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I. INTRODUCTION?

Near-field coherence measurements can lead to a greater understanding of a source when
its properties are unknown, such as in aeroacoustic noise. Accurate characterization of noise
sources within a jet provides insight into physical noise generation mechanisms in the turbulent
flow field. This characterization can help lead to reduction of the noise that causes significant
hearing loss in military personnel and is a disturbance to communities. Although the results
presented here are nearly identical to those presented at the 160™ Meeting of the Acoustical
Society of America in a talk entitled “Considerations for near-field acoustical inverse
measurements on partially correlated sources,” there is a slight shift in focus from the presented
talk to this paper. This change in focus is reflected in the two respective abstracts.

Jet noise is predominantly represented with two distinct source types: fine-scale
turbulence structures and large-scale turbulence structures.'™ The fine-scale turbulence tends to
be made of many independent structures that radiate sound omnidirectionally. However, there is
significant spatial coherence along the jet axis due to the physical extent of the large-scale
structures, particularly at low frequencies.* This leads to highly coherent, directional noise
radiation.

The large spatial extent of these sources has important implications for the type of
acoustic measurement performed. Acoustical inverse methods, such beamforming™® and other
far-field methods,””® have often been employed to measure source strengths, size, and
distribution within the turbulent flow. However, these methods have been shown to perform
poorly for spatially noncompact, correlated sources.”'’  Therefore, near-field acoustical
holography (NAH) is being explored as an alternative jet noise visualization technique. H-14

The purpose of this paper is to address the utility of measuring coherence length—a
metric that summarizes spatial coherence information—in the geometric near field of jet noise
sources. Coherence lengths measured in the near field of the jet plume from an F-22A Raptor
are presented here. They are compared to the coherence lengths of a numerical line array of
uncorrelated simple sources. These data reveal important source coherence properties.
Additionally, they demonstrate the utility of NAH measurements on jet noise sources.

Il. THEORY

A useful metric for examining near-field coherence is the coherence length, here defined
as the distance (parallel to the extent of a long source) over which the coherence function, y2,"
drops from unity to a value of 0.5."®'" To determine the coherence length, L, the coherence
between a single reference transducer and all other transducers in a linear array are calculated.
The physical distance between the reference transducer and the transducer (in the upstream
direction of propagation) at which coherence falls below 0.5 is L., and this value is assigned to
the physical location of the reference transducer.

For example, if the coherence function across an array varies like a Rayleigh curve, as
shown in Figure 1, then L. is given by the distance indicated, which is about 2 m. As is often the
case, a coherence length can be calculated in the two opposite directions. When this occurs, the
value measured in one direction or the other, or an average of these two values can be used to
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determine the coherence length.'® Here, in this work, L. is defined in the direction of decreasing
X.
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Figure 1 An example coherence length measurement, L, for an arbitrary spatial coherence
measurement referenced to a signal at x =3 m.

lll. EXPERIMENT

A brief summary of the measurement—focusing on the ground-based microphone
array—is given here. A more complete description of the holographic measurement is provided
in References 19 and 20. In July 2009, near-field measurements of the jet on a Lockheed
Martin/Boeing F-22 Raptor were taken at Holloman Air Force Base in New Mexico. Fifty
microphones (shown in Figure 2) were placed on the ground with 0.61 m (2 ft.) spacing,
spanning more than 30 m and running parallel to the jet flow at a perpendicular distance of
11.7 m from the jet centerline. A top-view schematic of the location of the microphone array
relative to the aircraft and jet is shown in Figure 3. Complex sound pressures were measured
over a broad range of frequencies, and from these L. values were calculated at all measurement
locations along the array.

Figure 2 Close-up of several ground-based microphones placed at a perpendicular distance of
11.7 m from the centerline of the jet on an F-22 Raptor. The array spanned more than 30 m.
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Figure 3 Top view schematic of the microphone array location relative to the jet. Microphone
locations are marked by blue dots. The array is located 11.7 m from the jet centerline.

A second experiment was performed on an extended numerical source. This source was
not designed to model actual jet noise, but rather to draw a comparison between near-field
coherence properties of the jet and an uncorrelated source array. The source was comprised of a
line array of 151 uncorrelated monopoles at a height of y = 1.9 m, spaced 0.1 m apart (closely
spaced relative to wavelengths of interest) and extending from 0 to 15 m in the positive z
direction. This corresponds to the location of the jet centerline on the F-22 Raptor, as shown in
Figure 4. The measured sound pressures were simulated in the same relative locations as the
ground-based microphone array using propagation via the free-space Green’s function. Similar
to the physical experiment, L, values were calculated at all measurement locations along the
simulated array.
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Figure 4 Top view schematic of the measurement array location relative to the uncorrelated line
array of 151 monopoles. Measurement locations are marked by blue dots. The array is located
11.7 m from the source array.

IV. RESULTS

Coherence function values, y2, were calculated across the measurement array referenced
to the signal measured by a single transducer on the array at z = 14.6 m. The aircraft was
operating at military engine conditions. The values calculated for 2 at 120 Hz are shown in
Figure 5. These data represent well the trends seen in all near-field y? measurements of the jet:
coherence decays away from the reference location and the curve is typically asymmetric. The
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resulting coherence length of L. = 5.7 m, assigned to this frequency and location, is also
illustrated.
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Figure 5 Coherence values at 120 Hz calculated between the signal measured at z = 14.6 m and
all measurements along the microphone array with the aircraft operating at military engine
conditions. The physical distance representing the coherence length of 5.7 m, assigned to the
transducer at z = 14.6 m, is marked.

The sound pressure levels (SPLs) over a broad range of narrowband frequencies,
measured along the microphone array, are shown in Figure 6a. The respective L, values are
plotted in Figure 6b. Note that the L. values tend to increase both with decreasing frequency and
greater distance downstream (larger z). Coherence lengths are very large—greater than 10 m—
beyond z = 20 m and below about 130 Hz. The regions of largest L. values in Figure 6b tend to
correspond to the regions of highest SPL in Figure 6a.
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Figure 6 (a) SPLs measured by the ground-based microphone array running parallel to and 11.7
m from the centerline of the jet on the F-22 Raptor, operating at military engine conditions. (b)
Calculated coherence lengths along the microphone array.

Long, coherent sources lead to large coherence length measurements in the geometric
near field. The high spatial extent of the large-scale turbulence structures predicted in the two-
source model® is therefore reflected in the regions of large L. at low frequencies, shown in
Figure 6b. This suggests that the lowest frequency sources, likely generated by the large-scale
turbulence structures, exhibit the highest spatial coherence.

While the general trend is that L. increases gradually with distance downstream, there is
an uncharacteristically sharp rise in L, near z = 15 m for all frequencies below 200 Hz in Figure
6b. There are also high levels measured below 200 Hz and past z = 15 m, displayed in Figure
6a. This is probably because the large-scale structures tend to radiate in a preferred downstream
direction that is fairly constant over this frequency range.”'

It is instructive to consider the two limits of spatial source coherence, and their effect on
the radiated sound field. First, a perfectly coherent source produces a perfectly coherent field,
resulting in an infinite coherence length at all locations. The numerical experiment on an array
of completely independent sources provides an example of the opposite limiting case. Again,
SPLs are shown over a broad range of frequencies along the array (see Figure 7a), and the
respective L, values are plotted in Figure 7b. Between these two extremes lies the case of a
partially correlated source.
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Figure 7 (a) SPLs measured by the simulated microphone array running parallel to and 11.7 m
from the numerical source array. (b) Calculated coherence lengths along the simulated
measurement array.

As with the jet data, L. for the numerical source, shown in Figure 7b, tends to increase as
frequency decreases and with increasing distance “downstream.” Since the overall trends in L.
values for the uncorrelated numerical case match those of the jet data, the majority of the
radiated jet-noise field above about 200 Hz and upstream of z = 15 m is probably generated by
sources of low spatial coherence, i.e. fine-scale turbulence.

An important difference in the numerical experiment is that there is no abrupt onset of
high L. values at z = 15 m. Trends over all frequencies and locations vary smoothly. Since the
numerical source is spatially incoherent, this further supports the idea that the low-frequency,
downstream region of the jet with anomalously high L. values is dominated by radiation from a
spatially coherent source.

Note that regions of small L, values in Figure 7b tend to correspond to the regions of
maximum SPL in Figure 7a. This is the opposite of the trend seen in highly coherent portions of
the jet noise data shown in Figure 6. The sources are independent, so they exhibit no radiation
directionality. Therefore, for all frequencies, the maximum SPL and shortest L. occur at
z = 7.5 m, which location corresponds to the center of the source array. All levels and
coherence lengths at other locations are symmetric about this central distance.

An important factor influencing the values of L is the fact that microphones near the end
of the array are receiving the signal “end on” from a long, narrow source region. In other words,
the arriving signal approaches a grazing incidence along the array far downstream. Figure 4
illustrates this concept. Here, two sets of eight microphones are selected from the simulated
measurement array: one set near the first source and another far downstream. The angle 6,
“covered” by the latter set is significantly smaller than the angle 8; covered by the former. The
result is that L, values increase with distance from the source region as a result of simple
geometry, independent of source coherence.
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The effects of measurement geometry—isolated from the effects of source coherence—
are further demonstrated by the numerical experiment. Recall that the source is composed of a
series of uncorrelated monopoles. Therefore, the increase of L. with distance downstream in
Figure 7b is a result of geometry. It is important to realize that measurement geometry effects
must be carefully considered when using near-field coherence lengths to make inferences about
source coherence properties. This does not rule out using L. as an indicator of source coherence.
On the contrary, the large yet finite coherence lengths below 200 Hz and past z = 15 m in
Figure 6b point directly to a partially coherent source.

V. IMPLICATIONS FOR NAH

Sound pressure measurements made in the acoustic far-field (much farther from the
source than a wavelength) cannot resolve individual sources spaced closer together than one half
of a wavelength. Fuchs’ shows that applying far-field measurement techniques to sources with
large spatial coherence can lead to misleading source distributions and poor estimates of
localized sound power. Venkatesh' explains that phased-array techniques like beamforming,
which work well in locating a set of multiple, isolated point sources, can perform poorly when
reconstructing extended noise sources. Therefore, the effectiveness of the popular beamforming
and other far-field techniques for jet-noise studies is questionable.

Because NAH requires no restrictions on source composition, it can be implemented
effectively for sources composed of distinct or extended, coherent or incoherent subsources.
Much of jet noise is generated by extended, partially coherent sources. This potentially makes
NAH a promising alternative to other acoustical inverse methods for jet-noise characterization.

VII. CONCLUSIONS

Coherence length values have been reported for a full-scale jet, installed on a military
aircraft. The changes in L as a function of frequency and distance downstream support the two-
source representation of jet noise. Values of L. are very long at low frequencies in the
downstream region, but remain relatively short for high frequencies and farther upstream. These
provide evidence of the large-scale and fine-scale components of jet noise, respectively. The
analyses presented demonstrate the utility of the coherence length L., as it is defined here, in
summarizing near-field spatial coherence and making inferences about spatial source coherence.
However, it is important to consider the effects of measurement array location when making
such inferences. The spatial extent and high coherence of jet noise sources also point toward
near-field acoustical holography as a preferred jet-noise measurement technique.
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