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ABSTRACT
Acoustic Intensity in Military Jet Noise Field Characterization

Trevor A. Stout
Department of Physics and Astronomy
Bachelor of Science

Acoustic intensity measurements of the F-22A Raptor are analyzed as part of ongoing efforts
to characterize the noise radiation from military jet aircraft. Data were recorded from a rig of
microphones and an attached tetrahedral intensity probe at various locations to the sideline and aft
of the aircraft. Numerical analysis of the intensity at one-third octave band center frequencies along
various measurement planes and at a 23 m radius arc reveals the magnitude and directionality of
the vector acoustic intensity. Differences in the trends for low-frequency and high-frequency data
are discussed and, via a simple ray tracing method from maximum intensity regions, interpreted in
terms of far-field behavior and source location. In particular, the extended source region contracts
and moves upstream with increasing frequency, and vector directionalities point farther toward the
sideline.
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Chapter 1

Introduction

1.1 Motivation

Currently, there is significant interest in the behavior of sound from military jet engines. This sound
contributes significantly to hearing loss in Air Force personnel and to general noise pollution.
Because of the importance of jet sound, a host of the scientific community including theorists and
engineers has been involved in an effort to better understand and characterize jet noise, using many
different techniques. Studies of the jet plume, (the column of turbulent fluid flow ejected by the
engine), offer insights about propagation of sound and the nature of the source, such as where a
given frequency of sound comes from, and in what direction it travels away from the jet.

Because of the difficulty of obtaining information directly from the turbulent flow from high-
temperature, supersonic, full-scale jet engines, most methods use arrays of microphones outside
the jet plume. The number and placement of the microphones varies, based on what is optimal
for a given analysis technique. For example, acoustical holography requires a closely-spaced grid
of microphones over a large region near the noise source in order to make precise calculations.

In contrast, to make an approximation of three-dimensional acoustic intensity at a point, only the
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pressure measurements from four closely-spaced microphones are required. Techniques such as
beamforming [1] [2], acoustical holography [2] [3] [4], and equivalent source methods [5] [6]
have been applied previously in characterizing jet noise sources. The Brigham Young University
(BYU) Acoustics Research Group (ARG) working on this project has already applied these and
other methods. In this thesis, I describe the study of acoustic intensity in jet noise. Application of
multiple techniques often validates previous results, solidifying theories of jet noise characteristics.

The acoustic intensity, or vector intensity, is an important quantity in acoustics. As opposed
to the aforementioned techniques, it has not been heavily applied by the scientific community to
the jet noise characterization effort. It is a measure of the sound radiation energy flow through an
area (in SI units W /m?). Typically, the intensity is calculated in a narrowband frequency spectrum,
giving frequency-dependent information about the energy flow vector (including magnitude and
direction). Using multiple data points around a noise source, it is possible to construct maps of
the energy flow, and these vectors can be extrapolated to estimate near-field (near to the source
compared to a wavelength) and far-field (many wavelengths away from the source) propagation
and source characteristics.

We report on our effort to expand the study of acoustic intensity from military jets. Previ-
ous notable studies of jet acoustic intensity are rare, and often use data from flows which are
laboratory scale, and limited in temperature and velocity (conditions significant in a full-scale jet
plume). Ventakesh, et al. [1], used a one-dimensional intensity probe to validate the application of
beamforming techniques in the analysis of a subsonic jet. The probe was two microphones which
took simultaneous pressure measurements in a line. These measurements were then processed
to approximate the intensity in the direction connecting the two microphones (this technique is
elaborated in Chapter 2). Laufer, et al. [7], used a directional microphone attached to a spheri-
cal reflector to obtain directional measurements from a supersonic jet with mach numbers 1.5 to

2.5. The work of Jaeger and Allen [8], who used a two-dimensional intensity probe (using four
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microphones in order to approximate the intensity in two dimensions at a time) in characterizing
Mach 0.2-0.6 jets, represents one of the most in-depth applications. However, their initial work dif-
fers significantly from high-amplitude jet conditions like those from military aircraft and resulting
source characteristics.

Recently, an ARG team conducted near-field investigations of solid rocket motor plume acous-
tics, including acoustic intensity analysis using a three-dimensional intensity probe [9] [10] [11].
We also used this probe in the jet noise study which is the focus of this thesis. By analyzing the
pressure measurements taken by the probe, I constructed vector maps of the sound energy flow of
an F-22 Raptor, and then used these maps to say something about the source location and direc-
tionality. In general, I found that high-frequency sound tends to originate from farther upstream
(closer to the jet nozzle) in the jet plume, and that it propagates in a direction closer to the jet
sideline. These trends were expected based on previous analysis methods, although the intensity
analysis presented here does not always agree with other methods on the specific source location

or directionality.

1.2 Experimental setup

Researchers at Blue Ridge Research and Consulting and BYU ARG used the intensity probe to
record data during extensive acoustic measurements of the noise field of a Lockheed Martin/Boeing
F-22 A Raptor (F-22) [12] [13]. The F-22 was tethered down in the center of an 80 ft wide concrete
run-up pad surrounded on both sides by rain-packed dirt (see Fig. 1.1). One engine was held at
idle while the pilot fired the other, cycling through four different engine conditions chosen to give
a wide range in thrust conditions: afterburner (full throttle with additional fuel injection), military
(full throttle), intermediate (80% throttle), and idle. For each engine condition, held as constant as

possible, microphones recorded data at a multitude of prescribed locations. In order to minimize
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Figure 1.2 90-microphone rig with attached 4-microphone intensity probe.

reflection interference, we placed the microphones as far as possible from obstacles such as a
blast deflector 24.4 m behind the jet, and a short wall nearly parallel to the jet centerline (the line
running parallel to the center of the jet plume) and 30 m to the side. Reflection interference occurs
when sound waves reflect off of surfaces, causing indirect pressure waves to be recorded at the
microphone location. These obstacles were structures with hard surfaces already in the vicinity
of the run-up pad, which could not be removed. We monitored meteorological quantities such as
temperature fluctuations and wind speeds during the measurements and determined their effects to
be minor for the duration of the experiment.

The three-dimensional intensity probe (which was used in the previous rocket study) was at-
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tached to the top of a 90-microphone rig which recorded the data at several locations along three
near-field measurement planes (corresponding to straight lines in the horizontal plane along the
ground) using guide rails and along a 23-m radius arc centered 5.5 m downstream from the nozzle
exit of the active engine (see Figs. 1.2 and 1.3). Two of the near-field measurement planes, num-
bers 1 and 2, were positioned parallel to the estimated shear layer of the jet plume, the edge of
the turbulence caused by mixing of the high-velocity jet plume with ambient air. The third plane
ran parallel to the centerline. With the rig positioned at a point along one of these planes, the pilot
fired the engine at one condition, after which the rig was moved to the next point and the process
repeated. Measurements were made with the array at several locations and heights in 2.4 m hori-
zontal increments along the measurement planes and 10 degree increments along the arc, with the
probe recording data at each of these locations (each individual measurement period is referred to
as a ’scan’). The rig took so many measurements primarily to aid in holography calculations, but
the data the probe recorded at the same locations are the primary focus of this thesis.

In addition, a fixed array of 50 microphones was placed along the ground 11.6 m from the jet
centerline, which provided reference levels between the various measurement scans (see "reference
microphones" in Fig. 1.3). In processing the pressure measurements, the levels from this reference
array were used as a baseline in order to address differences in overall magnitudes. In other words,
the reference array helped to "smooth" out some of the variation due to human error in between
scans.

For idle, intermediate, and military engine conditions, the microphones took data at a sampling
rate of 96 kHz. This corresponds to a Nyquist frequency limit, the high-frequency limit up to
which frequency content of the sound can be reliably calculated, of 48 kHz. For the afterburner
condition, the microphones took data at 48 kHz, which reduced the data storage requirements for
that condition.

The intensity probe was constructed as an inverted (tip pointing to ground) tetrahedron frame
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Figure 1.4 Orientation of intensity probe microphones. Note that the two-dimensional
representation of the tetrahedron is not to scale.
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with microphones mounted at the vertices, pointing inwards. The microphones were phase-matched
to improve the accuracy of the intensity calculations, as explained in Chapter 2. The intensity probe
was positioned so that two microphones were aligned parallel to the measurement array guide rail
(see Fig. 1.4). In this thesis, I denote the centerline of the plume the z-axis, and the orthogonal
horizontal direction the x-axis. The origin of the coordinate axes is the end of the active jet nozzle.
The height of the probe was near the center height of the jet nozzle for all the data considered

hereafter, so the relatively small y-component (vertical) of the intensity is not presented.

1.3 Overview

I'used the data from these microphones to construct intensity approximations via the analysis meth-
ods in Chapter 2. In short, the intensity estimate using two microphones provided an estimate of
the vector portion along the axis connecting the two microphones, so that the multi-axial tetra-
hedral setup, after some data processing, provided three-dimensional vector information. Using
multiple data locations, I mapped out the field of acoustic energy flow in the region surrounding
the jet plume.

In this thesis, I analyze the intensity directionality and source location as a function of fre-
quency. In Chapter 2, I provide an introduction to acoustic intensity and describe the method and
approximations in the intensity calculations. I also discuss the verification and limitations of the
data and describe the methods for far-field and source characterization. In chapter 3, I present
multiple vector maps for select frequencies.

The maps show trends in low to high-frequency directionalities and source locations, which I
discuss and analyze according to the methodology in Chapter 2. The most important trend found
through the maps is that the generalized source location contracts and moves upstream for higher

frequency. Also, the generalized direction of maximum energy flow points closer to the jet sideline
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for increasing frequency.



Chapter 2

Data analysis

2.1 Overview of intensity

Every source of sound radiates energy with some level of power, the rate at which the source
outputs energy. A common method for analyzing a source of sound is to measure its sound power.
Microphones are placed around the source to measure the pressure levels, from which the sound
power is extrapolated. However, this measurement gives no information about the direction of
this sound radiation. Since we are interested in the direction of the sound energy output by the
jet plume from the F-22 engine, we must instead calculate the intensity. Calculation of sound
intensity at a given point is a measurement of the energy flow, including magnitude and direction
at the point. The magnitude of the intensity describes how much sound power crosses a unit area
normal to the direction of propagation. The SI units of intensity are Watts per meter squared, and
since it contains directional information, it is a vector quantity.

Energy is transferred by a propagating sound wave when one element of the fluid (air in our

case) does work on an adjacent element. The rate at which this work is done per unit area is given
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by,
I(t) = p(t)u(z), 2.1)

where I(7) denotes the vector intensity as a function of time, p(¢) the scalar pressure and u(z)
the vector particle velocity. The bolded symbols denote vector quantities. The particle velocity
can vary as rapidly as the pressure wave which alternately pushes and pulls the fluid. To get a
better overall picture of the net intensity, in practice the time-averaged intensity is desired, so the

right-hand side is integrated over the time length of the measurements:

I:—iATpaﬁﬂﬁdt 2.2)

For the F-22 measurements, the full time length used for integration is about 7 = 25 s, which differs
depending on the actual measurement time. The scalar pressure p(¢) used in the above formulae
is measured using an ordinary type of microphone in the sound field. The vector particle velocity
is not the velocity of a single molecule of air but is the overall velocity of a small volume of the
fluid in the sound field, which moves back and forth in response to the sound pressure waves. The
particle velocity describes the net velocity of this small volume of fluid. Both quantities are needed
for an intensity calculation, but the particle velocity is much more difficult to measure directly with

precision, requiring special velocity probes.

2.1.1 Finite difference

The particle velocity can instead be approximated indirectly through an application of Euler’s

equation, a form of Newton’s second law for inviscid fluids. Euler’s equation,

du(t)
dt

Po =—vp), (2.3)

describes the change in particle velocity in the fluid with equilibrium density pg, relating it to the

gradient of the pressure, \/p. The particle velocity in one direction—e.g., the x-direction—is found
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Figure 2.1 Two closely-spaced microphones take simultaneous measurements of the
pressure curve, which measurements are used in the finite difference approximation
method. The distance between the two microphones is also an important constant.

by rearranging and integrating:
1 (Tdp(t)
poJo dx

dt. (2.4)

Uy =

To find the gradient of the pressure in this direction, we use the finite difference approximation
which requires the pressure data acquired by as few as two microphones. The pressure at one
microphone (microphone B) is subtracted by the pressure at the other (microphone A), and the

result divided by the distance between the microphones:

PB— PA

2.5
di (2.5)

(Vp)x =

This gives an approximation of the derivative of the pressure curve in one dimension centered at
the point half-way between the two microphones.

Since we are interested in the intensity for a given frequency, we first take the fast Fourier
transform (FFT) of the pressure signals. The FFT of the raw pressure data returns the spectrum,

(Xa(w), for the pressure signal from microphone A), given by

Xa(0) = / iu(t)efw’ dr, (2.6)

where i is the imaginary number, and o is the frequency. Note that the spectrum X4 (@) has

frequency, not time, as its argument.
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In the frequency domain, the imaginary part of the cross spectrum between two pressure sig-
nals, J{G4p}, contains the necessary information about the pressure gradient approximation. The

cross spectrum, combining two spectra, is given in the usual way by
Gap =X, - Xp. (2.7)

Finally, the intensity in the direction along the two microphones and centered between them is

given by [14]:

1= J{Gap!. 2.8
Po®dap {Gas} (28)

This formulation is mathematically equivalent to the finite difference method shown in the time
domain. Because the data we took was from a static engine firing, we time-averaged this quantity

over the full length of time, about 25 seconds, to improve precision.

2.1.2 Intensity in three dimensions

In order to gain a three-dimensional picture of the intensity directionality, microphones must be
placed so as to give intensity results pointing along each dimension. In our study, we used a
tetrahedral probe with four microphones (see Fig. 2.2), one at each vertex, giving some data in
the three coordinate directions. Once we calculated the intensities along each of the four sides of
the tetrahedron, we applied weightings to each component according to a least-squares technique
developed by Pascal and Li [15] to calculate the three-dimensional overall approximate intensity
centered at the geometric center of the tetrahedron. Using the numbering system shown in Fig.

2.2, the intensity components in the cardinal directions are given by [16],

1
- 32powa

I

(V2-3{=G12+2G13— G14+ 3G —3G34}) (2.9)

I, = 6-J{G1» —G14 —G» —2G24 -G 2.10
y 32poa)a(\/_ {G12 23 34}) (2.10)
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Figure 2.2 The placement and orientation of the four probe microphones is shown. Note
how the axis connecting mics 2 and 4 is parallel to the z axis. Image courtesy of Michael
Mubhlestein.

(4-3{G12+ Gi13+G14}), (2.11)

Z

" 32py0a
where a is the distance from each microphone to the geometric center of the tetrahedron (this
distance is the same for all the microphones).
The tetrahedral probe recorded data for the duration of each scan, along all four measurement
planes and for each engine condition, so that the calculations gave us multiple vector data points

to make intensity maps, which are detailed in Chapter 3.

2.1.3 Limitations of the finite difference intensity method

Some limitations inherent in the two-microphone approximation method include errors in low-
frequency calculations due to phase mismatch, and in the high-frequency range due to scattering
effects and error in the finite-difference approximation [14]. Microphones measure the phase of an
acoustic signal differently due to the differing resonant frequencies and damping from the micro-
phones’ construction [17]. When the spacing between two microphones is small, this electronic

phase difference becomes important in comparison to the low-frequency acoustic phase difference
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which occurs geometrically (see Fig. 2.1 for an example of how geometric distance might affect
acoustic phase). Thus, the electronic phase difference introduces uncertainty or error into the cal-
culation of intensity, and must be considered. In calibrating microphones for use in an intensity
probe, the phases should be matched as closely as possible.

In our case, we restricted our analysis to the 100 Hz to 4 kHz range, because this showed the
most consistency in results between microphones. A more detailed explanation of this choice in

frequency range is found in the next section.

2.2 Data validation

We analyzed the data from the intensity probe microphones in two different ways to ensure good
calibration and reliability. Good calibration is important when comparing the cross-spectra of mi-
crophones, since a relative under or oversensitivity of a microphone will shift the finite difference
approximation. Specifically, we compared the intensity probe microphone power spectral densities
(PSDs), and tested their time waveforms (raw pressure data) for calibration precision. By looking
at the overall shapes and the agreement of the PSDs and time waveforms, we determined that the
microphone sensitivity calibration was good enough for our approximations, as shall be explained
in this section.

The PSD is a decomposition of the mean squared pressure of a signal as a function of frequency.
The PSDs for well-calibrated microphones lie close to each other and have the same shape, i.e. the
frequency content of the signal picked up by each microphone is roughly the same, to within 4
2 dB. In analyzing the PSDs for the four probe microphones, we paid special attention to the
100 Hz to 4kHz range [18], in which we decided to restrict our intensity approximations. For a
large portion of frequencies, the PSDs of the four probe microphones agreed within the acceptable

bounds. See Fig. 2.3 for an example PSD comparison at plane 1, scan 5 for afterburner engine
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Figure 2.3 Power spectral densities smoothed to one-third-octaves of the four micro-
phones at plane 1, scan 5, afterburner condition.

condition.

Above about 4 kHz, the PSD agreement starts to break down. This is caused by scattering
effects due to the tetrahedral external frame and bodies of the microphones and because the mi-
crophones were not all oriented at normal incidence to the sound propagation. The angle at which
the sound is incident on the microphone face determines the amount of scattering. The orientation
of the microphones was dictated by the framework of the tetrahedral intensity probe, with each
microphone facing a different direction (see Fig. 2.2). Thus, with increasing frequency the scatter-
ing effects would tend to split the PSDs. As is seen in the PSD plots, however, this effect is not

significant in the frequency range used for our intensity approximations.
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Figure 2.4 Time waveforms of the four intensity probe microphones. Note how signals
arrive at the different microphones sequentially based on their relative locations.

2.2.1 Time waveforms

We also inspected samples of the time waveforms from the four microphones to further validate the
calibration. Because of the close proximity of the microphones, we expected that the waveforms
should be similar, but offset slightly in the time domain, according to the time required for sound
to propagate to each microphone location. As can be seen in Fig. 2.4, microphone 1 received
sound information slightly before microphone 2, followed by 3 and then 4. Were we to shift the
waveforms by certain small amounts of time, they would lie nearly on top of each other. The best
way to see the order in which the microphones received information is by examining where the
pressure value suddenly spikes or drops, which corresponds to a pressure shock reaching the probe
(see t = .6 ms in Fig. 2.4)).

This ordering was what we expected, since other acoustic methods anticipated the generalized
source region to center around 5.5 m downstream in the jet plume. A ray traced directly from this

estimated source to this particular probe location reaches probe 1 first, then 2, 3 and 4. At different
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Figure 2.5 Process of tracing vectors from a 3dB-down region to the jet centerline. The
jet centerline corresponds to the active engine during the run-up tests.

locations, the waveform time offsets behaved in the same manner, just with a different geometry.

2.3 Directionality and source characterization method

After calculating the intensity vectors for all of the data locations indicated in Fig. 1.3 and for
multiple frequencies, we used these results to determine the direction of energy flow and the source
locations. We looked at the direction of the intensity vectors with the largest magnitudes, tracing
the vectors back towards the jet plume. Because the point of maximum intensity indicates the
area of greatest energy flow, this ray-tracing technique provides an estimation of source location
or far-field directivity (as illustrated in Fig. 2.5). Because of the effects of ground reflections
and variations in the run-up tests, which may have changed precisely which data point had the
maximum magnitude for a given measurement plane, we chose to look at a region of high intensity
at each measurement plane called the "3dB-down region." Specifically, we included the data point
of maximum magnitude and each data point within 3 dB from maximum. We chose this number

because it gave a manageable region of included data points, and helped to overcome these data-



2.3 Directionality and source characterization method 18

skewing effects.

After calculating the 3dB-down region, we traced the intensity vectors in the measurement
plane directly back to the jet centerline and used the positions of the intersections to describe the
approximate source location region. (See Fig. 2.5 for an example of how the vectors were traced

back.) These results are presented in the next chapter.



Chapter 3

Results and discussion

3.1 Intensity maps

Using the methodology described in Chapter 2, we created multiple intensity maps at different
frequencies to show the characteristic low-to-high frequency trends in direction and magnitude.
Figures 3.1(a) through 3.4(b) display maps for all four engine conditions, at indicated narrow-bin
frequencies. (These frequencies correspond to preferred one-third octave band center frequencies
to facilitate comparisons with other data sets.) Only the data from measurement planes 1, 2, and
4 (see Fig. 1.4) are displayed. The cube-roots of the vector magnitudes are shown in addition to
the internal scaling used in the rendering program (MATLAB) to keep the vectors visible while
pointing out differences in magnitudes. Cube-root scaled vector magnitudes can be accurately
compared within a figure, but not between figures, because the program’s internal scaling differs
between figures. These maps are projections on the x — z axis and do not display vertical (y) vector
information.

At some frequencies and scan locations the approximate intensity magnitude increased in mea-

surement planes farther away from the shear layer, likely due to ground reflections. In general,

19
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Figure 3.1 Intensity maps for measurement planes 1,
engine lies at the origin of the coordinate axes.

intensity magnitudes diminish with increasing distance from the source, since the energy being

propagated outward must spread over a larger area. However, in areas where ground reflections
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3.1 Intensity maps

b

interfered constructively with the direct sound, the resulting pressure measurements and intensity

approximations increased as opposed to measurements without ground reflections. For the maps

of afterburner and military engine conditions, the effect is not as apparent as it is for intermediate
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and idle conditions. However, in Fig. 3.1(a), for scans 6-10, (the half farther from the military jet),
the vectors in measurement plane 2 exceed the magnitude of those in plane 1, a clear indication of
interference. This is easier to see in Figs. 3.2(a), 3.2(c), and 3.3(a).

The effect of ground reflections is not easy to model or predict, but it is known to be a
frequency- and location-specific influence [19]. Accounting precisely for ground reflections is

outside the present scope of this thesis but is an important topic for future research.
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Figure 3.3 Intensity maps for measurement planes 1, 2, and 4 at (a) 125 Hz, and (b) 500
Hz, for intermediate engine condition.

Variations in the engine run-up testing environment also impacted the results of these maps;
especially evident is the inconsistent directionality of plane 1 vectors in Figs. 3.4(a) and 3.4(b)
for idle engine conditions. For engine conditions besides afterburner and military, engine throttle
consistency was subject to the human error of the F-22 pilot. A difference in engine output between
scans affects the amount of energy flow emanating from farther downstream in the jet plume,

affecting the intensity directionality as shown.
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Figure 3.4 Intensity maps for measurement planes 1, 2, and 4 at (a) 125 Hz, and (b) 500
Hz, for idle engine condition.

3.2 Source directionality

To compensate for the effects of ground reflections and run-up variation, the techniques detailed in
Chapter 2 provided a generalized region of source directionality. The impact of ground reflections
and run-up variation on intensity magnitudes between scans was lessened by taking the 3dB-down
region into account. Figure 3.5 below summarizes the range of intensity vector directions contained
in the 3dB-down regions, for one-third octave center band frequencies, military and afterburner
conditions measured on plane 2 (see Fig. 1.3).

Though the directionalities fluctuate depending on frequency, there are a few overall trends
that emerge. The general behavior of direction vs frequency is similar between the two engine
conditions, however the intensity vector directions at military power center around 120°, whereas
for afterburner they center around 110°. For both, the directionality moves closer to the 90°

(towards the sideline) direction with increasing frequencies. Additionally, the 3dB-down region is
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Figure 3.5 Range of acoustic intensity directions contained in the 3dB-down regions for
each one-third-octave band from measurement plane 2, for military (a) and afterburner
(b) engine conditions. Note that 0° corresponds to the engine inlet.

very directional at the low-frequencies, but the width of included directions broadens significantly
above about 600 Hz. This broader directionality indicates that the source behaves more like an

omnidirectional monopole at higher frequencies.

3.3 Source location

The vectors contained in the 3dB-down region were also traced back to the jet centerline to give
an approximation of the extended source location. Figure 3.6 below shows the source location vs
frequency for the same set of measurements and conditions as in Fig. 3.5.

Again, the main difference between the source locations for military and afterburner conditions
is an offset of the results. For all frequencies, the source location for military condition is about 1 m
farther upstream. However, both conditions show the same trend, in that the source region contracts
dramatically and moves upstream with higher frequency. For military condition, the contraction is
especially pronounced; after about 250 Hz the source region stays under 1 m in width and at 4 kHz

moves to within 2 m from the nozzle exit.
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Figure 3.6 Source region location predictions based off of the 3dB-down regions for each
one-third-octave band from measurement plane 2, for (a) military and (b) afterburner
engine conditions. The intensity vectors in Fig. 3.5 are traced to the jet centerline. Z =0
m corresponds to the jet nozzle exit.

3.4 Discussion

As shown by the intensity maps, the region of maximum energy flow moves upstream as frequency
increases. A comparison of intensity data at high engine power along measurement planes 1 and
2 in Figs. 3.2(a) and 3.2(d) shows how the region shifts dramatically over this 25 m range. This
movement is also seen in plane 4, however, because of the geometry of this plane, (the measure-
ments on the arc are closer to the approximate shear layer with increasing z), the magnitudes are
skewed to be higher for larger distance along the z-axis. For lower-throttle engine conditions, (see
Figs. 3.4(a) and 3.4(b)), the shift is not as apparent because for these conditions the jet plume did
not extend as far into the measurement region.

When tracing the vectors in the 3dB-down region back to the jet centerline, the shift in source
location is especially pronounced. Both the intensity maps (Figs. 3.1(a)-3.4(b)) and directionality
(Fig.3.5) in the 3dB-down regions also show how the direction of the energy flow points farther

towards the sideline and less aft as frequency increases.
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These trends are consistent with other methods and theories which predict that large-scale tur-
bulent structures located farther downstream in the jet plume are a greater source of low-frequency
noise than the small-scale structures, which produce more high-frequency content, that form closer
to the jet nozzle. The apparent source location shifts as shown because of the contributions of both

source mechanisms.

3.5 Results comparisons

To give these intensity results some context within the larger project involving the F-22 measure-
ments and within the jet noise community, I present some select end results of other analysis
methods here, and discuss how they compare to the intensity results. In general, these other meth-
ods agree in the general frequency trend in that the source location contracts and moves upstream
with increasing frequency, but there is some disagreement about the exact location of the source

region.

3.5.1 Equivalent source model

An equivalent source model (ESM) has been developed which matched the measured F-22 data
against calculated data simulated from a simpler model of the noise source [20]. The source was
modeled as two series of closely-spaced monopoles placed along the jet axis, one phase correlated
and one uncorrelated. The amplitudes of the monopoles were weighted based on their location
in order to most closely match the measured data through a Bayesian optimization algorithm.
To compare the source predictions of ESM with those found using the intensity methodology, I
chose to consider the location-based amplitudes of the correlated array, because the correlated
distribution had higher amplitudes overall relative to the uncorrelated array.

Figure 3.7 displays the amplitudes of the correlated distribution along the jet centerline. For
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Figure 3.7 ESM distribution amplitude as a function of distance along the jet centerline,
for military and afterburner conditions (from Hart [20]). The shape of the amplitude
curves should be compared, rather than the absolute magnitudes.
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these frequencies, these are the optimized distributions which most closely match the measured
F-22 data. The shape of the amplitude weightings should be considered, rather than the magnitude
of the amplitudes (because the ESM attempted to match the shape of measured data, and was
shifted after the reconstruction to match the magnitude of the measured data). For both engine
conditions shown, the source location distribution contracts in width and moves upstream (closer
to z = 0) with increasing frequency — the same trend predicted by the intensity analysis. However,
comparing Fig. 3.7 with Figs. 3.6(a)-3.6(b) reveals that ESM predicts a source farther upstream at
all frequencies. At 100 Hz, ESM predicts a distribution centered around 7 m downstream, whereas
intensity vectors point to a source around 13-14 m. For 315 Hz, the ESM distribution centers

around 3 m downstream, and intensity points to 5-6 m.

3.5.2 Near-field acoustical holography

The measured data from the F-22 measurements were also processed and near-field acoustical
holography (NAH) applied to project predicted acoustic quantities at locations outside of the mea-
surement [21]. A process called Partial Field Decomposition broke up the measured pressure field
into partial fields, which NAH then expanded to the reconstruction location. By expanding the
fields to a reconstruction location close to the assumed source, along the shear layer, NAH pre-
dicted the source distributions as a function of frequency.

The source locations predicted by NAH (see Fig. 3.8) follow the same frequency trend, and
agree more closely to the intensity predictions than those made by ESM. At 500 Hz, the top 3 dB
of the NAH reconstruction is located between 2-5 m downstream, matching the intensity predic-
tion narrowly centered at 4 m. The NAH reconstruction high-amplitude region travels to 4-6 m
at 250 Hz and to 5-7 m at 200 Hz, which overlaps with the intensity predictions. At lower fre-
quencies around 100 Hz, the NAH reconstruction has high-amplitude contributions much farther

downstream, around 14-22 m, and still has some contribution closer to the jet nozzle at 3-7 m. The
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Figure 3.8 NAH source distributions reconstructed along the shear layer for military
engine conditions at one-third-octave band center frequencies (from Wall [21]). The color
scale is in dB, and the contour lines occur at 3 dB intervals.

source location prediction using the intensity method, however, does not provide such detail in the
source location structure, but does point to a source at 9-14 m, in between the two regions found

by NAH.

3.5.3 Beamforming

Beamforming is a processing technique that uses phase information to find the signal coming from
the source in a given direction. By scanning over a desired region, beamforming can reconstruct
the source amplitudes and locations. The problem of locating the jet source location region was
also studied using beamforming techniques applied to a jet rig, with maximum mach number about
2, placed within a 65 foot radius anechoic dome [2]. Lee and Bridges took measurements of the jet
rig using 16 microphones on the floor, parallel with the jet centerline. Their beamforming results
for a heated jet flow are presented in Fig. 3.9.

Although the jet used was not full-scale, the beamforming source location reconstruction ex-

hibits the same trend in frequency; the source region contracts somewhat and moves upstream with
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Figure 3.9 Beamforming source location results of a heated jet (from Lee and Bridges
[2]). Peak source locations (left plot) and levels (right plot) are indicated by the blue dots.
The Strouhal numbers on the left vertical axis correspond to the frequency scale on the
right-most vertical axis. The horizontal axis is scaled by the jet nozzle diameter of 2 in.
The most useful information is found below 50kHz.

increasing frequency. This shift occurs much more gradually in frequency, as opposed to the rapid

source location change from 100 Hz to 300 Hz in the F-22 data.



Chapter 4

Conclusion

The results of the intensity analysis performed on the F-22 acoustical data is summarized as fol-

lows:

1. Intensity maps can be made to track frequency-specific sound energy flows emanating from

a full-scale military jet using a tetrahedral intensity probe.

2. 3dB-down region directionalities show that noise propagates in a direction less aft at higher

frequencies.

3. 3dB-down regions include a much broader directionality at frequencies higher than about
600 Hz, meaning that the source behaves more like an omnidirectional monopole at these

frequencies.

4. Ray-tracing from 3dB-down regions show that the general source location region contracts

and moves upstream with increasing frequency, with a rapid shift between 100 and 300 Hz.

The intensity study performed herein is the first application of this method to noise from mil-
itary aircraft and leaves much room for future work. Some important considerations to be dealt

with include construction of a model to account for ground reflection, and a more rigorous method
31
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of source characterization. Future studies would also benefit from a more dense array of intensity
probe locations, so that the spatially-varying effect of ground reflections could be more easily seen
and accounted for, and so that a ray-traced source location region could be more precise.

As I hope has been demonstrated in this thesis, intensity measurements hold great potential for

increasing our understanding of the acoustic source regions in military aircraft noise.
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