhere. The problem that naturally arises is that one must know essentially all

the fluid variables everywhere in the flow to be able to calculate the acoustic pressure fluctuations in

the field.

Early experiments by Morley [5] found that the overall acoustic power of subsonic jets scaled

as the exit velocity to the eighth power. Subsequent application and manipulation of Lighthill’s

theory by many authors (summarized in [6]) lead to the conclusion that aeroacoustic sources can

be represented by quadrupoles, which ends up matching the experimentally discovered velocity

scaling. However, the lack of explicit evidence of acoustic quadrupoles in the flow still remains a

topic of discussion among researchers [7].

The fundamental idea behind an acoustic analogy is that the problem of solving the Navier-

stokes equations everywhere is reduced to thinking of the turbulent interactions in the flow (the

components of Lighthill’s stress tensor) as acoustic sources that behave like any other source. This

idea of generating an equivalent acoustic source for jet noise is a concept that motivates research to

this day.

Jet noise fields are unique because frequency content and coherence properties are spatially

dependent. Towards the sideline, the spectrum is more broadband and the field is less coherent,

while at large aft angles the spectrum becomes peaked and more coherent. This phenomena is so

consistent between jets of many shapes, sizes, and (mostly subsonic) speeds that Tam et al. [8, 9]

were able to generate empirical fits to the shape of the two spectra (called similarity spectra) based

on a repository of data from a large number of laboratory-scale jets. The superposition of spectra

suggest that multiple independent source mechanisms (responsible for each spectral shape) are in

play in the plume.
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Before the 1970s, jet turbulence was thought of simply as a distribution of many small turbulent

eddies [10]. However, only the incoherent, broadband noise towards the sideline of the jet fit that

source description. Visualizing larger structures in the flow [11, 12] led to the idea that the aft

radiation was due to large coherent structures. Correlation analyses [13–15] between the measured

flow in the plume and microphone recordings in these two acoustic field regions support the idea

that large-scale structures are responsible for the downstream coherent radiation and small eddies

throughout the mixing region are responsible for the sideline radiation.

This paradigm for jet noise has been championed by Tam et al. [8] with their development of

the similarity spectra. The source mechanisms corresponding to the two similarity spectra have

come to be known as large-scale turbulence structures and fine-scale turbulent structures. Fine-scale

turbulent structures are understood as small eddies or other perturbations in the mixing region of

the flow, which exert an effective turbulence pressure on their surroundings [16], creating acoustic

waves that propagate through the flow out to the ambient air. Due to counteracting effects of

convection of the sound downstream by the flow and refraction as it transitions from the flow to the

ambient air causes the sound to be nearly omnidirectional [9]. Large-scale turbulence structures are

generally accepted to be due to Kelvin-Helmholtz instability waves generated at the shear layer of

the jet near the nozzle [17] that grow as they convect downstream.

When the jet flow becomes supersonic, additional components of the noise field are present,

complicating its description. When supersonic jets are operated off design (such that the pressure

of the flow leaving the nozzle does not equal the ambient pressure), shocks and expansion fans

are generated in the resulting flow creating quasi-periodic diamond patterns called shock cells

or Mach diamonds. These shocks and expansion fans interact with the turbulence that propagate

though them to generate a new type of noise called broadband shock-associated noise (BBSAN).

This noise component radiates in the forward direction, and its peak frequency is dependent on the

shock cell spacing. Models of this noise component are known and agree well with laboratory-
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scale measurements [18, 19]. Additionally, the presence of the shock cells cause an acoustical

impedance boundary in the flow, such that some percentage of the acoustically-propagating pressure

fluctuations may resonate between the shock cells and the nozzle exit, causing a loud, tonal noise

called screech [20]. Screech is not seen often in high-performance military aircraft, though BBSAN

is [21].

An additional implication of supersonic flow is that the radiation from large-scale turbulent

structures becomes extremely efficient. As the turbulent structures convect downstream supersoni-

cally, they create nearly plane-wave like wavefronts that radiate at aft angles corresponding to the

convective Mach number of the propagating disturbance. This phenomenon is called Mach wave

radiation, though the term seems to be used interchangeably with the phrase “large-scale turbulent

structure noise” to refer to the aft radiation of supersonic jets.

Figure 1.1 Schematic depicting a supersonic jet operating off-design with corresponding
typical noise components. Large scale turbulence structures radiated noise to the aft, fine
scale radiates omnidirectionally, and BBSAN radiates in the forward direction.

Each of these noise components: large-scale turbulent structure radiation, fine-scale structure

radiation, screech, and BBSAN have been studied extensively over the years using various numerical
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and experimental methods, mostly at the laboratory scale. A schematic, adapted from Ref. [22], in

Fig. 1.1 depicts the major components of jet exhaust operating off design with their corresponding

noise components.

1.2 Flow Imaging and Decomposition

In agreement with the acoustic analogy of Lighthill, the complex interaction of pressure, temperature,

and the three-dimensional components of the velocity all contribute to the radiated noise. Thus,

imaging these fields has been an active area of research. Direct measurements of the turbulence

began with invasive procedures such as Pitot tubes and hot-wires, but have developed into many

complex, less-invasive methods including Rayleigh scattering [23], particle image velocimetry [24],

and Schleiren imaging [25]. These sensitive tools can calculate pressure or particle velocities of

entire flow fields simultaneously, allowing for more in-depth analysis of how the flow develops over

space and time.

With the advent of these full-field imaging methods, the sheer amount of data generated in

measurements necessitates the distillation of the flow fields into their most important components.

A plethora of flow decomposition techniques have been applied in various fluid dynamics situa-

tions [26] and subsequently applied to jet noise. Some of these methods are theory-driven, such as

decomposing the field into acoustic, hydrodynamic, and thermal modes using Doak’s momentum

potential theory [27, 28], or operator-based analysis such as global linear stability analysis [29] and

resolvent analysis [30]. Other decompositions are data-driven, like the spectral proper orthogonal

decomposition (SPOD) [31] and dynamic mode decomposition [32]. Operator-based decomposi-

tions add information about cause and effect relationships within the flow and between the flow

and acoustic radiation and follow-up studies have found relationships between the data-driven and

operator-based decompositions [33].
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Understanding the decomposed time-harmonic flow field is similar to understanding the radiation

from a vibrating surface. When the velocity of bending waves on a plate is higher than the sound

speed in the adjacent air at a given frequency (or in other words, is “supersonic”), that frequency

is found to radiate efficiently into the field. The large, coherent structures (which are readily

visualized by the decomposition methods above) in the flow can be modeled similarly by finding a

time-averaged phase relationship over a portion of the flow. If this phase relationship is supersonic

compared to the adjacent ambient air, then efficient, directional radiation (Mach wave radiation)

occurs at that frequency. The partially coherent nature of the field, however, suggests a superposition

of a multiplicity of these structures. The time-averaged amplitudes of these structures over space

often start small, saturate to a maximum value, then decay again, resembling a wavepacket [34].

The decomposition of the acoustic [35, 36] and flow [31] fields into wavepackets is an ongoing area

of research, with the goal to reduce the complicated jet noise problem into a combination of simple

wavepacket shapes. Progress in measurement techniques in the laboratory as well as availability of

detailed simulations of the jet plume provide opportunities to apply decomposition techniques to

entire flow fields, and these decomposed flow fields are then compared to this wavepacket analogy,

or wavepackets directly educed from the flow field.

Decomposition methods, jointly with the acoustical analogy framework and understanding of

radiation from wavepacket-like structures lays out the backbone of understanding of the large-scale

turbulent structure noise of supersonic jets.

1.3 Numerical Simulations

Simultaneous with the increase in flow decomposition and flow-field imaging methods, numer-

ical simulations of jet noise have also become a widely used and powerful tool [37]. The most

straightforward method is called direct Navier-Stokes (DNS) that simply solves the Navier-Stokes
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equations numerically. To resolve all the turbulence scales, DNS requires a very fine mesh and is

extremely computationally taxing, though it is the most accurate method available. On the other

end of the spectrum, Reynolds-averaged Navier–Stokes (RANS) use a Reynolds decomposition

of the Navier-Stokes system to solve for the time-averaged fluctuations about a mean value. Since

noise is caused by turbulence and the turbulence is modeled instead of calculated, this method’s

evaluation of the noise is inaccurate, though it has a fast computation time. Large eddy simulations

(LES) provide a balance between these two methods: it solves directly for the larger scales and the

smaller, sub-grid scales are modeled. Since the large turbulence scales are more effective than the

fine turbulence scales at generating noise (particularly in supersonic jets), LES has proven itself a

suitable method for calculating jet noise.

To predict the far-field noise generated by jet flow, one could certainly expand their computa-

tional domain into the far field, though this becomes quickly impractical. Acoustic analogies, then,

are applied to the jet flow field after the computation is complete to calculate the far-field acoustics.

A volume integral of Lighthill’s source terms, for example, can be calculated directly from the

LES-generated data to calculate the far-field acoustics. This volume integral is extremely resource

expensive.

The Ffowcs Williams and Hawkings (FW-H) integration method is an alternate method to

calculate the far-field acoustics, where a virtual surface [Ffowcs Williams and Hawkings surface,

(FWHS)] is drawn surrounding the flow and a Rayleigh-type surface integral is taken of the pressure

or velocity components on the surface [38]. The placement and extent of the FWHS is often chosen

based on trial and error: it needs to be far enough outside the flow and large enough that it contains

all the sources, though near enough that the often-variable grid used in the numerical simulations is

dense enough to resolve the salient acoustics. Generally, it is a conical surface that parallels the

shear layer, without end caps. FW-H integration is convenient for supersonic jets because the vast

majority of the radiated sound energy goes right through this kind of conical surface.
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Numerical simulations are ideal because they can provide full flow data for decomposition

techniques as well as predictions of the far-field acoustics through the FW-H integration methods.

As computational schemes become more advanced, more and more difficult jet noise problems

(such as simulating highly supersonic military aircraft jets) can be investigated. At this time, for

example, there are few LES of highly-heated jets at temperature ratios on the same order of military

aircraft jets at afterburner [39–42] and have not been directly validated through laboratory-scale

investigations because of difficulties in reproducing these extreme temperatures in the lab.

1.4 Rockets

Parallel to the investigations of jet noise source phenomena, the jet noise caused by rocket plumes

has been an engineering challenge. With the advent of the space race in the 1950s and 60s, rapid

development of more and more powerful rockets took place, and it was found the acoustic loading

from the noise on the rocket body could cause equipment failure during takeoff. Subsequent research

done to understand and mitigate the noise generated by rockets has focused on semi-empirical

methods. NASA SP-8072 [43] was a landmark document that provides normalized spectra, estimates

of axial distributions of overall sound power, and sound source position as a function of frequency

generated using laboratory-scale supersonic jet and full-scale rocket data [44, 45]. It presents

a method to apply these generalized spectra by scaling to the specific test at hand to create an

equivalent source model of the jet noise, consisting of a distribution of sources along the jet

centerline. The strength of these sources is related to the mechanical power of the jet through an

assumed acoustic efficiency of about 0.5%, or 1% as a conservative upper bound.

Since then, several studies have focused on adapting these empirical relations so that they match

more recent data as they became available [46–48], often tuning the definitions of characteristic

lengths [49], as well as including the integration of computational schemes [50, 51] for generation
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and propagation of the sound field. Recent work [52] has shown that a plotting error in the original

NASA SP-8072 document has led to an understanding in the rocket noise community that the main

source of noise is the subsonic portion of the flow, while in the jet noise community it is understood

that the main acoustic power originates between the potential and supersonic cores [45]. The state

of the art for rocket noise prediction then is a combination of semi-empirical methods, involving

estimating the source locations and strengths from a combination of normalized parameters and

scale model testing of the rocket being investigated.

There is a certain disparity between the rocket and jet noise communities in that many of the

normalization schemes that work for laboratory-scale jets (which use Strouhal number to normalize

their spectra and the nozzle diameter to normalize the lengths) do not seem to apply directly to

rockets, where the peak of the spectra on a Strouhal number scale is an order of magnitude lower.

Additional scaling schemes that attempt to unite these two disparate spaces have been proposed [53],

but not widely adopted.

1.5 Measurements of Full-Scale Aircraft

In recent years, several high-quality measurements of military aircraft jet noise have been produced

[54–56]. Using the similarity spectra to verify that these measurements follow established trends in

jet noise, however, provided some challenges. Neilsen et al. [57], when fitting the similarity spectra

to a rectangular-nozzled aircraft, showed how the fine-scale similarity spectrum fit the field towards

the sideline, the large-scale spectrum fit in the area of maximum radiation, and a mixture of the

two fit in the boundaries around the area of maximum radiation. Where the spectrum did not fit

was when the aircraft was run at high engine powers and the measured spectrum in the direction

of maximum radiation exhibited multiple peaks. Multiple peaks in the spectra were subsequently
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observed in a measurement of an F-18 and F-35 aircraft, and the same issues arose when fitting

similarity spectra to their fields [56, 58].

With the observations of the dual-peaked spectrum in the aft radiation of these three aircraft,

Tam and Parrish [59] suggested that the additional spectral peaks were attributed to combustion

noise originating in the nozzle. Liu et al. [39, 40] hypothesized that the increase of temperature

of the flow causes the radiation originating from the potential core region to have a different

directivity than the radiation originating from the subsonic, downstream portion of the flow. They

used LES of laboratory-scale jets of increasing total temperature ratio to show that the Mach wave

radiation’s directivity shifted towards the sideline, though the portions of the flow that were beyond

the supersonic core still maintained a shallower directivity, thus identifying the importance of the

distinction between Mach wave radiation and large-scale turbulence structure noise. However, when

looking at a single point in space, no multiple peaks in the spectra were observed.

Follow up studies of the correlation and coherence of the measured fields of the rectangular-

nozzled aircraft [60] and the F-35 [61] show that the multiple peaks in the spectra are mutually

uncorrelated, which suggests they may be due to independent noise sources. Swift et al. [61],

analyzing the F-35 field, found that BBSAN was partially coherent with the aft radiation, and could

potentially be a cause for the multi-lobed spectra.

Additional speculations of the cause of the multi-lobed spectra involve the interaction of the jet

with the hard ground. Investigations of laboratory-scale jets near rigid boundaries [62–67] provide

evidence of additional noise components due to jet-surface interactions at frequencies below the

peak frequency of the jet noise.
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1.6 Inverse Methods

Jet noise has often been seen as a fluid dynamics phenomenon that happens to radiate noise and has

been investigated as such. Investigations of the Lighthill stress tensor and complicated simulations

and decompositions of the flow have been the leading driver of understanding of the jet noise

problem. However, because of the sensitive nature of the details of military aircraft engines, this

line of thinking is near impossible to take when investigating the deviation of the jet noise created

by military aircraft from laboratory-scale counterparts. Thus, to understand the noise source of

military aircraft, it is necessary to start from the acoustic field and look backwards into the flow.

Acoustic inverse methods have been instrumental in understanding the localization and charac-

terizations of acoustic sources for many years, and a wealth of array-based localization techniques

are available. Two of these techniques, near-field acoustical holography [68] and beamforming [69],

have been applied to jet noise in recent years, both at the laboratory and full-scale. Beamform-

ing [70–75] is based on an equivalent source model (ESM), which assumes some distribution of

monopoles as a source, then calculates the strength each source would need to combine together

to make the measured field at the location of measurement. Near-field acoustical holography

(NAH) uses an equivalent wave model (EWM), which assumes that the field in the region of the

measurement can be decomposed into a linear combination of a set of wavefunctions. Those wave-

functions can then be fit to the measurement data and evaluated at another location to reconstruct

the field at that location. Near-field acoustical holography, which was developed for the general

three-dimensional imaging of noise fields [76, 77], has been used in laboratory jet noise measure-

ments [78–81] and was recently adapted to full-scale measurements of the jet noise produced by

military aircraft [82, 83].

Alan Wall’s dissertation [84] focused on developing a variant of statistically optimized near-field

acoustical holography (SONAH) called multisource statistically optimized near-field acoustical

holography (M-SONAH) [85], which uses two sets of basis function in the EWM instead of just
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one. This was formulated so that the noise field surrounding the rectangular nozzled aircraft in

Ref. [54] could be reconstructed, as one set of wavefunctions was to represent the direct sound from

the plume and the second from the reflected sound from a virtual source located below the ground.

The M-SONAH technique was successful in reconstructing the field in a large area surrounding the

aircraft based on two-dimensional measurements taken in the near field. These measurements were

a massive undertaking, with a dense array of 90 microphones being laterally translated downstream

parallel to the jet plume of the aircraft over multiple measurements to cover the desired area. Though

this method provided two dimensional measurements, it was found that including an axisymmetric

assumption in the formulation of the EWM did not decrease the reconstruction accuracy.

Taking reconstructions of the field along the nozzle lipline, Wall et al. [36] were able to apply a

decomposition method that was able to generate an equivalent acoustic source for the field generated

by the aircraft in Ref. [54]. This source was tailored to identify independent coherent phenomena

in the plume as a function of frequency and split the multiple directivities associated with the

independent spectral peaks into separate sources, suggesting the spectral peaks be associated with

different fluid dynamics phenomena. This type of analysis was repeated by Harker et al. [75],

though using a different decomposition method of the source generated by a beamforming method

applied to the same measurement.

1.7 Scope

The purpose of this dissertation is to characterize the field produced by high-performance military

aircraft and investigate potential source mechanisms for the presence of multiple peaks in their

spectra. This is accomplished by:

1. Adapting the near-field acoustical holography methods developed by Ref. [84] to measure-

ments of an F-35 aircraft [55].
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2. Measuring the field of the new Boeing T-7A trainer aircraft.

3. Investigating the radiated field of a LES of a highly heated laboratory-scale jet [40].

4. Applying NAH to the radiated field of the LES as if it were a measurement of a full-scale

aircraft and comparing the properties of the flow to the reconstructions.

This dissertation is a compilation of five individual works (each contained in a Chapter) that

accomplish these goals. Chapter 2 presents an acoustical holography-based analysis of spatiospectral

lobes in the measured jet noise field of an F-35 aircraft. It discusses how the multiple peaks in the

spectra measured of full-scale aircraft are better described as multiple lobes in the spatiospectral

domain, which change as a function of engine power. Chapter 3 details a follow-up study to the first,

which investigates the accuracy of the adapted M-SONAH method and discusses the applicability

of the EWM to reproducing the effects of the hard ground on the measurements. Chapter 4 contains

a publication describing the large, multi-organizational effort to measure the field radiated by the

T-7A aircraft and the efforts to identify data artifacts. Spatiospectral lobes following the same

pattern of those observed in the F-35 measurement are seen.

Chapter 5 shifts gears and presents an analysis of the field observed of a LES of a highly heated

laboratory-scale jet. The coherence function is calculated in the field and between points in the

flow and the field, in a similar fashion as was done on a laboratory scale jet in Ward et al. [86].

Chapter 6 contains an application of SONAH to the same simulation, with the ability to compare

the source reconstructions of the field to actual LES data to verify the holography applied to the

F-35. The final analysis in Chapter 6 is the calculation of the axial distribution of sound power

using the LES-generated field and the holographic reconstructions.

Because flow parameters of the F-35 and T-7A are unknown, direct investigation of the source

phenomena responsible for the spatiospectral lobes measured in the field of these aircraft is un-

available. The addition of the LES of a highly heated laboratory-scale jet, however, provides
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opportunities to use the NAH methods applied to the F-35 on the LES and subsequently compare

the flow parameters generated by the simulations to the NAH reconstructions. The juxtaposition

of the full-scale military aircraft measurements with the LES allow for investigation of potential

source mechanisms of the spatiospectral lobe phenomenon.



Chapter 2

Acoustical Holography-based Analysis of

the Spatiospectral Lobes of the F-35

This work was accepted for publication in AIAA Journal February 18th, 2021 under the title

“Acoustical Holography-based Analysis of Spatiospectral Lobes in High-performance Aircraft Jet

Noise”. I hereby confirm that the use of this article is compliant with all publishing agreements.

2.1 Abstract

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 mea-

surements 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

16
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while new ones appear towards 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.

2.2 Introduction

Although 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 aeroacoustic 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

laboratory [70, 72] as well as at the full-scale [71, 73–75]. Near-field acoustical holography,

which was developed for the general three-dimensional imaging of noise fields [76, 77], has been

used in laboratory jet noise measurements [78, 80, 81, 87], and was recently adapted to full-scale

measurements of the jet noise produced by military aircraft [82, 83]. 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 [83].

Wall et al. [85] used an advanced method of NAH called multisource statistically-optimized

NAH (M-SONAH) to investigate the characteristics of the field in the vicinity of an F-35 operating
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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 towards the sideline,

moved aft, and submerged back into the overall field. Evidence of broadband shock associate noise

(BBSAN) was also observed as a lobe propagating in the forward direction [58, 88].

The presence of multiple radiation lobes in military aircraft jet noise has been seen in several

data sets [54–56, 89], though no conclusive explanation of its cause has been given. These lobes

are described as either multiple peaks in the spectra at a given measurement location or as mul-

tiple 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 [87]

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 [59] sought

to explain dual spectral peaks shown in one-third octave band spectra of a rectangular-nozzled

aircraft [57] in terms of indirect combustion noise sources that originate from within the nozzle.

Liu et al. [39, 40, 90, 91] investigated temperature ratio as a possible 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 which became more distinct as temperature ratio is increased. Schmidt

et al. [31], doing spectral proper orthogonal decomposition and resolvent analysis of large-eddy

simulations of cold laboratory-scale jets, show 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 found

downstream, more spatially extended, and with a lower phase speed. These wavepacket types

qualitatively agree with the two source mechanisms observed by Refs. [39, 40, 90, 91], as discussed

in Ref. [92].
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Previous NAH [36] and beamforming [35] performed on measurements 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 independent sources to contribute

to individual spatiospectral lobes, suggesting that the multiple lobes are incoherent. Swift et al. [61]

performed an extensive correlation and coherence analyses on the same data set presented in this

paper that verifies incoherence between lobes. The incoherence between the lobes suggest that they

may be due to independent sources or source mechanisms. Additionally, Ref. [61] shows correlation

between the aft radiation where multiple lobes are present and BBSAN in the forward direction,

which suggests 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 spatiospectral 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 phenomena in Refs. [56, 59, 83]

appear to be subsets of the more complete picture described herein.

2.3 F-35 Measurement

This section discusses the measured spectra and 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.
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2.3.1 Setup

Extensive static measurements of the F-35 A and B variants were performed at Edwards Air Force

Base in 2013 [55]. The aircraft were tied down on a concrete run-up pad while the engine was

cycled through various engine conditions, including 13% ETR 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 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, though 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. 2.1. 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, θ , which is

measured from the direction of the aircraft nose (−z direction) 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. [55], though 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 (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 38m from the MARP is also used to validate the field

reconstructions. Figure 2.1 shows a schematic for the test geometry with the coordinate system and

the approximate location of the F-35B.
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Figure 2.1 Holography array and 38 m arc positions for the F-35B. The red marker is the
microphone array reference point (MARP), which was 7.5 m behind the nozzle.

2.3.2 Measured Data

The measured data along the 71-microphone holography array demonstrate how the sound field

varies with engine condition. The measured overall sound pressure levels (OASPL) and correspond-

ing spectra for each engine condition are shown in Figs. 2.2a) and 2.3, respectively. As engine power

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%, 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. 2.2b) shows the

forward shift in directivity as engine power is increased, though 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 [58].

There are hints of a split directivity in the OASPL at 75% ETR and greater, though the deviation
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is too small and angular spacing of the array is too large to be sure. The OASPL directivity shifts

from being centered at approximately 145° at 25% ETR to 125° at afterburner.

The spectra at each point on the holography array illuminate why the OASPL changes as it does.

Figure 2.3 shows the sound pressure levels (SPL) for frequencies between 30 and 700 Hz (spacing

of 3 Hz) for each microphone along the array. Each pane of Fig. 2.3 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 Hz and 700 Hz, which analyses

in Refs. [58, 88] show to be BBSAN.

Figure 2.2 OASPL across the a) holography array and b) 38 m arc for several F-35B
engine conditions (given in % ETR).

The most prominent feature of the spatiospectral plots in Fig. 2.3 is the presence of multiple

lobes in the space–frequency domain. There are at least two lobes at 25% ETR, four lobes between
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Figure 2.3 Spatiospectral maps of normalized sound pressure level on the holography
array as a function of downstream distance from the nozzle (z) and frequency. The numbers
indicate the several spatiospectral lobes

50% ETR 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.

2.3.

The placement of each lobe in the spatiospectral domain appears consistent across engine

conditions, though their individual extent, shape, and relative amplitudes differ greatly. A clear

example is the difference between the 50% ETR and 75% ETR engine conditions; lobe 4 is barely

visible in the 50% ETR case, but in the 75% ETR case it has a much greater contribution to the field.
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The significant addition of upstream energy in the third and fourth lobes in the transition from 50%

ETR to 75% ETR appears to be the single greatest contributor to the increase in OASPL and the

forward shift in directivity seen in Fig. 2.2. 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 Sections 2.5.4 and 2.5.4 of this paper are geared to understand the source regions in the jet plume

responsible for these spatiospectral lobes, though additional work is needed to understand if these

are universal aeroacoustic phenomena or only apply to military aircraft jet noise.

2.4 M-SONAH Method

This section discusses the application of M-SONAH to the F-35B measurements (described in Sec.

2.3) to reconstruct the time-averaged complex pressure field in the area surrounding the aircraft.

M-SONAH, developed by Wall et al. [82], modifies the traditional SONAH algorithm [93] 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 equivalent wave model (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.

2.4.1 Extract frequency-dependent complex pressures from recorded pres-

sure waveforms

To obtain the frequency-dependent complex pressures for all measurement locations and engine

conditions, the recorded 30-second time waveforms are split into multiple blocks with a 50%
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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 frequencies were involved in the simultaneous measurement of all the

microphone 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.

2.4.2 Perform a partial field decomposition (PFD) to generate mutually in-

coherent partial fields

Application of acoustical holography fundamentally assumes that the field in question is coherent.

Therefore, to apply NAH to partially 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 individual partial fields are summed energetically to reproduce

the total field [94]. For each frequency, the cross-spectral matrix (CSM) of the input array is

calculated. The CSM is a matrix where the i jth 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 2.4 shows

the SPL 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
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Figure 2.4 Singular values of the 71 partial fields as a function of frequency for a) 75%
and b) 150% ETR.

of partial fields used was selected such that their sum represented 99.9% of the total energy of

the input hologram. 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 towards

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.

2.4.3 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 [93]. 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-aperture effects to become significant. The two most

significant finite-aperture effects in this work are wraparound error and high-wavenumber leakage.

Wraparound error is solved easily by zero-padding the edges of the input hologram so that it is much
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larger than the area in which the reconstructions are made. High-wavenumber leakage 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,

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 [95] and is repeated here for simplicity.

A challenge with extending the aperture of each partial field individually is that the SVD-based

PFD may generate partial fields which do not monotonically decrease towards the end of the

original measurement. In such cases, the linear forward prediction (which has a tendency to produce

extraneous oscillations [95]) 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 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.
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2.4.4 Formulate the EWM 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. [82, 83].

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

Ψl,kz(~r)≡
H1

l (krr)
H1

l (krr0)
eilφ eikzz, r ≥ r0 (2.1)

where r, φ , and z are the radial, azimuthal, and axial spatial coordinates of the position vector,

~r; H1
l is the lth-order Hankel function of the first kind; i is the imaginary unit; r0 is some small

reference radius (traditionally the assumed source radius) [96]; and kz and kr are the axial and

radial wavenumbers, respectively. For this study, only l = 0 is used, since a single, ground-based

linear array is used as the input. This choice of l forces axisymmetry for each wavefunction 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 [83], where a large two-dimensional array

was used as input but only the zeroth-order mode was needed for accurate reconstructions. The

success of limiting the equivalent wave model to l = 0 is likely due to the reconstructions only

being attempted at sufficiently low frequencies.

The number of wavefunctions in each set, M, is therefore only dependent on the number of kz

values used. The kz values for this study are regularly spaced between − π

dz and π

dz in steps of π

∆z ,

where dz is the interelement spacing along the array in z and ∆z is the total axial span of the array.

The radial wavenumbers are

kr =


√

k2− k2
z for |k| ≥ |kz|,

i
√

k2
z − k2 for |k|< |kz|,

(2.2)
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where k = ω

c is the acoustic wavenumber, ω 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−iωt .

The basis functions in Eq. 2.1 depend on a position vector ~r = (r,φ ,z), which is expressed

relative to the above-ground jet centerline (superscript 1) or the image jet centerline below the

ground (superscript 2) via Eqs. 2.3 and 2.4,

~r1 =

(√
x2 +(y−2)2, tan−1

(
y−2

x

)
,z
)

(2.3)

~r2 =

(√
x2 +(y+2)2, tan−1

(
y+2

x

)
,z
)
, (2.4)

using the Cartesian coordinates of Fig. 2.1. The notation ~rhi is now used to represent the position

vector of the ith point on the holography array (which has Nh points), and ~rqi represents the position

vector of the ith of Nq 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

A =



Ψkz1(~rh
1
1) . . . Ψkz1(~rh

1
Nh
)

... . . . ...

ΨkzM(~rh
1
1) . . . ΨkzM(~rh

1
Nh
)

Ψkz1(~rh
2
1) . . . Ψkz1(~rh

2
Nh
)

... . . . ...

ΨkzM(~rh
2
1) . . . ΨkzM(~rh

2
Nh
)


(2.5)



2.4 M-SONAH Method 30

and

α =



Ψkz1(~rq
1
1) . . . Ψkz1(~rq

1
Nq
)

... . . . ...

ΨkzM(~rq
1
1) . . . ΨkzM(~rq

1
Nq
)

Ψkz1(~rq
2
1) . . . Ψkz1(~rq

2
Nq
)

... . . . ...

ΨkzM(~rq
2
1) . . . ΨkzM(~rq

2
Nq
)


, (2.6)

where the number of rows in A is equal to the number of wavefunctions used in the model (twice

the M discrete kz values), and the number of rows is equal to the Nh measurement points on the

hologram. The ααα martrix has the same number of rows as A, but with columns equal to the Nq

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 [93], where the column vector of

pressures at all the reconstruction locations, pq, is given in terms of the column vector of pressures

at each point of the hologram, ph, as

pT
q = pT

h RAHAAH
ααα, (2.7)

where the superscript T is the transpose, the superscript H is the Hermitian transpose, and RAHA 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. [97]. 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

Pa2.
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Figure 5.5 Level and normalized coherence lengths of the pressures along the nozzle
lipline.

The wavelength used for normalization is the acoustic wavelength calculated using the local sound

speed, c =
√

γRT , where γ and T are respectively the ratio of specific heats and temperature, both

of which vary with location, and R is the specific gas constant for air. The maximum levels along

the lipline in Fig. 5.5 are between 3-15 D downstream of the nozzle. Downstream of 15 D, levels

decrease at all frequencies, with the lowest frequencies decaying the slowest. At frequencies below

3.5 kHz and between 3 and 10 D, there are vertical stripes in the level that appear to be due to the

influence of the shock cells seen in the fluctuations in Fig. 5.2. Coherence lengths start small at

the nozzle exit and quickly increase as the reference is moved downstream, with larger normalized

coherence lengths at high frequency. From 3 to 10 D, the coherence lengths are shortened at

frequencies below 4 kHz. This is in the same region that vertical striations are visible in the level

and where shock cells are present.
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5.4.4 Coherence Between the Flow and the Field

Though coherence does not necessarily imply a cause and effect relationship, coherence between

quantities in the flow and in the field show where similar information is included. First, ΓΓΓ
2( f ) is

calculated between the sampled nozzle lipline positions and the field array. Each column (or row)

of ΓΓΓ
2( f ) then represents the coherence between a single reference on one array to the entirety of

the other. To gain an idea of where the information in the field originates in the flow, for each

point along the field array, the frequency-averaged coherence was calculated with the pressures

along the nozzle lipline. Each colored line in Figure 5.6 a) is the frequency-averaged coherence

with respect to a particular reference point along the field array, the position of which is indicated

by the color bar. For upstream references in the field (dark blues), the average coherence is low,

with a small rise above the noise floor between x/D = 5 and 10 along the lipline. For references

between x/D = 5 and 20 on the field array (light blues, teals, greens, and yellows) the coherence

peaks, shifts downstream, and decays; all while maintaining a similar width. For references beyond

x/D = 20 along the field array, the coherence peak widens, lowers in amplitude, and settles around

x/D = 15 along the nozzle lip.

To visualize this transfer of information from the flow pressures to the field pressures, Fig. 5.6 b)

shows a schematic of the jet with lines traced from points along the field array to the corresponding

points on the nozzle lipline where the frequency-averaged coherence (plotted in part a)) peaks.

Because the curves in Fig. 5.6 a) are quite noisy, they were each smoothed and fit to a sum of two

Gaussians, and the peak of the fitted curve was used. The peak of the coherence between field region

1 and the nozzle lipline falls between x/D = 6 and x/D = 7.2. The region of maximum radiation,

which in Fig. 5.3 is seen as between 10 < x/D < 30 on the field array, shares information with the

flow region 5 < x/D < 14.5. Aft of the region of maximum radiation (x/D >30, the red lines), the

peak of the coherence all originates from a compact region around x/D = 15 along the nozzle lipline,

though as seen in Fig. 5.6 a) the relatively low coherence persists over a large area surrounding
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Figure 5.6 Part a) The frequency-averaged coherence between a reference point along
the field array (indicated by color) and sampled points along the nozzle lipline. Part b)
Lines traced between points along the field array and the corresponding point of maximum
frequency-averaged coherence along the nozzle lipline.

that point. Region 2 in the field is characterized by low field coherence, and subsequently has low

coherence between the field and the nozzle lipline and does not have a traceable corresponding flow

region. Its influence is seen as extra disorder in the traced lines in the transition from region 1 to

region 3.

The cyan, green, and yellow lines in part b) of Fig. 5.6 all share a similar slope and do not cross,

suggesting that the radiation is superdirectional in that portion of the field. In conjunction with the

coherence lengths observed in Figs. 5.5 and 5.3, the source could be described as a multiplicity

of spatially-ordered, overlapping source regions (not unlike wavepackets) each with some sort

of self-coherent phase relationship causing directional radiation (e. g. Mach wave radiation) that
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propagates to the field. Beyond the end of the supersonic core, however, the qualitative nature in

the transfer of information from near to far field changes. The entirety of the field array beyond

x/D = 30 contains information from an extended region centered around x/D = 15 (just beyond

the end of the supersonic core) along the lipline. It appears that the nature of the sound radiating

from this region of the nozzle lipline switches to be more omnidirectional, instead of the highly

directional radiation seen farther upstream. This switch explains why the aft portion of the field

array has an increase in coherence as seen in Figs. 5.3 and 5.4. Omnidirectional radiation combined

with the angle of the field array results in a small angle of incidence of the sound field at the far aft

locations.

Based on Fig. 5.6, there appears to be three important regions in the flow:

1. Potential core region, where both the BBSAN and the directional, aft radiation are originating.

2. Region downstream of the potential core but upstream of the end of the supersonic core,

where unidirectional radiation dominates.

3. Region downstream of the supersonic core.

To look for phenomenological differences in these regions of the flow, three references were

chosen along the nozzle lipline with which to calculate the coherence spectrum with the field array.

The first two were chosen as where the field array references for parts c) and d) of Fig. 5.4 trace

back to the nozzle lipline via the analysis in Fig. 5.6 (x/D = 6.7 and 11.1, respectively). The

third reference is where the farthest aft point on the field array traces back to the nozzle lipline,

x/D = 14.1. Figure 5.7 shows the coherence spectrum of the field array with these three reference

points along the nozzle lipline, with the 6 dB-down region of the levels as displayed in Fig. 5.3 for

scale.

Figure 5.7 a) shows the coherence between x/D = 6.7 on the nozzle lipline, representing flow

region 1 and the entirety of the field array. This position in the flow transmits information to the
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Figure 5.7 Coherence between select points along the nozzle lipline (marked on Fig. 5.2
by the hollow squares) and the field array.

acoustic field both upstream as BBSAN and downstream to the region of maximum radiation as

Mach wave radiation. The transmitted information to the region of maximum radiation seems to

segment itself into spatiospectral minima and maxima, with individual frequency bins dropping

to low levels in the region. This is the first hint of spatiospectral lobe separation in the region of

maximum radiation seen in this data set. Part b) shows the coherence spectrum of the field array

with x/D = 11.1 at the nozzle lipline, which is a point between the end of the potential core and the

end of the supersonic core, outside of the influence of shock cells. All evidence of coherence with

the BBSAN region upstream disappears and the spatiospectral region with appreciable coherence

fills out the region of maximum radiation that is not covered in part a), with the addition of some

low-frequency content. Part c) uses a reference at x/D = 14.1, which seems to influence the field

in a different way than parts a) and b). The coherence consists of low frequencies (predominantly

under 2 kHz) and is spread over a larger spatial region in the field. It does overlap with some

of the low frequency portion of part b), which suggests a gradual transition between the source

mechanism responsible for the unidirectional radiation in parts a) and b) to this qualitatively different

phenomenon in part c). This gradual transition between source mechanisms is supported by the

red lines in the frequency-averaged coherence in part a) of Fig. 5.6. References at the end of the
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field array contain information from an extended region along the nozzle lip – on the order of ten

diameters wide.

The qualitative difference between the radiation originating upstream of and downstream of the

supersonic core is easily described with the wavepacket analogy for jet noise [34]. If a wavepacket-

type source description is used and is situated sufficiently upstream of the end of the supersonic

core, then the phase relationship of the coherent wavepacket would likely be supersonic, which

results in efficient, directional Mach wave radiation. As the jet velocity decelerates with distance

from the nozzle exit, however, the effective convective velocity decreases to subsonic, causing the

phase speed of their wavepacket representation to be subsonic as well, resulting in only a portion of

their wavenumber spectrum radiating efficiently with a more omnidirectional directivity.

5.4.5 Coherence Analysis Summary

Combining the observations of the field, flow, and flow-to-field coherence calculations leads to a

combination of four possible noise mechanisms in this simulation of a highly-heated laboratory-scale

jet.

1. BBSAN

2. Fine-scale turbulent structure noise

3. Mach wave radiation from large scale turbulent structures

4. Large-scale turbulent structure noise

The BBSAN component is a well-documented and understood phenomenon which radiates

primarily upstream (field region 1), though this work shows that portions of the aft radiation

(field region 3) is coherent with the BBSAN. It is unknown if this is because the BBSAN radiates

downstream as well as upstream, or if the large-scale turbulent structures which actuate the shock
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cells imprint the shock cell information into the far-field via their Mach wave radiation. Fine-scale

turbulent structure noise is present as a background to the BBSAN components and dominant just

upstream of the region of maximum radiation (field region 2). Mach wave radiation of large-scale

turbulent structures is seen as nearly unidirectional radiation originating from the flow upstream of

the end of the supersonic core (flow regions 1 and 2) and radiating to the upstream portion of the

region of maximum radiation (field region 3). A qualitative description of this source mechanism is

of spatially-ordered, partially-overlapping wavepackets on the order of a few diameters in width

with supersonic phase velocity. Though each wavepacket would be self coherent, coherence lengths

are small (as seen in Fig. 5.5) because they are spatially compact.

The final noise mechanism discussed in this paper originates from the region of the flow which

is centered around the end of the supersonic core (region 3), but which extends both upstream into

region 2 and even farther downstream. It contributes to the latter half of the region of maximum

radiation all the way to the end of the field array (field region 4) and is comprised of low-frequency

components, primarily under 2 kHz or a Strouhal number of about 0.12. A wavepacket description

would be a set of spatially large, self coherent but mutually incoherent wavepackets which overlap,

resulting in nonzero coherence lengths because of their size. Here, it is simply called large-scale

turbulent structure noise, similarly to previous work on this data set [40] and other works which use

LES to simulate high-temperature jets [42].

The two different source phenomena responsible for the aft radiation as seen in this work are

remarkably similar to the results of Schmidt et al. [31], which analyzed LES of subsonic and

supersonic cold jets using SPOD and resolvent analysis. They found that the SPOD and resolvent

modes take on wavepacket shapes which are qualitatively similar to the two source mechanisms

described here, and are dubbed Kelvin-Helmholtz type or Orr-type. The Kelvin-Helmholtz type

wavepackets originate along the upstream shear layer and are responsible for the majority of the

radiation, while the Orr-type wavepackets are primarily active downstream of the potential core at
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lower frequencies. The Orr-type modes are not low-rank, but are extended over a region and require

many overlapping suboptimal modes to predict the overall response. The physical mechanism

attributed to these modes is the Orr mechanism [128]. The characterization of this superposition of

overlapping self-coherent modes to produce the field is important to linear analyses [30], which

have had difficulty reproducing the far aft, low-frequency radiation. Adding coherence decay to

wavepacket models [136] to the nominally coherent linear analyses is required to match the radiated

field at large aft angles and low frequencies.

Table 5.1 Summary of the jet noise components observed by the coherence analysis and
their estimated regions along the nozzle lipline and field arrays.

Noise Component Flow extent Field extent

BBSAN 6 < x/D < 7.2 x/D < 2

Fine-scale turbulent structure noise - 2 < x/D < 5

Mach wave radiation x/D < 12.67 5 < x/D < 25

Large-scale turbulent structure noise 7.2 < x/D < 20 20 < x/D

5.5 Comparison to the F-35B

High-fidelity measurements of the jet noise produced by military aircraft have been achieved in

recent years [54, 55]. Analyses of near-field measurements of the noise from a tied-down F-35B

aircraft have shown significant deviation from the traditional two-source model [61, 105], and are

phenomenologically compared to the LES of the highly-heated jet here.

The measurement of the F-35B was performed at Edwards Air Force Base in 2013 [55]. The

aircraft was tied down to a concrete run-up pad and its engine cycled from 13% engine thrust request

(ETR) up through 150% ETR. Engine powers greater than 100% ETR are due to the addition of

afterburner. The nozzle of the engine was 2.0 m from the ground and had a nominal 1 m diameter,
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though the exact nozzle diameter changed with engine condition. The origin of the coordinate

system used in this study is at the nozzle exit with the jet plume faced down the positive x-axis. The

y-axis is the distance from the jet centerline and the z-axis is the height above the ground. The array

was laid out to the left side of the aircraft as shown in Ref. [55], though for convenience it is mirrored

to show it on the right side of the aircraft. This study focuses on a 32 m long, 71-element (0.45 m

inter-element spacing) linear ground array placed approximately parallel to the shear layer, which is

shown in Fig. 5.8. The recorded 30-second time waveforms (204.8 kHz sampling frequency) were

split into multiple blocks with a 50% overlap, windowed with a Hann function, then the Fourier

transform was applied to each block. Swift et al. [61] analyzed the full, high-resolution data set.

For this work, to be able to compare more closely with the LES of the heated laboratory-scale jet,

the block size was adjusted to give a frequency resolution of 15 Hz and only 97 blocks were used.

Figure 5.8 Schematic of the linear ground array used to measure the jet noise field of the
F-35B.

The temperature ratio in the LES analyzed in this study was chosen to be similar to a tactical

aircraft operating at afterburner, so the 150% ETR case of the F-35B measurement is studied here.

The only attempt to scale either data set for comparison was the normalization of levels and choice

of frequency range and resolution. The normalized spectrum measured along the array is displayed
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Figure 5.9 Normalized SPL and coherence lengths measured by the array in Fig. 5.8 while
the F-35B aircraft was operating at 150% ETR.

in the left pane of Fig. 5.9. BBSAN is seen upstream starting at 350 Hz, increasing to 700 Hz at

x = 5 m. The directional portion of the turbulent mixing noise dominates from 5-30 m downstream.

The calculated upstream coherence lengths for the F-35B measurement were first shown in

Ref. [61] and are repeated here in Fig. 5.9 (though this study uses a coarser frequency resolution for

comparison to the LES). The coherence lengths are large upstream in the 300-600 Hz band due to

the presence of BBSAN, become uniformly smaller in the region dominated by sideline radiation

and increase again in the region of maximum radiation. Aft of the region of maximum radiation,

at high frequencies at the end of the array, the frequencies above 350 Hz begin to saturate, likely

due to the array measuring a progressive wave field since it is large compared to the aeroacoustic

sources. A striking feature of Fig. 5.9 is the oscillation in the level and the coherence length in the

region of maximum radiation. This oscillation in the region of maximum radiation can modulate

the level on the order of 5 dB and double the value of Lγ2/λ . The oscillations in the spatiospectral

domain are called spatiospectral lobes. These spatiospectral lobes were investigated more in depth

by Refs. [36, 61, 105]. They represent either a dual peak in the frequency spectrum at a single

measurement location or a split directivity pattern in the field at a single frequency.
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Despite the fact that the operating conditions and nozzle geometries of this LES data set and the

F-35 are not the same, general comparisons of the levels and coherence lengths are still favorable.

All the coherence length trends appear to hold generally, except that Lγ2/λ is slightly larger for the

LES than for the F-35. The largest difference is, of course, the spatiospectral lobe content in the

F-35. It is unknown at this point why the LES does not contain this phenomenon. In Fig. 5.3, the

coherence lengths inside and just aft of the region of maximum radiation above 2 kHz are about

the same, in Fig. 5.9 for the F-35 the coherence lengths are larger at the spatiospectral lobe peaks,

almost as if an additional coherent noise source were superimposed on top of the general field.

However, the horizontal portion of the farthest aft lobe of the F-35 matches the low-frequency, aft

frequency content seen in the LES.

Since the F-35 measurement did not include flow measurements of the flow, other studies have

used acoustic inverse methods in an attempt to identify source regions for the noise measured along

this array. Leete et al. [105] (Chapter 2) used an advanced acoustical holography technique to

reconstruct the acoustic field of the F-35 from this same data set from the nozzle lipline out to a large

area surrounding the aircraft. Though limited to frequencies below 400 Hz, they were able to trace

individual spatiospectral lobes to their apparent origins along the jet centerline. The low-frequency,

far aft spatiospectral lobe was traced to a source location downstream of x/D = 12, while the next

two lowest lobes were traced to the an upstream region between x/D = 5 and x/D = 10. The

low-frequency lobe also had an appreciably shallower directivity than the two higher lobes. When

compared with the current work, the lowest frequency, farthest-aft lobe could be identified as

large-scale turbulent structure type radiation while the higher-frequency lobes could be identified as

Mach wave radiation.
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5.6 Conclusions

Level and coherence analyses of the simulated noise from a highly-heated jet leads to the identi-

fication of distinct regions of interest in the flow and in the field. Field region 1 is characterized

by the presence of BBSAN, where the spatially-dependent self-coherent spectra appears upstream.

The BBSAN information originates from the nozzle lipline in flow region 1, which is upstream of

the end of the potential core. Field region 2 is the region of low coherence towards the sideline of

the jet, just upstream of the region of maximum radiation. Field region 3 is the upstream portion

of the region of maximum radiation. It is self-coherent and partially coherent with the BBSAN

upstream. It originates from flow region 1 as well as flow region 2, which is between the end of the

potential and supersonic cores. Field region 4 begins with the low-frequency portion of the region

of maximum radiation and extends downstream to the end of the array, and contains information

from flow region 2 as well as region 3, which is downstream of the supersonic core.

Analysis of the transfer of information between the nozzle lipline and the field array illuminates

four different potential noise mechanisms at play in this jet. Broadband shock-associated noise,

fine-scale turbulent structure noise, Mach wave radiation of large-scale turbulent structures, and

large-scale turbulent structure noise. Traditionally, the directional radiation in the aft direction has

been attributed solely to the Mach wave radiation of large-scale turbulent structures. It is seen with

this LES that the large-scale turbulent structure noise originating from the supersonic portion of

the flow transmits its energy more efficiently to the field in the characteristic unidirectional pattern

associated with Mach wave radiation. However, as the jet velocity decreases with distance from the

nozzle, a qualitatively new noise source begins to appear where the frequency content shifts lower

and the directivity becomes more omnidirectional. This noise source is centered just downstream of

the end of the supersonic core, though it is on the order of 10 diameters wide.

Though the idea of multiple noise production mechanisms contributing to the aft radiation is

heartening for understanding the spatiospectral lobes measured in the F-35 field, the observations of
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the LES only show a smooth transition from one noise production mechanism to another, which

does not generate a split directivity in the field or a dual peak in the spectrum. However, previous

work [61, 105] has shown qualitative similarities between the farthest aft lobe of the F-35 with the

Large-scale turbulent structure noise observed in this study and the coherence calculated between

a point in the flow where shock cells are present does split the Mach wave radiation component

into what looks like spatiospectral lobe shapes. At this point, bringing LES of a laboratory-scale

jet to high temperatures (designed to be in the same regime as high-performance military aircraft

operating at afterburner) does not account for all of the spatiospectral lobe content that is observed in

the F-35. Additional laboratory-scale tests or LES operating at even more realistic high-performance

military aircraft conditions are needed to fully understand the spatiospectral characteristics of the

F-35.

5.7 Acknowledgments

This research was supported in part by the Office of Naval Research through the Jet Noise Reduction

Project. The authors also gratefully acknowledge funding for the F-35 measurements provided

through the F-35 Joint Program Office and Air Force Research Laboratory. K. M. Leete was funded

by an appointment to the Student Research Participation Program at the U.S. Air Force Research

Laboratory, 711th Human Performance Wing, Human Effectiveness Directorate, Warfighter Interface

Division, Battlespace Acoustics Branch administered by the Oak Ridge Institute for Science and

Education through an interagency agreement between the U.S. Department of Energy and USAFRL.

(Distribution A: Approved for public release; distribution unlimited. Cleared 09/27/2019 JSF19-

903).



Chapter 6

Holography and Acoustic Intensity

Analyses of the Simulated Jet

6.1 Introduction

Since the beginnings of jet noise research more than a half-century ago, an ongoing problem has

been to understand the origin of the jet noise source. A variety of methods have played a role

in experimentally deriving the locus of acoustic energy in jets over many years. Some of these

include measurements using acoustical mirrors [99], ray-traced measurements of acoustical intensity

[103, 137], phased arrays including near-field acoustical holography [79, 83, 138] and beamforming

[65, 70, 72, 74, 75], and correlations between the measured flow and fields [13–15, 23, 86, 139].

Additionally, numerical simulations [126, 127] allow for entire flow field decomposition techniques

[26, 27, 31, 32], linear stability analyses [29], and resolvent analysis [30, 33], which give insight

into noise source mechanisms and source locations. Generally, for supersonic jets the noise can

be separated into components such as broadband shock associated noise, screech, large-scale

115
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turbulence structure noise, fine-scale turbulence structure noise, and Mach wave radiation. All these

components have unique source localizations based on the operating conditions of the jet.

Parallel to the investigations of jet noise source phenomena, research done to understand the

noise generated by rockets on liftoff have focused on semi-empirical methods. NASA SP-8072 [43]

provides normalized spectra, estimates of axial distributions of overall sound power, and sound

source position as a function of frequency, which were generated using laboratory-scale supersonic

jet and full-scale rocket data [44, 45]. The document presents a method to apply these generalized

spectra by scaling to the specific test at hand to create an equivalent source model of the jet noise,

consisting of a distribution of sources along the jet centerline. The strength of these sources is related

to the mechanical power of the jet through an assumed acoustic efficiency of about 0.5%. Since then,

several studies focused on adapting these empirical relations so that they match more recent data as

they became available [46–48], often tuning the definitions of characteristic lengths [49], as well as

including the integration of computational schemes [50, 51] for generation and propagation of the

sound field. Recent work [52] has shown that a plotting error propagated in the NASA SP-8072

document has led to an understanding in the rocket noise community that the main source of noise

is the subsonic portion of the flow [46], while in the jet noise community it is understood that the

main acoustic power originates between the potential and supersonic cores [45].

Of interest to this work is the recent measurement and analysis of high-performance military

aircraft, which may provide a link between the supersonic jet noise research and rocket noise

research. Inverse methods such as beamforming [75] and near-field acoustical holography [83, 138]

have been successful in reconstructing the jet noise field over a large area from limited measurements.

Wall et al. [83] applied multisource statistically optimized near-field acoustical holography (M-

SONAH) to a scan-based, two-dimensional measurement hologram of a rectangular-nozzled aircraft

and Leete [138] used the same method applied to a ground-based linear array to reconstruct the field

of a round-nozzled aircraft. For both cases, they provide estimations of the acoustically relevant



6.2 Large Eddy Simulations 117

source region by reconstructing the field along the nozzle lipline. The main locus of the energy

along the lipline is found to decrease in width and shift upstream towards the nozzle as frequency

is increased. Additionally, discrete lobes in the spatiospectral domain are present, reflective of

the multiple spatiospectral lobes observed in the field of both those aircraft. These time-harmonic

pressures along the nozzle lipline can be thought of as describing the aeroacoustic noise source

pertinent to the near- and far-field radiation, because they contain all the information needed to

reproduce the field. What is unknown, however, is whether these pressures are representative of

actual measurements of acoustic variables along the nozzle lipline, because measurements of flow

variables of these military aircraft are unavailable.

Advancements in numerical simulations of jets have allowed for increasingly accurate reproduc-

tions of the aeroacoustic flow field [126,127] and now provide an opportunity to use inverse methods

that are generally applied to laboratory and full-scale measurements to the simulated dataset [140].

The purpose of the current work is as follows: to sample the numerically generated acoustic field

as if it were measured in a field test, apply statistically optimized near-field acoustical holography

(SONAH), then evaluate the accuracy of the SONAH reconstructions against the simulations. The

finely sampled pressure and particle velocity fields of the numerical simulation allow for calculations

such as the vector intensity, and to test the ability of the holography technique to reproduce the

pressure, particle velocity, and acoustic intensity in the field and within the plume. Using the

acoustic intensity from the simulations and the holographic reconstructions, the overall sound power

of the simulated jet, the acoustic efficiency, and the axial distribution of sound power are calculated.

6.2 Large Eddy Simulations

The LES dataset used in this work is provided by Liu et al. [39, 40, 91], which used the Jet

Engine Noise Reduction (JENRE®) solver to calculate the heated flow passing through a conver-
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gent/divergent nozzle. The JENRE® solver uses a monotonically-integrated LES approach with a

flux-corrected transport algorithm [129] and explicit Taylor-Galerkin scheme. Tetrahedral meshes

were used to implement the complicated nozzle geometry, which had a nozzle exit diameter, D, of

2.868", a design Mach number of 1.5 and fully expanded pressure ratio of 3.7. The thermodynamic

quantities in the flow region were calculated out to a conical surface outside of the main flow, then

the far-field pressures were predicted using the Ffowcs Williams and Hawkings (FW-H) integration

method [130]. Cell sizes about D/286 are used near the nozzle that gradually increase to around

D/20 near the FW-H integration surface (FWHS). Specifics of the choice of integration surface and

grid resolutions can be found in Ref. [131].

The simulation was run at a nozzle pressure ratio of four and a temperature ratio of seven,

resulting in an underexpanded, shock-containing jet with a temperature in the same regime as

high-performance military aircraft operating at afterburner [132]. A method for calculating the

temperature-dependent specific heat ratio was incorporated, which was found to match well with

NIST databases for air under these conditions (see Fig. 2 of [39]). Time records of the LES

simulation were split into 97 blocks and a Fourier transform applied to each block to give a complex

pressure spectrum with a frequency spacing of about 150 Hz. The total temporal duration of the

simulation was 0.326 s, which covers 5260 convective time units (D/U j, the nozzle diameter divided

by the fully expanded jet velocity).

The fluctuating component of pressure and particle velocity generated by the LES are sampled

along three simulated arrays: along the jet centerline and the nozzle lipline, sampled from the nozzle

exit to x/D = 25 in increments of x/D = 0.2 and along the FWHS on the line y/D = 1
6x/D+1.5

sampled from x/D = 0 to x/D = 25 in x/D increments of 0.1. The acoustic pressures generated

from the FW-H integration are then sampled along three simulated arrays in the field. The first,

which is the Hologram, is parallel to the FWHS and is described by the equation y/D = 1
6x/D+10,

with x/D sampled in increments of 0.1 from x/D =−10 to x/D = 40. This array is expanded by
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Figure 6.1 Sampled arrays in the near field: Jet lipline, FWHS, and Hologram. Dashed
lines show the jet inlet angle (θ ).
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Figure 6.2 Additional sampled arrays, Hologram, 40D Line, and 100D Arc.

rotating it around the x-axis in 20° increments to make a set of 18 finely sampled lines. Another

is a single line above the x-axis extending from x/D =−40 to x/D = 65 at y = 0 and z/D = 40 in

steps of 0.1 diameters. The last is a far-field arc with radius of 100 D, spanning jet inlet angles (θ )

of 45° to 165° in 1° increments, which is rotated about the x- axis in 22.5° increments to make a
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surface covering the angular range of interest. Figure 6.1 contains a two-dimensional plot of the

location of the nozzle, the sampled arrays along the lipline, FWHS, and Hologram, while Fig. 6.2

shows a three dimensional plot of the expanded Hologram, the 40D Line, and 100D Arc.

The local Mach number of the fluid along the jet centerline (solid) and the ratio of the axial

fluid velocity, U , to the fully-expanded jet velocity, U j (dashed) is plotted in Fig. 6.3. The end of

the potential core (Lc) is estimated as x/D = 7.2, where U/U j ≈ 0.95 and is marked with a square.

The end of the supersonic core (Ls) is located at x/D = 12.7, where M = 1 and is marked with a

blue diamond.
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Figure 6.3 The Mach number (solid) and jet velocity ratio (dashed) along the jet centerline,
with the locations of Lc (square) and Ls (diamond).

The frequency-dependent complex pressure (p) and particle velocities (u) shown in this work are

the outputs of the discrete Fourier transform, scaled to give the correct single-sided power spectrum

(in Pa2) when the modulus squared is averaged over measurement blocks. Sound pressure levels
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(SPL) are referenced to 20 µPa. The turbulence kinetic energy per unit mass (TKE) is one half

times the sum of the power spectra of the three Cartesian components of the particle velocity.

TKE =
1
2
(|ux|2 + |uy|2 + |uz|2), (6.1)

and is displayed as a level referenced to 50 nm/s (the choice of reference for a sound velocity level)

in this work.

6.3 Intensity and Power

The instantaneous acoustic intensity is the product of the pressure and particle velocity fluctuations

at a given point in space. The time-averaged intensity (also called the active intensity) describes the

net flow of energy carried by the propagating acoustic wave and can be calculated in the frequency

domain [141] by

~I( f ,~r) = Re{Gp~u( f ,~r)}, (6.2)

where Gp~u( f ,~r) is the single-sided cross spectrum between the pressure and particle velocity. The

sound intensity level (SIL) is referenced to 1 pW/m2, so that it is identical to the SPL in the case of

plane and spherical wave propagation.

The total sound power (Wa) of a source can be calculated by defining a closed surface, S,

surrounding it and integrating the intensity flowing out of that surface,

Wa =
∫

S
~I(~r) · d~n, (6.3)

where~n is the normal vector of the surface pointed outward. Computation of Wa is made simple when

the integration surface is situated in the far field, such that the acoustic field can be approximated

as locally planar. Then, for reasonably chosen surfaces the dot product in Eq. 6.3 reduces to
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multiplication of the intensity magnitude with the corresponding area of the surface element, and

the intensity vector magnitude is approximated by the autospectrum of the pressure (Gpp( f ,~r)),

|~I( f ,~r)| ≈
Gpp( f ,~r)

ρ0c
. (6.4)

The single-sided autospectra of the pressures and particle velocities are estimated by averaging the

magnitude of the Fourier transform over the 97 measurement blocks. The cross-spectra between the

pressure and particle velocities are estimated by the block average of the product of the complex

pressures with the conjugate of the complex velocity.

The acoustic efficiency (ε) of a jet is the ratio of radiated acoustic power, Wa, to the total

mechanical power of the jet, Wm. The mechanical power is determined by the kinetic energy density

(1
2ρU2) of the exhaust multiplied by the flow rate (π(D

2 )
2U) at the nozzle exit. Since the axial

velocity and the density change over the nozzle exit plane (especially because the underexpanded

condition of the jet caused shocks in the nozzle), the average kinetic energy density is calculated

over the exit plane from the average of the densities and axial velocities. The mechanical power is

then calculated by

Wm =

(
1
2

ρaveU2
ave

)(
π

(
D
2

)2

Uave

)
, (6.5)

and the subsequent acoustic efficiency

ε =
Wa

Wm
=

8Wa

πD2ρaveU3
ave

. (6.6)

The mechanical power thus calculated for this jet is Wm = 736.9 kW.

6.4 Holography Method

The holography method used in this work is called statistically optimized near-field acoustical

holography (SONAH), which was developed by Steiner and Hald [93] to overcome limitations
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of Fourier-based holography in requiring a measurement much larger than the size of the source.

Section 6.4.1 discusses the basic formulation of the technique to estimate the pressures of a coherent

field, Sec. 6.4.2 discusses how the formulation is altered to estimate the particle velocity fluctuations,

and Sec. 6.4.3 discusses application to the partially-coherent jet noise field of the LES.

6.4.1 SONAH formulation

Statistically optimized near-field acoustical holography can be thought of as a two-step process: 1)

an equivalent wave model (EWM) is fit to a hologram surface, h, and 2) evaluated at a reconstruction

surface, q. The EWM used in this study is a set of m cylindrical basis functions, Ψ(~r), where

Ψl,kx(~r)≡
H1

l (krr)
H1

l (krr0)
eilφ eikxx,r ≥ r0 (6.7)

and r, φ , and x are the radial, azimuthal, and axial spatial components of~r. H1
l is the lth-order Hankel

function of the first kind; i is the imaginary unit, r0 is some small reference radius (traditionally

the assumed source radius [96]), and kx and kr are the axial and radial wavenumbers, respectively.

For this study, only l = 0 wavefunctions were used for consistency with previous work on military

aircraft [83,138]. The number of wavefunctions, m, is therefore only dependent on the number of kx

values used. The kx values for this study were regularly spaced between − π

dx and π

dx , in steps of 2π

8∆x

with dx as the interelement spacing of the array in x and ∆x is the total span of the array in x. This

simulates an aperture eight times larger than what was measured, which was necessary to eliminate

wraparound errors within the aperture investigated in this work. The radial wavenumbers are

kr =


√

k2− k2
x for |k| ≥ |kx|,

i
√

k2
x − k2 for |k|< |kx|,

(6.8)

where k = ω

c is the acoustic wavenumber, ω 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−iωt .
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For a hologram measurement of nh sample points, the EWM evaluated at that location is

constructed into a matrix A where the i jth element of A is the ith wavefunction evaluated at the jth

point

Ai j = Ψkxi(~r j), (6.9)

where the size of A is m by nh. A similar matrix, ααα , is generated in the same way, but with the

EWM evaluated at the reconstruction surface. This matrix then has the same number of rows as A,

but with columns equal to the number of points at which to reconstruct, nq.

At this point, the SONAH process [93] calculates the column vector of pressures at q, pq, from

the column vector of pressures on h, ph,

pT
q = pT

h RAHAAH
ααα, (6.10)

where the superscript T is the transpose, H is the Hermitian transpose, and RAHA is the regularized

inverse of AHA. Regularization is performed using a modified Tikhonov filter with the generalized

cross validation procedure for the selection of the regularization parameter as outlined in Ref. [97].

Since the matrix ααα is simply the set of chosen wavefunctions evaluated at q, all the preceding

multiplications in Eq. 6.10 can be combined to represent the transpose of the column vector of

coefficients corresponding to those wavefunctions (cT). Thus, Eq. 6.10 can be simplified to

pT
q = cT

ααα. (6.11)

6.4.2 Particle velocity

It is a straightforward procedure to use the EWM to reconstruct the three components of particle

velocity in addition to the pressures at the desired location. Following the process outlined in [142],
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the particle velocity of acoustic waves in a source-free medium is related to the pressure via Euler’s

equation for a linearized acoustic process,

~u(~r) =− i
ωρ0

∇p(~r), (6.12)

for an e−iwt time harmonic wave where ω and ρ0 are the angular frequency of interest and the

ambient density of the medium, respectively. Applying Eq. 6.12 to Eq. 6.10, the matrix of velocity

vectors at the reconstruction surface,~uq is calculated by

~uT
q = pT

h RAHAAH(
−i

ωρ0
)∇ααα, (6.13)

since the ααα matrix is the only variable that depends on the reconstruction location where the gradient

is taken. The gradient of the ααα matrix is constructed by evaluating the gradient of the pressure

wavefunctions at each reconstruction location. The analytic solutions for the three components of

the gradient in cylindrical coordinates are

∇rΨl,kx(~r) =
l
r H1

l (krr)− krH1
l+1(krr)

H1
l (krr0)

eilφ eikxx, (6.14)

∇φ Ψl,kx(~r) =
il
r

Ψl,kx(~r), (6.15)

and

∇xΨl,kx(~r) = ikxΨl,kx(~r). (6.16)

It is convenient to define new matrices corresponding to each velocity component,

αααr =
−i

ωρ0
∇rααα, (6.17)

αααφ =
−i

ωρ0
∇φ ααα, (6.18)

and

αααx =
−i

ωρ0
∇xααα (6.19)
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so that Eq. 6.13 simplifies to the same form of Eq. 6.11 for each component of~uq:

urq = cT
αααr, (6.20)

uφq = cT
αααφ , (6.21)

and

uxq = cT
αααx. (6.22)

Note that for the axisymmetric assumption (l = 0) made in this work, the φ component of the

gradient in Eq. 6.15, and the subsequent uφq in Eq. 6.21, are identically zero for any choice of q.

6.4.3 Application to LES

A fundamental assumption of SONAH is that the field at each frequency is a solution to the

homogeneous Helmholtz equation, meaning that the field is coherent and contains no acoustic

sources in the region between the hologram and the reconstruction location. It is well known that

the jet noise field is not self-coherent, so care must be taken to extract self-coherent partial fields,

apply the holography process to each partial field individually, then sum the partial fields together at

the reconstruction location to arrive at a final answer. The partial field extraction is accomplished

through spectral proper orthogonal decomposition [143]. A data matrix is constructed where the

i jth element is the complex pressure measured for the jth block at the ith measurement point along

the array, then this matrix is multiplied by its Hermitian transpose to generate the cross spectral

matrix (CSM) of the array. The singular value decomposition of the CSM is then used to obtain the

partial fields, which are simply each singular vector scaled by the square root of its corresponding

singular value.

For the current experiment, each simulated array in use contains many more elements than

there are measurement blocks, so the rank of the CSM (and therefore the number of physically
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meaningful partial fields) is limited to the number of blocks, which is 97. Each of the 97 partial

fields has a unique shape, though a common trend of these decompositions is that the partial field

shapes are reminiscent of modes on a string, where the first has a single antinode at the point of

maximum SPL, the second has two antinodes to the sides of the maximum, the third has three

straddling the two from the second field, and so on. This causes the higher-order partial fields to

have large amplitudes at the edges of the array relative to their peak.

To minimize wavenumber leakage caused by abrupt changes at the edges of the array, each partial

field is extended two acoustic wavelengths in both directions using analytic continuation [144], then

windowed with a Tukey window to enforce a graceful taper to zero. For this paper, the vectors ph

and pq used in equation 6.10 are populated by the complex pressures at a particular partial field

after this extension has been applied.

The bulk of the computation time at each frequency is spent in the regularization and inversion

of the matrix AHA, whose size is nh by nh. To reduce the size, the hologram can be resampled so

that the interelement spacing is larger, as long as spatial aliasing is avoided at that frequency. For

this experiment, the array was decimated to an interelement spacing so that there were three points

per wavelength, with a minimum of 97 elements to preserve the rank of the CSM.

Azimuthal considerations

Previous work investigating the field produced by military aircraft [83,138] has shown that imposing

an azimuthal assumption by only including the zeroth-order Hankel functions in the EWM still

allows for accurate reconstructions of the level of the sound field over the azimuthal aperture

of the corresponding measurements. The axisymmetric EWM used in SONAH reconstructions,

however, do not accurately represesent the coherence properties in the azimuthal direction. Leete

et al. [145] measured the coherence angle (the angle over which the the coherence between two

points reliably stayed over 0.5) and compared to predictions based on M-SONAH reconstructions.
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The axisymmetric wavefunctions in the EWM predict unit coherence in the azimuthal direction, (a

coherence angle of 360 degrees) while the measured values remained at least as large as 20 degrees

below 400 Hz (two times the peak frequency of that jet).

For laboratory-scale jets, the acoustic field from jets with circular nozzles have been found

to be axisymmetric in level [146]. For the circular nozzle of this simulation then, the most

important consideration for accurate holographic reconstructions of the field would be the ability

to replicate the coherence properties in the azimuthal direction. Though not displayed here,

preliminary investigation of the coherence angles were found to be on the order of those found in the

military aircraft field in Ref. [145]. Therefore, holographic reconstructions in this study using the

axisymmetric EWM are expected to be accurate in level, though only faithfully reproduce coherence

properties within a finite, frequency-dependant azimuthal range of the hologram. Additional

investigation of the azimuthal limitations of the axisymmetric EWM is needed.

6.5 Results

This section discusses the similarity of the holographic reconstruction of the pressure, particle

velocity, and acoustic intensity to the LES.

6.5.1 EWM fit

The Hologram array was designed to be large enough to cover the pertinent energy that radiates to

the field, densely sampled to eliminate spatial aliasing, and emulate the locations of measurements

near high-performance military aircraft [89,138]. To test the ability of the EWM to fit the simulated

data, the holography procedure is completed where the reconstructed location is at the Hologram

itself, being the theoretical best-case scenario for the field to be accurately reconstructed.
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Figure 6.4 (a) Sound Pressure level along the Hologram and (b) error of the reconstructions
as a function of distance from the nozzle in diameters and Strouhal number.

Figure 6.4(a) shows the spectra along the Hologram (red line in Fig. 6.1) as a function of

normalized downstream distance, the color representing the narrowband SPL. The frequencies

are expressed in terms of Strouhal number, which for this work is calculated as Sr = f D/Uave.

Figure 6.4(b) shows the difference between the reconstructed level and the level from part (a).

Reconstruction errors are essentially zero over the frequency band and spatial aperture of interest,

except at edge points, where error can creep up to 1 dB. This shows that the chosen EWM is

able to fit the simulations well along the array and the regularization process is not too aggressive.

This EWM is now used to reconstruct the pressure and velocity fields at location other than the

Hologram.
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6.5.2 Far-field Reconstructions

Sound pressure level and reconstruction accuracy at the 100D Arc in the far field (yellow lines in

Fig. 6.2) are displayed in Fig. 6.5, displaying the SPL as a function of Sr and the angle from the −x

axis to each position along the arc (θ ). Less than 1 dB error for the majority of the spatiospectral

domain is observed, except at Sr < 0.06 and aft of 155°. Underestimation in the far aft is due to

windowing of the pressures outside of the hologram to zero as discussed in Sec. 6.4.3.
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Figure 6.5 (a) Pressures along the far-field arc and (b) error in the reconstruction as a
function of jet inlet angle (θ ) and Strouhal number.

6.5.3 FWHS Reconstructions

Reconstructing the field inside the hologram at the FWHS, Fig. 6.6 shows the pressures generated

by the LES in part (a) and reconstruction errors in part (b) in the same format as Figs. 6.4. The
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reconstructions are accurate to within 2 dB error in most of the frequency and spatial range shown,

though with large errors at the lowest frequencies and near the nozzle exit. Overestimations of the

field by about 6 dB are found at Sr > 1 for x/D > Ls.
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Figure 6.6 (a) Pressures along the FWHS and (b) error in the reconstruction as a function
of distance from the nozzle in diameters and Strouhal number.

The LES-generated data contain velocities as well as pressures along the FWHS, so the TKE

reconstructed at the FWHS array is compared to the simulation in Fig. 6.7. Errors are similar to

those of Fig. 6.6, though with slightly larger amplitudes and the addition of large underestimations

of the field far downstream. These underestimations in the far aft region indicate that the Hologram

was not quite large enough to fully capture the aperture necessary to reconstruct the energy over

this sampled array.

The SIL calculated along the FWHS array are displayed in Fig. 6.8. The similarity of the SIL

and SPLs of the LES over most of the spectrum indicates that nearly plane-wave propagation is
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Figure 6.7 (a) TKE along the FWHS and (b) error in the reconstruction as a function of
distance from the nozzle in diameters and Strouhal number.

present. Generally, the SPL, TKE, and SIL are overestimated by NAH in areas where amplitudes

are low: by the nozzle exit at low frequency and far aft at high frequency. Low-frequency levels

are underestimated downstream of the nozzle, and the TKE is underestimated at the far aft edge of

the array at all frequencies. Since the pressures along the FWHS are the output from the LES, it is

unclear if the error in the reconstruction at low frequencies is due to the holography process or if

this low-frequency information was not transferred to the Hologram from the FWHS in the FW-H

integration step. As the errors are low at the Hologram in Fig. 6.4, the latter is suspected to be the

case, indicating that the low-frequency energy along the FWHS is hydrodynamic in nature.
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Figure 6.8 (a) Intensity magnitude along the FWHS and (b) error in the reconstruction as
a function of distance from the nozzle in diameters and Strouhal number.

6.5.4 Lipline Reconstructions

Reconstructions along the nozzle lipline (black line in Fig. 6.1) are undertaken to test the application

of holography within the jet plume. Figure 6.9 a) shows the LES-generated pressures sampled

along the nozzle lipline, Fig. 6.10 a) shows the TKE, and Fig. 6.11 a) the acoustic intensity. Unlike

previous figures, these show the reconstructions in part (b) and the errors of the reconstructions in

part (c) to demonstrate the differences in spectral shape of the reconstructions from the benchmark.

To separate errors in the level of the spectra from misrepresentations of the shape of the spectra, the

color map in part (c) of each figure is chosen such that white, instead of representing zero error,

now represents an offset in the error, calculated as the mean error in the region 3 dB down from the

maximum level.
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The pressure reconstructions in Fig. 6.9 b) follow the relative shape of the spectra well, though

with a general underestimation of the energy by about 4 dB. After adjustment for this offset, errors

in the main lobe are within about 2 dB. Large errors occur outside of this main locus of energy,

however, which are truncated by the range of the color bar so details in the main radiation region

can be seen. The TKE reconstructions in part (b) of Fig. 6.10 show a spectral shape similar to

the pressure reconstructions, while the data in part (a) of Fig. 6.10 peak at lower frequencies than

the pressure and have a steeper roll-off at high frequency. In part (c), the TKE reconstructions

are shown to underestimate the flow by 26 dB, which is set to white. The deviations from the -26

dB offset are from the misrepresentation of the spectral shape, overestimation of the field near the

nozzle exit (the LES fluctuations go to zero at the nozzle exit, but the holographic reconstructions

do not), and severe underestimations of the field at low frequencies and aft of the main radiation

lobe.

The holographic reconstruction of the pressure and velocity is not expected to match the actual

LES-generated data. The EWM used in the holography method represents waves emanating from a

small cylindrical surface which contains all the pertinent sources; the only situation in which the

pressures along the nozzle lipline would match the reconstructions is if all the acoustic sources

were located within a similar cylinder whose surface is on the lipline. Additionally, the velocity

and pressure fluctuations generated by the LES are not correlated with the sound radiated to the

far-field hologram, from which the EWM is derived. An ongoing research problem is to identify the

components of the pressures and velocities which do correspond to the far-field acoustics, such as

the application of Doak’s momentum potential theory [28] or other flow field decompositions [26].

The quantitative agreement of reconstructions of the SIL along the nozzle lipline in Fig. 6.11

suggest that the holography technique is representing the acoustically relevant component of the

pressure and particle velocity fluctuations in the flow. However, the axisymmetric nature of the

EWM used forces the vector intensity to be pointed radially outward from the jet centerline, while
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Figure 6.9 (a) LES Pressures, (b) reconstructed pressures, and (c) error in the reconstruc-
tion along the nozzle lipline as a function of distance from the nozzle in diameters and
Strouhal number. The color bar is centered at an offset of -4 dB.

the directions of the calculated intensity vectors (not shown here) are pointed in seemingly random

directions at this sampled array. Since jet noise sources are usually thought of as a volumetric

distribution throughout the plume, it is likely that the holographic reconstructions would more

closely resemble an integration of the sources over the volume within the cylinder of the nozzle

lipline. This line of comparison is recommended for future work. The fact that the reconstructed
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Figure 6.10 (a) LES TKE, (b) reconstructed TKE, and (c) error in the reconstruction as a
function of distance from the nozzle in diameters and Strouhal number. The color bar is
centered at an offset of -26 dB.

acoustic intensity matches the acoustic intensity magnitude at all is heartening, suggesting that the

simple calculation of Eq. 6.2 can be applied to LES or measured data of laboratory jets in the future

to investigate its ability to isolate the acoustically-relevant components of the jet flow.



6.6 Analysis 137

0

0.5

1

1.5

Sr

(a)

120

130

140

150

160

SI
L 

(d
B 

re
 1

 p
W

)

0

0.5

1

1.5

Sr

(b)

120

130

140

150

160

SI
L 

(d
B 

re
 1

 p
W

)

5 10 15 20
x/D

0

0.5

1

1.5

Sr

(c)

-10

-5

0

5

 S
IL

 (d
B)

Figure 6.11 (a) LES intensity magnitude, (b) reconstructed intensity magnitude, and (c)
error in the reconstruction on the nozzle lipline as a function of distance from the nozzle in
diameters and Strouhal number. The color bar is centered at an offset of -4 dB.

6.6 Analysis

Prior works have used pressure fluctuations along the nozzle lipline as a representation of an

equivalent acoustic source distribution which represents the field [36, 138]. From Figs. 6.9 and 6.11

it appears that holographic reconstructions at the lipline of the are a fair representation of the shape
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of the LES-generated pressures and acoustic intensities. The open question, then, is whether these

distributions are accurate representation of the actual locus of acoustic source power.

To characterize the acoustic power of the jet, Eq. 6.3 is applied along the FWHS from the LES

directly and at other near and far field surfaces using the holographic reconstructions of the vector

intensity. Axial distributions of sound power are also developed by raytracing the intensity vectors

to the jet centerline.

6.6.1 Sound Power

Calculations of Wa can be achieved with direct application of Eq. 6.3 if the dataset in question has

both pressure and particle velocity sampled in sufficient density on a surface surrounding the jet. For

each of the sampled arrays mentioned in Section 6.2, the calculation of overall sound power level

is completed using the LES data directly where both pressure and particle velocities are available

and from the holographic reconstructions elsewhere. The process is then repeated using Eq. 6.4 to

estimate the intensity magnitude and assuming the vector is perpendicular to the sampled surface.

Table 6.1 shows the overall sound power level calculated in each of these situations, with the left

column denoting the array used to calculate the sound power and the four remaining columns

whether the LES data or holographic reconstructions were used along with the method of calculating

the vector intensity.

For the extended Hologram and 100D Arcs where there is azimuthal information, the calculation

is done twice, once using a single array which is rotated around the x-axis, and once with the

full array. The addition of more azimuthal coverage changed the calculation of the overall sound

power level by less than 0.01 dB, confirming the axisymmetry of the levels of the jet noise in this

simulation.

The only significant deviation in sound power calculation is noticed when the autospectrum of the

pressures is used to estimate the vector intensity magnitude along the FWHS, which overestimates
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Table 6.1 Overall sound power level (dB re 1 pW) calculated from various arrays.

LES Holography

Re{Gpu} Gpp/(ρ0c) Re{Gpu} Gpp/(ρ0c)

FWHS 160.6 161.8 159.2 161.4

Hologram - 160.5 160.3 161.5

40D Line - 160.4 160.2 161.0

100D Arc - 160.5 160.2 160.5

EWM source - - 160.3 161.8

the overall sound power. The overestimation is a combination of two phenomena: 1) using Gpp

instead of Gpu to calculate the acoustic intensity does not filter out the low-frequency hydrodynamic

components which do not propagate to the far field and 2) the actual intensity vectors are not

perpendicular to the surface represented by the array. In the far-field, however, deviations are

remarkably small, signifying that the overall sound power level is a relatively forgiving calculation.

To view the spectral distribution of sound power, the sound power spectral density in Watts per

Strouhal number (W/Sr) are displayed as a level referenced to 1 pW in Fig. 6.12. Each line represents

the calculation using the pressures and particle velocities of the holographic reconstructions, except

for the red line, which uses the LES data directly. The only significant difference between these

curves are that all the holography-based calculations slightly underestimate the calculations direct

from the LES, while using the assumptions of Eq. 6.4 on the FWHS overestimates the levels.

The sound power calculated for this simulated jet (corresponding to the level of 160.6 dB

reported in table 6.1) is 11.5 kW, which results in an acoustic efficiency (η) calculation of 1.56 %.

This percentage is larger than is recommended by NASA SP-8072, which uses 1% as a conservative

upper bound. It is possible that η of this jet is augmented due to its underexpanded nature, where

shocks within the nozzle cause a reduction in mechanical power calculated at the nozzle exit.
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Figure 6.12 Sound power spectral density (W/Sr) level (dB re 1 pW) calculated by
integration over various surfaces.

6.6.2 Axial Distribution of Sound Power

Sound power calculations for the entire jet are helpful in describing its overall acoustical efficiency,

though information about the origin of this noise can lend insight into noise generation mechanisms

within the plume. Equation 6.3 is interpreted as calculating the energy flux through an enclosing

surface, which, in practice, is discretized into a finite number of patches, each represented by a

measurement point. Therefore, the dot product of the intensity vector with the normal vector of

each patch is the power contribution from that patch. The origin of this small portion of the overall

power can be found by raytracing the intensity vector at that patch back to the jet centerline. Figure

6.13 shows a schematic of this process on the FWHS superimposed on a snapshot of the pressure

fluctuations calculated by the LES. The red arrow represents the the calculated intensity vector

at a particular sampled location and the black arrow the normal vector to the surface, with the

insert showing a zoomed in version of the point in question. The red dashed lines represents the
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calculation of the source location for this particular patch’s worth of power. The dotted black line

represents the assumption of the source location if the intensity vector is not actually known and its

vector magnitude needs to be estimated using Eq. 6.4. The red and black dashed lines would be

identical if the integration surface was chosen to be parallel to the acoustic wavefronts.
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Figure 6.13 Schematic of raytracing procedure overlayed on a snapshot of the instanta-
neous pressures generated by the LES.

When this raytracing is completed for all the patches over the enclosing surface S, it results in

a list of origins for all the individual patches with their contributing power values. These can be

binned into a histogram to create a distribution of the source sound power along the jet centerline,

so that integration of the distribution results in the total sound power. Figure 6.14 shows the results

of this raytracing for holographic reconstructions of the vector intensity along the 100D Arc, the

Hologram, the direct computation of the vector intensity along the FWHS from the LES, and

repeated using just the squared pressures along the FWHS.

An additional method of determining the source sound power is calculated and added as the

cyan line in Figs. 6.12 and 6.14 and as the last row of Table 6.1. The EWM used in Eq. 6.7 is

equivalent to a radially vibrating cylinder of radius r0 located along the jet centerline, with arbitrary



6.6 Analysis 142

0 5 10 15 20 25
x/D

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

W
a/(x

/D
), 

W
at

ts
 p

er
 d

ia
m

et
er

100D Arc

FWHS LES

Hologram

FWHS P2 assumption

Source Holography

Figure 6.14 Sound power per diameter along the jet centerline, raytraced from various
field arrays and calculated from SONAH reconstructions on a cylinder of radius r0 (cyan).
The dashed and dotted lines represent Lc and Ls, respectively.

axial phase relationship. Reconstructing the vector intensity field at r0 can then directly compute

the sound power generated by this cylinder as a function of x. This results in an approximation of

the axial distribution of source power along the jet centerline because the radius is very small (0.5

mm in this case).

To look at ray-traced source distributions as a function of frequency, Fig. 6.15 shows the sound

power spectral density level traced back to each 1
2D bin along the jet centerline from (a) the LES on

the FWHS and (b) the holographic reconstructions to the 100D Arc. The green dashed and dotted

lines on Figs. 6.14 and 6.15 represent Lc and Ls, respectively.

Both Figs. 6.14 and 6.15 show a trend in the localization of the sound power depending on the

placement of the array. The calculation of the axial source distribution from the FWHS and the

cylinder of the EWM are broad, and the rise on the upstream side match the linear rise in sound

power observed in Ref. [45]. Though the far-field estimations integrate to the same overall sound
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Figure 6.15 Sound power spectral density (W/Sr) level (dB re 1 pW). For the power traced
back to 1

2D bins along the jet centerline, the dashed and dotted lines represent Lc and Ls,
respectively.

power level as those derived from the FWHS, they concentrate the energy into a more compact

source that is highly frequency dependent. This result suggests that if the correlated nature of

the source is not incorporated in the equivalent source model (e.g., the distributed uncorrelated

monopole source suggested by NASA SP-8072), then different source distributions would need to

be used depending on whether the source model is used to represent the near field or the far field.

Differences in source power localization may change the interpretation of which region of the

jet is contributing most to the acoustic power [52]. Table 6.2 shows the percent of Wa that originates

from the potential core (x < Lc), between the potential and supersonic cores (Lc < x < Ls), and the

subsonic portion of the flow (Ls < x). Even with the differences between the distribution calculated

from the 100D Arc and the FWHS, the physical interpretation remains the same, with the vast

majority of the power split between the potential core region and the region between Lc and Ls.
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If, however, the direction of the intensity vectors are estimated as perpendicular to the integration

surface, the amount of power localized to the subsonic portion of the flow is doubled. In conjunction

with the results of Chapter 5, this suggests that one would overestimate the contribution to the field

from the large-scale turbulent structure noise generated in the region around Ls and underestimate

the contribution from the Mach wave radiation.

Table 6.2 Percent of Wa originating from upstream, between, and downstream of the
potential (Lc) and supersonic (Ls) cores

x < Lc Lc < x < Ls Ls < x

100D Arc 52 % 45 % 3 %

Hologram 54 % 42 % 4 %

FWHS Gpu 53 % 40 % 7 %

FWHS Gpp 37 % 43 % 20 %

Source Holography 51 % 39 % 10 %

6.7 Conclusions and Recommendations

Statistically optimized near-field acoustical holography has successfully reconstructed the noise

produced by a LES of a highly heated laboratory-scale jet. The pressure reconstructions match

the near and far fields with minimal error in the measurement aperture but underestimate the

pressure fluctuations along the nozzle lipline by 4 dB. The particle velocity and vector intensity

reconstructions match the LES at the FWHS, and though reconstructions inside the plume at the

nozzle lipline severely underestimate the velocity fluctuations, the vector intensity magnitudes are

only underestimated by the same factor as the pressure reconstructions. The fact that the pressure

and intensity fluctuations underestimate the LES-generated values by the same amount suggest that

the correct phase relationship between the pressure and particle velocity are maintained and the
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holography process is extracting acoustically relevant pressures and particle velocity components of

the flow.

Acoustic intensity reconstructions in the field allow for predictions of the sound power level of

the jet. With knowledge of the mechanical power of the simulation, an acoustic efficiency of 1.56%

is calculated. The axisymmetric nature of the jet in level allows for axisymmetric assumptions in the

calculation of the sound power. Further simplification of the the sound power calculation by using

the squared pressure instead of the full pressure and particle velocity calculations are suitable, even

in the geometric near-field (with overestimations of the overall level of as little as 1 dB). However,

using the squared pressures in the near field does not accurately localize the source distribution of

sound power, shifting it a few diameters aft in this case. The calculation of acoustic efficiency is

more sensitive than the calculation of sound power level. For example, an increase of sound power

level by 1 dB increases the calculated acoustic efficiency to about 1.9%.

This calculation of the acoustic efficiency of a jet could be easily applied to any simulated

jet database that includes the density and velocity at the nozzle exit and the pressure and particle

velocities along a Rayleigh or FW-H type surface. If axisymmetry is assumed, a single sampled line

can be used as well. Using a simple tool such as the acoustic efficiency of the jet may be valuable

for evaluation of noise reduction technologies to isolate whether the noise reduction is due to a

fundamental change in radiation characteristics, or if simply the thrust of the jet is being controlled

to reduce the radiated noise. Though the acoustical efficiency calculated for this particular jet is

larger than that assumed of rockets, the data point provided by this jet is a single one over a large

domain. It would be to the benefit of the rocket and jet noise communities to report their calculations

of acoustic efficiency so more robust investigation of this space can be accomplished.

Raytracing the vector intensity back to the jet centerline, the axial power per unit length is

derived, which shows most of the energy originating from upstream of Lc, similar to experiments

of other heated laboratory scale jets [147]. The strong Mach waves generated by the supersonic
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portion of the jet are likely the reason, as they dominate in this region [92]. The sound power source

distributions depend on whether the vector intensity is calculated in the near or far field, with the

apparent source distribution becoming more compact and peaked when tracing from the far-field.

The theory of Nagamatsu and Horvay [45] for a linear increase in sound power from the nozzle

exit to the peak of the power distribution matches well for the distributions derived in the near

field. Estimations of the axial distribution of sound power by use of the squared pressures is not

encouraged, as it will shift the apparent jet noise source downstream.

Estimations of the source sound power can also be directly calculated from the holography

process, by reconstructing the pressures and particle velocities to the small reference radius of the

EWM. This calculates an equivalent vibrating cylinder that reproduces the jet noise field, and whose

sound power closely resembles the intensity raytracing of the LES generated intensity vectors.

The frequency-dependent source power of part (a) of Fig. 6.15 is similar in shape to the pressure

and intensity reconstructions along the nozzle lipline of Figs. 6.9 and 6.11, suggesting that the

pressure disturbances in the flow are more closely correlated to the far-field acoustics than the

velocity fluctuations [148]. This striking similarity between the shape of the source power and the

pressure reconstructions along the lipline suggest that they may be interchangeable. More direct

investigations within the flow pressures, perhaps as a function of radius, could be employed to

investigate further. Holography is found to be a robust tool in calculating frequency-dependent

source sound powers for jet noise, with estimations of the axial distribution of source power

mirroring those calculated directly from the LES. Past successful implementations at the laboratory

and full scales to reconstruct the acoustic field [79,84,138] suggests that holography can be a viable

alternative to calculating axial distributions of sound power if direct measurements using acoustic

intensity probes or other methods are unfeasible.



Chapter 7

Conclusions

This compilation of investigations has provided important insight into the fields generated by

high-performance military aircraft and a simulated highly heated laboratory-scale jet. Comparisons

between the two illuminate aspects of the jet noise field that are still not understood and accounted

for in modelling efforts. Validation of holography on the LES dataset provides encouraging results

that holography may be a valid method of extracting the acoustically relevant pressure and velocity

perturbations in the flow, as well as a practical tool for calculation of sound power distributions of

military aircraft or other high-velocity flows. These conclusions lead to an enhanced understanding

of the jet noise source of high-temperature and high-velocity jets.

7.1 Military Aircraft Field

It has become increasingly clear that the sound field produced by military aircraft does not match the

previously established two-source model [8]. Both the F-35 and T-7A aircraft discussed here contain

multiple peaks in the aft spectra, which, as seen in Figs. 2.3, 2.7, and 4.4, are better characterized

as spatiospectral lobes. Dense measurements of the near field show upwards of five spatiospectral

lobes present in the F-35 and potentially more in the T-7A. The lobes are slanted, with the peak

147
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frequency increasing with downstream distance, consistent with the observation that the spatial

directivity of the lobes shift aft with increasing frequency.

The measurement of multiple engine powers shows that the shift in directivity towards the

sideline is mainly driven by the increase in the number of lobes and the larger relative amplitudes of

the upstream lobes compared to the downstream ones. This is most clearly seen in the jump between

intermediate conditions; between 50% ETR and 75% ETR for the F-35 and between 83% N2 and

88% N2 for the T-7A. Additionally, each lobe becomes more spatially compact with increase in

engine power, with a smaller deviation in spatial directivity as frequency is increased, exemplified

by the difference in the top and bottom plots in the rightmost columns of Figs. 4.4 and 2.3.

Though the shape and relative amplitudes of the lobes change with engine power, the spatiospec-

tral location of the lobes remain fairly constant. Qualitative comparison of the lobe structure of the

F-35 and T-7A shows that there is likely a scaling that would collapse the two aircraft spectra on

top of each other.

The application of M-SONAH on the F-35 field extends the dense sampling of the near-field

array into the far field, mapping the spatiospectral lobe trends across space. Figure 2.12 displays the

trends of the lobes as a function of frequency and engine power; how each individual lobe shifts

aft with increase in frequency while new lobes appear upstream to take their place. As engine

power is increased, the forward-most lobe increases in its relative contribution to the field, causing

the overall directivity at that frequency to shift towards the sideline. The source regions of the

lobes are investigated in Fig. 2.9 by reconstructing the field along the nozzle lipline and Fig. 2.13,

which traces the peak of each lobe to the jet centerline. The lowest-frequency lobe originates far

downstream, while the second and third originate from similar locations further upstream, but

several diameters aft of the nozzle.
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7.2 LES Sound Field

Treatment of the LES database as if it were a measurement similar to the F-35 and T-7A has

incentivized the use of coherence and NAH analyses, as opposed to more complicated full-field

decomposition analyses that have been trending in jet noise research. The coherence of the field

was calculated, which showed four distinct regions dominated by different radiation mechanisms:

BBSAN, fine-scale turbulent structure noise, Mach wave radiation, and low-frequency aft radiation.

Splitting the aft radiation into two regions based on their coherence properties follows observations

of qualitative differences in the propagation of the waves in these regions [40, 41]. Quantitatively,

these two aft regions are divided based on the presence of coherence with the upstream-radiating

BBSAN.

Calculation of the coherence between the flow pressures sampled along the nozzle lipline and

the acoustic pressures in the field show how information is transferred from the plume to the field.

BBSAN is seen to originate in the potential core where shock cells are present, Mach wave radiation

is seen to originate from the supersonic portion of the flow (x/D< Ls), and the far-aft, low-frequency

information is seen originating just aft of Ls. The Mach wave radiation, which dominates over a

large portion of the array, appears to translate information laterally, with spatially ordered packets

of coherence lined up one after another along the lipline, beaming at a nearly constant angle to the

field. Alternately, the low-frequency, far-aft radiation originates from an extended region around the

end of the supersonic core and radiates over a large area less directionally.

The far aft radiation is therefore interpreted as large-scale turbulent structure noise, where the

pressures caused by the structures create a coherent wavepacket over a finite area, causing the broad

wavenumber spectrum to radiate some portion of their energy, even if the peak energy is subsonic.

This causes less directional radiation, and as the acoustic field is sampled farther and farther aft

beyond the end of the plume localizes the noise to this same region, instead of shifting source

regions correspondingly far aft of the supersonic core.
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The holography analysis in Chapter 6 shows that the vast majority of the radiated acoustic

energy is due to the efficient Mach wave radiation in the supersonic portion of the flow, contrary

to conclusions made by Sutherland et al. [46] and interpretation of the axial power per unit length

of NASA SP-8072 [43]. Pressure reconstructions along the nozzle lipline follow the sound power

reconstructions in terms of shape, which adds value to the lipline reconstructions of the F-35 in Fig.

2.9 as well as previous investigations of the jet noise source [36].

7.3 Holography Performance and Significance

Near-field acoustical holography provides a physics-based extrapolation of the measured field and

allows for a more detailed investigation of the spatiospectral lobe phenomenon than measurement

alone. Chapters 2 and 3 discuss the holographic reconstructions of the field of the F-35. The

holography process is found to accurately represent the field within the aperture of the array, with

an extended region where errors are found to be less than 2 dB. There exists some discrepancy

between the ground interference effects observed in the measurement and predicted by the M-

SONAH formulation, with reconstructions estimating the location of the interference null correctly

towards the sideline but overestimating its depth. In the region of maximum radiation in the aft,

well-defined nulls do not seem to appear in the spectra at all, though the holographic reconstructions

predict something between that of cylindrically and spherically propagating waves. The M-SONAH

procedure, therefore, does not completely capture the ground interference effects of the F-35

measurement, attesting to the extended, volumetric, and partially coherent nature of the jet noise

source. For future extensions of the M-SONAH process to higher frequencies, more extensive

investigations of the ground interference effects will be needed.

The SONAH algorithm is successfully applied to the LES in Chapter 6, with a number of notable

improvements over the work in Chapters 2 and 3. First, the formulation from Ref. [142] was applied,
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so that particle velocity fluctuations in addition to the pressures are reconstructed. Second, the

aperture extension protocol was changed. Instead of the brute force method of Chapter 2 where

the aperture of the hologram was extended large distances to either side of the array, the aperture

extension in Chapter 6 was incorporated into the formulation of the EWM. By choosing a finer

resolution of axial wavenumbers used in the EWM, the same effect as extending the aperture by a

large number of points (compare sections 2.4.3 and 6.4.3) was achieved. This allowes for faster

computation times and leaves less room for artifacts of the aperture extension to corrupt the data at

the array edges.

Because pressure and particle velocities are now available from the holographic reconstructions,

the acoustic intensity can be calculated as well. Chapter 6 investigates the overall sound power as

well as axial distribution of sound power along the jet centerline from raytracing the intensity vectors.

The overall levels match those derived directly from the LES vector intensity at the FWHS and

from the squared pressures in the far-field, showing consistency with the FW-H integration method

used to generate the pressures at the hologram. The interpretation of the reconstructions inside the

flow along the nozzle lipline still remain somewhat ambiguous: the reconstructed pressures and

reconstructed vector intensities are underestimated by about 4 dB and the TKE are underestimated

by 26 dB. It is well understood that not all the pressure and velocity fluctuations are related to the

far-field radiation, so underestimations are expected. However, the exact meaning of these specific

offset values is elusive; the fact that the vector intensity magnitude calculations from the LES along

the lipline agree fairly well is heartening, though more analytical work is needed to understand the

effects of the axisymmetric assumptions on the holography inside the flow and the applicability of

vector intensity calculations in a vortical, nonlinear flow.

The axial sound power distributions, however, do fit the overall shape of the lipline intensity

magnitude and pressure fluctuations, suggesting that previous methods of obtaining sound source

distributions by decomposing reconstructed pressures along the nozzle lipline are valid [36]. Spatial
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integration of the sound power distributions shows that the majority (upwards of 90%) of the sound

power is generated by radiation originating from the supersonic portion of the flow, with an almost

half-and-half split of that energy coming from the potential core or between the potential and

supersonic cores in the case of the LES. The coherence analysis of Chapter 5 shows this energetic

portion of the flow to be dominated by Mach wave radiation.

7.4 Contributions

This works supplies significant new evidence for the presence of spatiospectral lobes in the aft radia-

tion of high-performance military aircraft and, in conjunction with the LES, allows for explanations

for part of the phenomenon.

The addition of the T-7A dataset to the growing number of measurements of military aircraft

continues to show that the spatiospectral lobes are an important aspect of jet noise produced by

high-performance military aircraft. Similar to previous aircraft measurements, considerable effort

was put into organizing the collected data into a single package and writing functions where the

waveforms corresponding to a particular channel or array of channels can be loaded easily. This has

allowed, and will continue to allow, for ease of data analysis on this dataset for many students for

years to come.

Though prior publication of parts of the F-35 dataset has been done, Chapter 2 represents the

first peer-reviewed publication to explicitly examine in detail the spatiospectral lobes of the F-35.

Preliminary investigation of the noise source region of each of the individual lobes is completed,

though the limitation of not knowing specific jet flow data, such as Mach number or the length of the

potential or supersonic cores of the jet at the various engine conditions halts further understanding.

The largest contribution of this work (and simultaneously, its greatest limitation) to the under-

standing of jet noise is the comparison of the F-35 and T-7A aircraft to LES of a highly heated
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supersonic laboratory-scale jet. The qualitative comparisons provided herein allow for a broader

description of the aft radiation of jet noise, but because of the lack of information of the military

aircraft’s exhaust, direct comparison between the F-35, the T-7A and LES cannot be done to

conclusively verify these claims.

7.4.1 Source Narrative

The traditional description of supersonic flow exiting a nozzle is described thusly: flow exits the

nozzle uniformly, with Kelvin-Helmholtz type perturbations originating at the nozzle lip growing as

they are convected downstream. At some point, the turbulent shear layer grows on the boundary

of the jet until the uniform flow is completely overtaken, marking the end of the potential core.

The turbulent interaction of these eddies causes extensive mixing and the traditional turbulence

cascade transfers this energy from large to smaller and smaller scales until they are dissipated at the

Kolmogorov scale. The velocity thus decreases until reaching ambient conditions, with the point

where the velocity is no longer supersonic being called the end of the supersonic core. When the

jet is operated under nonideal conditions, shock cells appear in the flow, generally only seen in the

potential core region.

The fine-scale turbulent structures throughout the flow radiate high-frequency noise nearly

omnidirectionally, and are found throughout the plume, which dominates towards the sideline. The

large-scale turbulent structures, as they convect downstream, create pressure fluctuations that are

coherent over a large area, which generates directional radiation pointed towards the aft. As these

structures pass through the shock cells, the actuated shock cells generate BBSAN that primarily

radiates upstream.

The addition of the current work is the expansion of this understanding for highly heated

laboratory-scale jets and military aircraft. With the extreme temperatures and velocities present,

the phase relationship of the coherent structures upstream of the supersonic core (and particularly
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of the potential core) are supersonic, creating efficient Mach wave radiation. As the phase speed

decreases as the flow slows down, the peak frequency of the Mach wave radiation decreases until

the phase relationship of the correlated pressures becomes subsonic, generally near the end of

the supersonic core. At this point, though the peak of the wavenumber spectrum of the coherent

pressures is subsonic, since it is of finite width there are still significant portions of the energy that

are supersonic. This causes less efficient, more omnidirectional radiation from an extended area.

The characterization of these two regions and radiation types are shown in the coherence

analysis of Fig. 5.7. The frequency-averaged coherent envelopes upstream of the potential core

are spatially ordered and partially overlapping, with the directional radiation creating parallel rays

or quasi plane-wave like radiation in this region. Farther aft, the frequency-averaged coherence

becomes markedly smaller, but spread over a broader spatial range. This suggests a multiplicity of

overlapping, inefficiently radiating wavepackets in the region around the end of the supersonic core.

7.4.2 Potential Causes of the Spatiospectral Lobes

The difference between the highly efficient Mach wave radiation originating from the supersonic

portion of the flow and the less efficient radiation from the subsonic portion of the flow describe

the underlying pattern of the radiation in the spatiospectral domain. As seen in the LES, the field

has a smooth transition from one mechanism to the other, creating the overall “L” or “backwards

J” signature seen in Fig. 6.4, as well as in the F-35 and T-7A measurements in Figs. 2.3 and 4.4.

The foot of the “L” (or in the case of the F-35, lobe 1) is then interpreted as the radiation from the

subsonic wavepackets centered along the end of the supersonic core and the shaft of the “L” (or

lobes 2-5 in the F-35) is due to the Mach wave radiation from supersonic wavepackets lining the

shear layer from the nozzle exit on down.

Recent decomposition work [31] has shown a similar description of the jet noise field in unheated

subsonic and supersonic jets. The fields from several simulated jets were decomposed using SPOD
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and resolvent analysis, finding differences between the noise generation mechanisms in the potential

core and the developed jet downstream.Schmidt et al. [31] describe the two noise production

mechanisms (and corresponding wavepacket types) as Kelvin-Helmholtz instability waves and

Orr waves. Kelvin-Helmholtz instabilities in the potential core region along the shear layer are

generally accepted as the mechanism that generates the large-scale turbulent structures in subsonic

and supersonic jets. Qualitative similarity between the wavepacket shapes educed in Ref. [31] and

the coherent envelopes in Chapter 5 suggest that the large-scale turbulent structure noise, or the foot

of the “L”, is due to the Orr mechanism.

However, the additional diagonal streaks that splits the smoothly-varying field exemplified by

the LES into the discrete lobes exemplified by the F-35 and T-7A measurements remain unexplained.

The shaft of the “L” is only observed to be segmented into spatiospectral lobes in the LES when

the coherence is calculated between a point on the nozzle lipline where shock cells are present to

the field, in the same region where coherence between the BBSAN and the aft radiation is found,

suggesting that shock cells are a potential candidate for this undiagnosed phenomenon.

Because of the observed relationship between the spatiospectral lobes and the potential core

region where shocks are observed, these spatiospectral lobes may also be related to recent derivations

of “trapped” waves in the potential core of jets [149,150], which have been measured in the extreme

near field of laboratory-scale jets [23].

7.5 Future work

Though hypotheses are presented to explain the difference between the two sections of the “L”

shape, there still is no explanation of lobing behavior of the Mach wave radiation, other than it

may be related to the presence of shock cells. A fundamental limitation to this work is the fact that
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flow parameters are not available for military aircraft jets so publicly released LES have not been

generated using the same parameters for comparison.

The introduction of the T-7A database provides the perfect pivoting point for a robust inves-

tigation of the spatiospectral lobes. Due to the training purpose of the aircraft and its use of the

F-404 engine (which has been widely used by multiple governments for many years) disclosure of

nozzle geometry and operating conditions are in the works. This allows for LES similar to those

that were undertaken in Chapters 5 and 6 to be repeated with the exact nozzle geometry and exit

conditions for the T-7A at the various engine powers. Not only will this provide for validation

of the LES methodology (which, as of yet, has not been reproduced at the laboratory scale) but

reproduction (or not) of the multiple lobes in the LES will allow for targeted investigations of the

necessary parameters to reproduce this phenomenon. Such investigations could include the addition

of a ground reflecting plane, a more realistic representation of the gas mixture in the exhaust, or

inclusions of additional turbomachinery components upstream of the nozzle.

All of the conclusions in this work can then be rigorously explored. Wavepacket decompositions,

holographic reconstructions, and coherence analyses of the LES can be undertaken to validate the

differences between the supersonic and subsonic portions of the flow. Direct investigation of the

Orr mechanism using stability analyses like in Ref. [128] is possible. If an idealized LES with the

same parameters as the T-7A still does not reproduce the additional spatiospectral lobes within the

Mach wave radiation, then differences between the simulations and full-scale aircraft measurements

can be systematically explored to find the true cause.

If large-eddy simulations are successful in reproducing the spatiospectral lobe phenomenon,

additional analyses can be undertaken to understand their properties. For example, knowledge

of the directivity of the individual lobes can be connected to the convective Mach number of the

flow region where they are originating. These convective Mach numbers could then be compared

against various Mach number estimates that can be calculated from the LES flow. One promising
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observation was made by Oertel [151, 152] (and further discussed by Tam and Hu [153]) that

suggests the existence of multiple types of waves present in the flow with differing Mach numbers.

With the flow and extreme near-field data available from the LES, comparisons of the spatiospectral

lobes can be made to other potentially related phenomena such as trapped waves [23, 149, 150],

where quasi-periodic structures in the spatiospectral domain have been observed in laboratory-scale

jet measurements.

Along with understanding the physics of the spatiospectral lobe phenomenon, if LES simulations

are deemed to be sufficiently accurate, this may eliminate the need for future measurement of military

aircraft for environmental and community impact assessment altogether. Axial distributions of

sound power or other reduced-order models of the jet noise may be derived, and a representation of

the noise generated by the T-7A at all engine powers can be created. A database of jet noise models

for many aircraft could eventually lead to a more complete understanding of scaling laws as has

been done for subsonic jets.

Investigations of military aircraft jet noise are almost always limited by the lack of disclosure

of pertinent flow variables. This work, however, has taken what is available from various datasets

and has been able to draw significant conclusions about the spatiospectral lobe phenomenon and

laid the groundwork for the next step of military aircraft research. Using the techniques and

work provided herein as a starting point, development of a joint full-scale measurement and LES

simulation analysis of the T-7A aircraft can begin. Quantitative, direct understanding of the as-yet

undiagnosed reason for spatiospectral lobing in the Mach wave radiation of military aircraft can

now be investigated.



Appendix A

List of Files Used to Generate Figures

This Appendix is a list of MATLAB scripts which were used to generate the results in this disser-

tation. The file structure relates to the Department of Physics and Astronomy’s Git server (AKA

“Pulsar”).

Figure # .m file location

2.1 BYU Acoustics/Jet Noise/Holography/AIAA2018/figure1.m

2.2 BYU Acoustics/Jet Noise/Holography/AIAA2018/figure27.m

2.3 BYU Acoustics/Jet Noise/Holography/AIAA2018/figure11.m

2.4 BYU Acoustics/Jet Noise/Holography/AIAA2018/new figures for review/

PartialFieldDecompositions.m

2.5 BYU Acoustics/Jet Noise/Holography/AIAA2018/figure21.m

2.6 BYU Acoustics/Jet Noise/Holography/AIAA2018/figure20.m

2.7-8 BYU Acoustics/Jet Noise/Holography/AIAA2018/new figures for review/

spatiospectralmap38marc.m
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Figure # .m file location

2.9 BYU Acoustics/Jet Noise/Holography/AIAA2018/figure23.m

2.10 BYU Acoustics/Jet Noise/Holography/AIAA2018/figure25.m

2.11 BYU Acoustics/Jet Noise/Holography/AIAA2018/figure26.m

2.12 BYU Acoustics/Jet Noise/Holography/AIAA2018/figure20.m

2.13 BYU Acoustics/Jet Noise/Holography/AIAA2018/figure24.m

3.1 BYU Acoustics/Jet Noise/Holography/JASA f35 holography/figure1.m

3.2 BYU Acoustics/Jet Noise/Holography/JASA f35 holography/figure2.m

3.3 BYU Acoustics/Jet Noise/Holography/JASA f35 holography/figure5.m

3.4 BYU Acoustics/Jet Noise/Holography/JASA f35 holography/figure12.m

3.5 BYU Acoustics/Jet Noise/Holography/JASA f35 holography/figure9.m

3.6 BYU Acoustics/Jet Noise/Holography/JASA f35 holography/figure8.m

3.7 BYU Acoustics/Jet Noise/Holography/JASA f35 holography/figure13.m

4.1 BYU Acoustics/Jet Noise/T-7A/Aaron/T7A_Plotting_MeasurementSchematic.m

4.3 BYU Acoustics/Jet Noise/T-7A/Aaron/T7A_Plotting_dSk_OASPL_Imaging.m

4.4 BYU Acoustics/Jet Noise/T-7A/Kevin/Script3.m

4.5 BYU Acoustics/Jet Noise/T-7A/Aaron/T7A_Plotting_ground_vs_aerial_spectra.m

4.6, 8-10 BYU Acoustics/Jet Noise/T-7A/reeses-stuff/Interpolation_plotting.m

4.7 BYU Acoustics/Jet Noise/T-7A/Aaron/T7A_Plotting_dSk_OASPL_Arcs.m

5.2 kleete/NumericalDataAnalysis/coherence/figure17.m
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