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the histogram of a Gaussian waveform is expected. The histogram in plot (b), on the other hand,
is very different from any of the histograms in Figure A.3. The general features in the histogram
of the waveform measured 11.6 m from the source are the large mass of points centered about
(Ap /Prms, ILWSF) = (1072, 1) and the smaller and more complicated mass of points centered

about (2,10). Both of these groups of points will be discussed below.
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Figure A.4. Two-dimensional histograms of MclInerny plots initially broadband Gaussian
noise measured 0.3 (a) and 11.6 m (b) from the source in a plane wave tube. The red dashed
lines represent the lower bound used by MclInerny and Ol¢gmen. [33]

As mentioned in Section A.1, any small scale oscillations near significant pressure rises
in a waveform can greatly reduce the significance of the data in a McInerny plot. As with any
acoustical measurement, some unexpected, random vibration in the waveform is inevitable.
Since unexpected noise is generally very small in amplitude relative to the main waveform, we
may assume that points on a scatter plot with very small values of Ap/p,,s are not likely to be

meaningful. McInerny and Olgmen accounted for this by only considering pressure rises that are
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larger than 0.3% of the amplitude of the largest pressure rise in the waveform. [33] This lower
threshold is plotted as the red dashed lines in Figure A.4. If this limit is considered to be
meaningful, then the large group of points centered about (1072, 1) is likely to be associated
with unexpected vibrations.

Another way to identify data that are meaningful is to compare a waveform at different
stages of its propagation. Notice that the histogram in Figure A.4(a) only has one region with a
high point-density, centered about (2, 1). Since the waveforms being considered are much
longer than their characteristic periods, it may be assumed that only the trends of high-density
regions can be interpreted in terms of propagation effects. Thus, much of the histogram in plot
(a) is not likely to be meaningful. Since the area around (2, 1) seems to characterize the
waveform measured 0.3 m from the source, it is likely that propagation would cause a
continuous modulation of this region. Thus, the cluster of points about (2,10) in plot (b) is the
most likely cluster in the histogram to have meaning with respect to propagation.

A simple numerical test can be used to test the hypothesis that the points in Figure A.4(b)
near (2,10) are the important ones. A prediction of the waveform that was measured 11.6 m
from the source was obtained using the propagation model discussed in Chapter 4. The
waveform analyzed in Figure A.4(a), which was measured 0.3 m from the source, was used as
the input waveform. The measured and predicted waveforms are shown in Figure A.5(a), the
two-dimensional histogram of the McInerny plot of the measured waveform is shown in Figure
A.5(b), and the histogram of the predicted waveform is shown in Figure A.5(c). The predicted
waveform is nearly identical to the measured waveform with the notable exception of some small
oscillations. Note that the histogram of the predicted waveform has significantly less data
beyond the cluster near (2, 10) than the histogram of the measured waveform. The lack of
oscillations in the waveform and compactness of the points in the histogram of the predicted
waveform suggests that the large cluster of points in plot (c) are due to some kind of systematic

error in the measurement.
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Figure A.5. (a) Portions of an initially broadband Gaussian noise waveform measured at
11.6 m from the source in an anechoically terminated plane wave tube and a numerical
prediction. (b) Two-dimensional histograms of the McInerny plot of the predicted
waveform. (c) Two-dimensional histograms of the McInerny plot of the measured
waveform. The noise at the measurement location has a o value of 1.14. The data inside the
red circles are not likely to be meaningful, while the data in green squares are.

As noted by the presence of significant shocks in the waveforms in Figure A.5(a), it is
very likely that nonlinear distortion is important in the propagation of this particular signal.
Based on the findings in Section A.2, we expect to find a significant number of points with
ILWSF values near or above 1000. This is the case for both histograms in Figure A.5. While the
regions with the greatest densities do not quite make it to 1000, they are within an order of
magnitude.

The histograms of the Mclnerny plots of noise waveforms at various locations in the

plane wave tube may be compared in order to better understand how Mclnerny plots evolve with
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nonlinear propagation. In order to simplify the explanations, all of the histograms of waveforms
measured in the plane wave tube presented below will be compared with the histograms of an
initially broadband Gaussian noise waveform with a characteristic frequency of 1500 Hz. The
waveforms analyzed were chosen to have ¢ values similar to those of the reference waveforms.
Following McInerny and Olgmen, only those points on the McInerny plot with values of Ap
greater than 0.3% of the maximum value of the waveform are included in the plots.

First, the reference set of histograms (initially 1500 Hz, broadband Gaussian noise) will
be discussed. Then, the effects of different characteristic frequencies will be discussed by
comparing histogram sets from initially 1000 Hz and from 2000 Hz broadband Gaussian noise
waveforms with the reference set. The effects of bandwidths are then analyzed by comparing
initially 1500 Hz narrowband Gaussian noise with reference set. Finally, initially 1500 Hz
broadband jet noise-like noise will be compared with the reference set to understand the effects

of different initial statistics.

Initially 1500 Hz, Broadband Gaussian Noise

Portions of the histograms of the McInerny plots of initially 1500 Hz broadband Gaussian
noise measured in a plane wave tube (a) 0.3 m, (b) 2.5 m, (¢) 5.6 m, (d) 8.6 m, and (¢) 11.6 m
from the source are shown in Figure A.6. (It should be noted that the portions shown in plot (a)

and plot (e) are portions of the histograms shown in Figure A.4 and Figure A.5.)
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Figure A.6. Portions of the histograms of the MclInerny plots of initially 1500 Hz broadband
Gaussian noise measured in a plane wave tube (a) 0.3 m, (b) 2.5 m, (¢) 5.6 m, (d) 8.6 m, and
(e) 11.6 m from the source.

The histograms shown in Figure A.6 illustrate much of the evolution of initially
broadband noise. Plot (a) shows that most of the pressure rises are located in one region centered
around (1, 2). The points surrounding this region appear to be in a somewhat triangular shape.
This triangular shape was found in the analysis of a numerical Gaussian signal. In plot (b) this
main region appears to be evolving. The portion of this region with larger values of Ap/prms
have obtained larger values of ILWSF, while the portion of the region with lower values of
Ap /prms have not changed their values of ILWSF very significantly. The points surrounding the
dense region in plot (b) still form a kind of triangular shape. The increase in ILWSF of the
points with larger values of Ap/p,,s may be explained by nonlinear distortion. The portions of
the initial waveform with larger pressure excursions will distort more rapidly than the portions
with small pressure excursions.

The transition from plot (b) to plot (c) is similar to the transition from plot (a) to plot (b).
The large dense region in plot (c) has continued to evolve, elongating as the points with larger

values of Ap/p,ms continue to gain even higher values of ILWSF, suggesting that these portions
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of the noise waveform are becoming significantly distorted. It appears that the main dense
region has bifurcated into two portions, one centered about (2, 3) and the other centered about (3,
27). In addition to the main dense region on the right hand side of the plot, another dense region
has started to form on the left hand side of the plot. It appears to be truncated by the threshold
introduced by McInerny and Olgmen, suggesting that this region is similar to the region centered
about (1072,1) in Figure A.4(b). The dense region developing on the left of plot (c) is likely
noise generated by some systematic error in the measurement.

By plot (d) the dense region on the left of the histogram has become the main dense
region in the histogram. However, the dense region on the right, which is more likely to
represent the evolution of the initial waveform, is still easily distinguishable. The dense region
on the right side of the histogram still looks like there are two portions of it, creating an inverted
“v” shape. The peak of the “v” shape is located near (3, 80). It is interesting that largest values
of ILWSF for the dense region on the right of plot (d) is approximately the same as the largest
values of the ILWSF for the dense region on the right of plot (c), as well as the largest ILWSF
values for the dense region on the right of plot (¢). While there is some interesting structure to
these right-hand dense regions, the overall shape does not vary much between plots (c), (d), and
(e), suggesting that the waveform has reached a more stable part of the propagation by 0 = 0.55.
The most likely case would be that the waveform has already passed some threshold similar to
the shock formation distance for sine waves. This conclusion is strengthened by the derivative
skewness estimates presented in Section 5.6. The derivative skewness estimates of noise follow

a similar trend of the initially sinusoidal signals, but progress at much faster in terms of o.

Characteristic Frequency Comparison
Comparing the histograms of Mclnerny plots of initially broadband Gaussian noise with
different characteristic frequencies can help us understand the importance of absorption on the

nonlinear propagation of noise.
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Figure A.7. Portions of the histograms of the McInerny plots of initially 1000 Hz broadband
Gaussian noise measured in a plane wave tube (a) 0.3 m, (b) 2.5 m, (¢) 5.6 m, (d) 8.6 m, and
(e) 11.6 m from the source.

All of the trends that were seen in Figure A.6 are seen in the histograms in Figure A.7.
Although the dense region on the right of plot (c¢) of Figure A.7 does not seem to have bifurcated

yet, evidence of the region splitting is seen in plot (d) and plot (e).
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Figure A.8. Portions of the histograms of the MclInerny plots of initially 2000 Hz broadband
Gaussian noise measured in a plane wave tube (a) 0.3 m, (b) 2.5 m, (¢) 5.6 m, (d) 8.6 m, and
(e) 11.6 m from the source.

The general trends seen in Figure A.6 are present in the histograms of the higher
frequency waveforms shown in Figure A.8, but there are some interesting differences. For
example, the evolution of the dense region on the right seems to be progressing, but at a slower
rate (in terms of o) than the 1500 Hz case. Itisn’tuntil 0 = 1.21 (plot (e)) that the dense region
on the right begins to bifurcate, unless the dense region on the left in plots (¢), (d), and (e) is
actually a bifurcation of the dense region on the right. The fact that the dense region on the left
grows in a similar manner as the dense region on the left of Figure A.6 suggests that the dense
region on the left in Figure A.8 is noise associated with some systematic error in the

measurement.

Bandwidth Comparison
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Figure A.9. Portions of the histograms of the McInerny plots of initially 1500 Hz
narrowband Gaussian noise measured in a plane wave tube (a) 0.3 m, (b) 2.5 m, (c) 5.6 m, (d)
8.6 m, and (e) 11.6 m from the source.

Portions of the histograms of initially 1500 Hz narrowband Gaussian noise measured at
various locations in a plane wave tube are shown in Figure A.9. The first and most obvious
difference between the histograms in Figure A.6 and in Figure A.9 is that the dense region on the
right in the plots of Figure A.9 is much narrower than the dense regions on the right in the plots
of Figure A.6. In spite of the much narrower dense region, the dense regions on the right of the
plots in Figure A.9 undergo a similar evolution to the dense region on the right of the plots in
Figure A.6: The portions with larger values of Ap/p,ms tend to shift to larger values of ILWSF.
The dense region on the right also apparently bifurcates at or near ¢ = 0.54, as seen in plot (¢).
It seems that the stable part of the waveform propagation still has not started by o = 0.54, but

has started by ¢ = 0.84, as seen in plot (d) and plot (e).

Initial Statistics Comparison
Since jet noise has different statistical characteristics than Gaussian noise, we now see if
this has a noticeable effect on the histograms of the McInerny plots of noise with jet noise-like

statistics. Portions of these histograms are shown in Figure A.10. The histogram portions shown
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in Figure A.10 are remarkably similar to the histogram portions shown in Figure A.6. The dense
region in plot (a) shows the triangular shape associated with Gaussian noise, and is centered
about (2, 1). By 2.5 m (shown in plot (b)), the dense region has begun to evolve, with large
values of Ap /prms going to higher values of ILWSF. Note that the dense region on the right in
plot (c) appears to have bifurcated, that the same region in plot (d) has formed a sort of inverted
“v” shape, and that characteristics of the histogram portions shown in plots (c), (d), and (e) do
not vary much. All of these observations were also made of the histogram portions in Figure
A.6. These similarities suggest that the initial statistics do not have a significant effect on the

nonlinear propagation of broadband noise.
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Figure A.10. Portions of the histograms of the McInerny plots of initially 1500 Hz
broadband noise with jet noise-like statistics measured in a plane wave tube (a) 0.3 m, (b) 2.5
m, (c) 5.6 m, (d) 8.6 m, and (e) 11.6 m from the source.

The analyses presented above have shown that the evolution of Mclnerny plots are
similar for all noise waveforms in a plane wave tube. It does appear that the absorption and
dispersion associated with propagation in a plane wave tube affects the plots significantly, and
different phenomena may be manifested in Mclnerny plots for measure jet noise, which is not

planar, and does not propagate with boundary layer effects.
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A.4 Analysis of Jet Noise

The two-dimensional histograms of the McInerny plots of waveforms measured during
the intermediate and military engine conditions, measured on the ground array at 0 m, 10.4 m,

and 20.7 m downstream of the nozzle, are shown in Figure A.11 and Figure A.12.
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Figure A.11. Two-dimensional histograms of McInerny plots with IILWSF normalization of
noise waveforms measured on the ground array (a) 0 m, (b) 10.4 m, and (c) 20.7 m
downstream of the nozzle of an F22-A Raptor at intermediate engine condition. The red
dashed line represents the threshold suggested by McInerny and Ol¢men.

The histograms shown in Figure A.11 show the characteristic triangular shape that is
expected for broadband Gaussian noise. Compared to the scatter plots calculated when
discussing the tube data, the peaks of the histograms in Figure A.11 have low values of Ap/prms,
and there is only one peak per histogram. This suggests that there is a low frequency wave that

carries high frequency energy, which is the case, as seen in Figure 6.2.
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Figure A.12. Two-dimensional histograms of McInerny plots with ILWSF normalization of
noise waveforms measured on the ground array (a) 0 m, (b) 10.4 m, and (c) 20.7 m
downstream of the nozzle of an F22-A Raptor at military engine condition. The red dashed
line represents the threshold suggested by McInerny and Ol¢men.

The histograms for the military engine condition shown in Figure A.12 are very similar to
the histograms for the intermediate engine condition shown in Figure A.11. The dense regions
still retain the triangular shape, though they do seem to be a little more extended than the dense
regions of the histograms for the intermediate engine condition, especially the histogram in
Figure A.12(b).

As seen in the histograms analyzed for the plane wave tube experiments, the slight
extension of the dense region in the histograms in Figure A.12 likely implies nonlinear
propagation. One can estimate a value of o for the noise used to generate the histograms.
Comparing the histograms with the histograms from Section A.3, the noise measured during the
intermediate engine condition likely has a o value near zero, and the noise measured during the
military engine condition likely has a ¢ value near 0.1. This choice is quite subjective, and
therefore quite imprecise. It may be that histograms of Mclnerny plots will be more useful when
comparing waveforms with greater shock content than the waveforms considered in this

appendix.



