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Figure 5.1 The reference and reconstructed power spectra for waveform 1
at 166 dB. The spectral shape is generally well maintained.

Figure 5.2 A surface plot of the error over frequency and distance for wave-
form 1 at 166 dB. The errors are relatively small for all distances and fre-

quencies.



84

Chapter 5 Results: Reconstruction

165 T .
—actual

-»-0.1 m reconstruction

160 ~a-1 m reconstruction
-»2 m reconstruction
155
= 150
=}
T
o 145

135

130 : :

Frequency [Hz]

Figure 5.3 The reference and reconstructed power spectra for waveform 2
at 166 dB. The farther reconstruction distances greatly underestimate the
middle and high frequencies.
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Figure 5.4 A surface plot of the error over frequency and distance for wave-
form 2 at 166 dB. The errors are between -4 and -6 dB for frequencies above
400 Hz and propagation distances greater than 0.6 meters. This illustrates
the underestimation of the reconstructed pressure.
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tion of distance and frequency in Figure 5.4. The errors are between -4 and -6 dB for
frequencies above 400 Hz and propagation distances greater than 0.6 meters. This
illustrates the underestimation of the reconstructed pressure.

The reconstructed PSDs for waveform 3 show an increase in energy at frequen-
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Figure 5.5 The reference and reconstructed power spectra for waveform 3 at
166 dB. The farther reconstruction distances greatly overestimate the high
frequencies.

cies above the cut-off frequency and the slope of the decay to increase for only the
reconstruction from 1 and 2 meters. The error is shown as a function of distance
and frequency in Figure 5.6. The errors are between 4 and 8 dB for frequencies
above 250 Hz and propagation distances greater than 0.6 meters. This illustrates the
overestimation of the reconstructed pressure.

The reconstructed PSDs for waveform 4 are shown in Figure 5.7. The PSD shows
a decrease in amplitude at the center frequency as well as a shift in the slope at low
frequencies and high frequencies suggesting not only waveform steepening but also

shock coalescence. The error is shown as a function of distance and frequency in Figure
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Figure 5.6 A surface plot of the error over frequency and distance for wave-
form 3 at 166 dB. The errors are between 4 and 8 dB for frequencies above
250 Hz and propagation distances greater than 0.6 meters. This illustrates
the overestimation of the reconstructed pressure.
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Figure 5.7 The reference and reconstructed power spectra for waveform 4 at
166 dB. The farther reconstruction distances change both the low-frequency
rise and high-frequency decay.
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Figure 5.8 A surface plot of the error over frequency and distance for wave-
form 4 at 166 dB. The errors are positive below 100 Hz and negative between
300 and 1 kHz. This illustrates the overestimation of the reconstructed pres-
sure at low frequencies and the underestimation of the reconstructed pressure
at middle frequencies.
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5.8. The errors are positive below 100 Hz and negative between 300 Hz and 1 kHz.
This illustrates the overestimation of the reconstructed pressure at low frequencies

and the underestimation of the reconstructed pressure at middle frequencies.

5.1.2 Averaged Errors

The error magnitudes were then averaged over frequency to determine an average

error value and compare the performance of each waveform. Figure 5.9 depicts the
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Figure 5.9 Average error plotted against distance for the four waveforms
initially at 143 dB.

errors for the initially 143 dB case. Waveform 4 has the highest error and waveform
1 has the lowest, except at short distances where waveform 2 has the lower error.
However, the error for reconstruction from 2 meters of all the waveforms are closer
are under 1 dB.

Figure 5.10 shows the average error for the 158 dB case. Again, waveform 4 has

the highest error and waveform 1 has the lowest, while waveforms 2 and 3 switch
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Figure 5.10 Average error plotted against distance for the four waveforms
initially at 158 dB.

several times. For this case, only waveform 1 has errors under 1 dB at 2 meters, with
the other three average errors close to or exceeding 2.5 dB.

Figure 5.11 shows the last of the three amplitudes, 166 dB. Waveform 1’s error
remains far below the other three and waveform 3 has the highest, exceeding 5 dB at
2 meters. Waveforms 2 and 4 also have average errors above 4 dB.

Waveform 1 has the lowest errors because of its self-preserving shape. The non-
linear effects filter the waveform to have the same shape. However, waveform 2 also
has the same shape but exhibits much higher error at higher frequencies. As shown
in Figure 5.3, the slope is maintained, but the loss in energy at the fundamental fre-
quency causes the decay to become offset from its original position. Also, the center
frequency appears to have shifted downward, further offsetting the high-frequency
decay. The low-frequency slope, however, remains preserved. This shift is caused by
more nonlinear effects that seem to be caused by the higher center frequency. This

follows the same trend as seen in Equation 2.28 in that higher frequencies steepen
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Figure 5.11 Average error plotted against distance for the four waveforms
initially at 166 dB.

and form shocks more quickly.

Waveform 4 has greater errors than waveform 3 at most distances because of
this same frequency-dependent effect. Both have experienced waveform steepening
evident in the high- frequency increase. However, since waveform 4 has a shift in
the low-frequency rise and waveform 3 does not, it seems that shock coalescence has
not occurred significantly for waveform 3 yet, possibly due to the larger distances
needed to experience distortion. The shift in waveform 4 effectively lowers the errors

where the slopes intersect causing the average error to be lower than waveform 3 even

though more nonlinear effects have occurred.

5.1.3 Summary

These four waveforms exhibit four separate effects that can occur when attempting
reconstruction. The first two are for a waveform with a ‘haystack’ spectral shape.

The first case is when nonlinear propagation effects do not change the already exist-
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ing spectral shape, therefore allowing for good reconstruction. This occurs when only
small amounts of energy are lost at the center frequency due to waveform steepening
and no shock coalescence has occurred. Second, if a waveform does experience signif-
icant waveform steepening or shock coalescence, the reconstruction will only be good
at low frequencies but will become very inaccurate at and above the center frequency.
This is caused by the downward shift in the center frequency and not by a shift in
the slope of the high-frequency decay. This effect can be caused by large amplitudes,
long propagation distances and higher center frequencies.

The last two cases are for waveforms with the narrower spectrum. The third
case occurs when waveform steepening causes a high frequency boost, but no shock
coalescence occurs. This allows for good reconstruction below the center frequency
but alters the spectral shape above the center frequency and causes significant recon-
struction error. The last and final case is when both waveform steepening and shock
coalescence occur, therefore boosting low and high frequencies and decreasing middle
frequencies. This also leads to significant reconstruction error. This then becomes the

limiting case as propagation distances, amplitudes and center frequencies increase.

5.2 Insight into Nonlinear Reconstruction in 2-D

Applying NAH in two-dimensions becomes quite different than the one-dimensional
implementation. First, the spatial nature of the field must analyzed for single frequen-
cies allowing for a spatial reconstruction at the source for that frequency. Second, the
implementation must use cylindrical NAH and assume that the acoustic field exhibits
circumferential symmetry. Finally, the spectral Fourier transform must be utilized to
obtain complex data that is required to account for the phase. This would require

enough data points to obtain a good frequency resolution.
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Considering these factors, the major limitation for applying NAH to nonlinear
sound fields in two dimensions is still obtaining the field itself. The WENO algorithm
used is capable of obtaining these fields but at considerable cost. Parallel processing
techniques may be used, but even then, 128 processors running for 9 days would only
obtain a domain that is about one square meter. The propagation results shown in
Chapter 4 were for a very small domain, still requiring a multi-day run time on a
highly optimized processor, and were not sufficient to obtain accurate reconstruction.

However, the results of the one-dimensional reconstruction shed some insight into
the errors that would arise when attempting to perform NAH reconstruction in two-
dimensions. Reconstruction errors may be small when the spectrum already has
the ‘haystack’ shape. As previously noted, as the amplitude, center frequency and
propagation distance increase, the nonlinear effects become more significant and re-
construction errors will be large regardless of the initial ‘haystack’ shape.

These results do not take in account interference effects which were shown to
be important for two-dimensional propagation in Chapter 4. Therefore, the 1-D
results would not directly apply to the reconstruction of multiple or extended sources
in nonlinear fields. The assumption that small nonlinear effects will cause small

reconstruction errors is likely valid though.
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Conclusions

6.1 Summary

Four random noise waveforms were propagated nonlinearly in one dimension using
the Wochner algorithm to test the effect of center frequency and spectral shape on
the nonlinear propagation. The waveforms that were initially at 166 dB experienced
significant nonlinear distortion after propagating two meters. Higher-order statistical
analysis as well as bispectral analysis showed that the waveforms with higher cen-
ter frequencies experience more distortion in shorter distances. Also, the narrower
spectrally-shaped waveforms experienced more nonlinear effects. This confirms the
need to consider nonlinear effects when studying this problem.

The higher-order statistical analysis confirmed the work of Mclnerny [35] that
the time derivative is more sensitive to nonlinear effects, particularly the presence of
shocks. However, the fact that skewness and kurtosis coefficients of the time derivative
both decrease once the waveform is dominated by the shocks has not been known.
This strengthens the potential of using higher-order statistics of time derivatives as a

point or multi-point nonlinearity indicator to extract information about the relative
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amount of nonlinearity occurring. Specifically, the skewness and kurtosis of the time
derivative could show whether waveform steepening or shock decay is more significant,
information that is not currently available from point nonlinearity indicators.

These nonlinearly propagated waveforms were then reconstructed using one-dimensional
spherical NAH. Waveform 1 showed the least amount of error due to the self-preserving
nature of its spectral shape. However, the errors for waveform 2, which were also
small for very short propagation distances, were significant after propagating 2 me-
ters despite having the same spectral shape. This is due to the increased amount
of nonlinearity, which then causes the center frequency to shift downward and its
amplitude to decrease. Waveforms 3 and 4 also had significant reconstruction error
as the nonlinear propagation effectively filtered the spectral shape of the waveform
to have f? dependence.

This implies that a ‘haystack’ spectrum with a low center frequency, a very small
propagation distance or low amplitude could be reconstructed correctly in regions
where the spherical spreading assumption holds. However, since all three factors play
a significant roll in the propagation, it may be difficult to predict whether this would
actually be the case. However, if the higher-order statistics of the time derivative were
known to be decreasing, this could indicate that the nonlinearity would cause large
reconstruction errors. Reconstruction of a narrow-band spectrum will likely always
have significant error when any nonlinear effects are present due to the filtering effects
of the distortion.

Propagation of narrow-band-noise from two point sources in two dimensions also
showed the effects of nonlinear distortion. However, the interference effects of the
steepened waveforms created more errors than expected. Since the broadband wave-
forms are random, the deviations from linear behavior become more unpredictable

with increasing amplitude. This would imply that a holography scheme must in-
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clude nonlinear interference/diffraction terms for accurate reconstruction of a finite-

amplitude sound field if the holography plane is in the near-field of the source.

6.2 Applications to Rocket and Jet Noise Imaging

The specific application of this research is to determine the accuracy of using NAH
to reconstruct the acoustic source of a rocket. However, jets and rockets are similar
in their source mechanisms and this research is therefore naturally extended to jets.
The major benefit for possible imaging rockets over jets is the low center frequency
associated with its spectra, which require longer distances for nonlinear effects to
occur. However, since amplitudes are so high, nonlinear effects may still occur over
very short distances and it is possible that amplitudes are high enough to fall into
the strongly nonlinear regime where shocks can form right at the source (see Refer-
ence [71]). Jets on the other hand have higher center frequencies which would more
experience nonlinearity over shorter distances but lower amplitudes. Considering only
these factors (center frequency and amplitude), it remains difficult to predict which
source would have more accurate reconstruction.

It must be noted that before any imaging of either jet or rocket sources could
be performed, several other problems that must be overcome. First, a typical rocket
or jet source can be quite large, extending several tens of meters with directional
radiation. This would cause even more complicated diffraction effects and could
require a very large microphone array. Additionally, rockets are typically fired in
the vertical position, with the plume usually being deflected to the side by a large
deflector. This could severely limit the locations where acoustical measurements
are even possible and introduction reflection effects. Jets may also have limited

accessibility and ground reflection problems. Lastly, the temperatures associated with
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rocket launches are very high. The temperature fluctuations would greatly change
the behavior of the acoustic field and create other problems with the measurement
hardware. Although temperatures effects are not as great for jets, they can be large
enough to significantly alter the acoustical behavior. Additionally, other atmospheric
effects, such as temperature gradients, turbulence and wind, would likely significantly
affect the noise propagation. However, these effects may be low over small distances.

To conclude, nonlinear propagation effects can cause significant errors in finite-
amplitude reconstruction techniques. It is possible though that that these errors may
be small due to a low center frequency, ‘haystack’ spectral shape, short propagation
distance or low but still finite in nature amplitude. However, for real-life application
to rockets, many other problems also exist that make it difficult to reach definitive

conclusions.

6.3 Future Work

The results of two-dimensional finite-amplitude propagation were discussed in Chap-
ter 4. This research could be extended by performing NAH reconstruction in 2-D and
determining the reconstruction errors. The NAH implementation must then change
from spherical to cylindrical and assume azimuthal symmetry, or no dependence in
the circumferential (¢) direction. This would be a more realistic application of NAH,
where all spatial points are imaged for a single frequency.

Additional research could also be performed to study and experimentally verify the
evolution of the statistics of the time derivative of random noise using a shock tube.
Perhaps more insight could be gained into the physical meaning of this occurrence,
which may be valuable in the study of intense random-noise.

Future work could also include verifying the reconstruction results experimentally
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by measuring actual rocket data to determine realistic propagation distances, sound
pressure levels, and temperatures. It would actually be recommended that the future
direction of experimental research be using model-scale jets. This could allow for a
more complete study in a controlled environment to be performed that is also less

expensive. The results could then be applied to full-scale jets and finally to rockets.






Bibliography

1]

Gonzalez, G., Miller, N., Istre, C. “The Influence of Rocket Noise on the Hearing

of Guinea Pigs,” Aero. Med. 41(1): 21-25, 1970.

Cole, J.N., von Gierke, H.E., Kyrazis, D.T., Humphrey, A.J., “Noise radiation
from fourteen types of rockets in the 1,000 to 130,000 pounds thrust range,”
WADC TR 57-354 AD 130794, Dec 1957.

Mayes, W.H., Lanford, W.E., and Hubard, H.H., “Near-field and Far-field Noise
Surveys of Solid-fuel Rocket Engines of a Range of Nozzle Exit Pressures,” NASA
TN D-21, Aug 1959.

Potter, R.C., Crocker, M.J., “Acoustic prediction methods for rocket engines,
including the effects of clustered engines and deflected exhaust flow,” NASA-
CR-566, Oct 1966.

Potter, R.C. “Noise Field for Shadowgraph Model Rocket Experiments,” NASA-
CR-76267, 1966.

Potter, R.C. “Investigation to locate the acoustic sources in a high speed jet

exhaust stream,” NASA-CR-101105, 1968.

Meclnerny, S. “Rocket Noise - A Review,” AIAA 13th Aeroacoustics Conference

90: 1-7, 1990.
99



100 BIBLIOGRAPHY

[8] Meclnerny, S. “Characteristics and Predictions of Far-field Rocket Noise,” Noise

Con. Eng. J. 38(1): 5-16, 1992.

[9] Lighthill M.J., “The Bakerian Lecture, 1961. Sound Generated Aerodynami-
cally,” Proceedings of the Royal Society of London. Series A, Mathematical and
Physical Sciences 267(1329): 146-182, 1962.

[10] Lighthill M.J., “On Sound Generated Aerodynamically II: Turbulence as a Source
of Sound,” Proceedings of the Royal Society of London. Series A, Mathemcatical
and Physical Sciences 222(1148): 1-32, 1954.

[11] Eldred, K.M, “Acoustic Loads Generated by the Propulsion System,” NASA
SP-8072, June 1971.

[12] Yang, M., “Prediction of liftoff acoustic environments for launch pads with cov-

ered ducts,” J. Acoust. Soc. Am. 122(5): 3095, 2007.

[13] Varnier, J. “Experimental Study and Simulation of Rocket Engine Freejet Noise,”
AIAA J. 39(10): 1851-1859, 2001.

[14] Tam, C.K.W. “Computational Aeroacoustics: An Overview of Computational

Challenges and Applications,” Int. J. of Comp. Fluid Dyn. 18(6): 547-567, 2004.

[15] Lilley, G.M., “Jet Noise Classical Theory and Experiments,” Ch. 6 Aeroacoustics

of Flight Vehicles, Theory and Practice-Volume 1: Noise Sources, 1994.

[16] Tam, C.K.W., “Jet Noise Generated by Large-Scale Coherent Motion,” Ch. 4
Aeroacoustics of Flight Vehicles, Theory and Practice—Volume 1: Noise Sources,

1994.

[17] Lowson, M.V. and Ollerhead, J.B. “Visualization of Noise from Cold Supersonic

Jets,” J. Acoust. Soc. Am. 44(2): 624-630, 1968.



BIBLIOGRAPHY 101

[18]

[21]

[25]

[20]

Fuchs, H.V. “On the application of acoustic “mirror”, “telescope” and “polar
correlation” techniques to jet noise source location,” J. of Sound and Vib. 58(1):

117 - 126, 1978.

Laufer, J., Schlinker, R. and Kaplan, R.E. “Experiements on Supersonic Jet
Noise,” AIAA J. 14(4): 489-497, 1976.

Brusniak, L., Underbrink, J. and Stoker, R., “Acoustic Imaging of Aricraft
Noise Sources Using Large Aperature Phased Arrays,” Proceedings of 12th
AIAA/CEAS Aeroacoustics Conference 2006-2715, 2006.

Venkatesh, S.R., Polak, D.R., Narayanan, S., “Beamforming algorithm for dis-
tributed source localization and its application to jet noise,” ATAA 41(7): 1238-

1246, 2003.

Varnier, J. “Experimental Characterization of the Sound Power Radiated by

Impinging Supersonic Jets,” AIAA J. 40(5): 825-831, 2002.

Yu, J.C., Dosanjh, D.S, “Noise Field of a Supersonic Mach 1.5 Cold Model Jet,”
J. Acoust. Soc. Am. 51(5): 1400-1410, 1972.

Maynard, J.D., Williams, E.G., and Lee, Y. “Nearfield acoustic holography: I.
Theory of generalized holography and the development of NAH |” J. Acoust.
Soc. Am. 78(4):1395 -1413 ,1985.

Williams, E.G., Maynard, J.D. “Holographic imaging without the wavelength
resolution limit,” Phys. Rev. Let. 45: 554-557, 1980.

Zhaoxi, W., Wu, S.F. “Helmholtz equation-least-squares method for recontruct-

ing the acoustic pressure field,” J. Acoust. Soc. Am. 102(4): 2020-2032, 1997.



102 BIBLIOGRAPHY

[27] Veronsi, W.A. Maynard, J.D. “Digital holographic reconstruction of sources with
arbitrarily shaped surfaces,” J. Acoust. Soc. Am. 85(2): 588-598, 1989.

[28] Cho, Y.T., Bolton, J.S. “Source visualization by using statistically optimized
near-field acoustical holography in cylindrical coordinates,” J. Acoust. Soc. Am.

118(4): 2355-2364, 2005.

[29] Harris, M.C., Blotter, J.D., Sommerfeldt, S.D. “Obtaining the complex pressure
field at the hologram surface for use in near-field acoustical holography when

pressure and in-plane velocities are measured,” J. Acoust. Soc. Am. 119(2):

808-816, 2006.

[30] Lee, M., Bolton, J.S. “Source characterization of a subsonic jet using near-field

acoustical holography,” J. Acoust. Soc. Am. 121(2): 967-977, 2007.

[31] Pundarika G., Lakshminarayana, R., Sheshadri, T.S., “Application of holography
to jet acoustic studies,” Sadhana 29(4): 389-400, 2004.

[32] Morfey, C.L., Howell, G.P. “Nonlinear Propagation of Aircraft Noise in the At-
mosphere,” ATAA J. 19(8): 986-992, 1981.

[33] Gee, K.L., Gabrielson, T.B., Achtley, A.A., Sparrow, V.W. “Preliminary Analy-
sis of Nonlinearity in Military Jet Aircraft Noise Propagation,” ATAA J. 43(6):
1398-1404, 2005.

[34] Mclnerny, S.A., “Launch Vehicle Acoustics Part 1: Overall Levels and Spectral

Characteristics,” J. of Aircraft 33(3): 511-517, 1996.

[35] Meclnerny, S.A., “Launch Vehicle Acoustics Part 2: Statistics of the Time Domain

Data,” J. of Aircraft 33(3): 518-523, 1996.



BIBLIOGRAPHY 103

[36]

[42]

[43]

Meclnerny, S.A., Olcmen, S.M. “High-intensity rocket noise: Nonlinear propaga-
tion, atmospheric absorption, and characterization,” J. Acoust. Soc. Am. 117(2):

578-591, 2005.

Maynard, J.D. “Nearfield acoustical holography and Nonlinear Sound Fields,”
J. Acoust. Soc. Am. 121(3069), 2007.

Kinsler, L.E., Frey, A.R., Coppens, A.B., Sanders, J.V., Fundamentals of Acous-
tics, 4th Edition, John Wiley, New York, 2000.

Oppenheim, A.V., Schafer, R.W., Buck, J.R., Discrete-time Signal Processing,

2nd Edition, Prentice Hall, New Jersey, 1999.
Notes from Dr. Timothy Leishman’s physics 565 lecture, winter semester 2005.

Asmar, N. Partial Differential Equations and Boundary Value Problems, Prentice

Hall, New Jersey, 2000.

Blackstock, D.T., Fundamentals of Physical Acoustics, John Wiley, New York,
2000.

“Acoustics - Attenuation of sound during propagation outdoors - Part 1: Cal-
culation of the absorption of sound by the atmosphere,” International Standard

9613-1 First Ed. 1993-06-01.

Atchley, A.A., “Not your ordinary sound experience: a nonlinear acoustics

primer,” Acoustics Today 1(1): 19-24, 2005.

Hamilton, M.F., Blackstock, D.T., Pierce, A.D., “Progressive Waves in Lossless

and Lossy Fluids,” Ch.4 Nonlinear Acoustics, Academic Press, San Diego, 1998.



104 BIBLIOGRAPHY

[46] Blackstock D.T., “History of Nonlinear Acoustics: 1750s-1930s,” Ch.1 Nonlinear

Acoustics, Academic Press, San Diego, 1998.

[47] “Wolfram Mathworld” accessed online at http://mathworld.wolfram.com/SawtoothWave.html

on 10 August 2007.

[48] Pierce, A. D., Acoustics: An Introduction to Its Physical Principles and Appli-

cations, Acoustical Society of America, New York, 1989.

[49] Pestorius, F.M., Blackstock, D.T., “Experimental and Theoretical Study of Prop-

agation of Finite-Amplitude Noise in a Pipe,” J. Acoust. Soc. Am. 54(302): 1973.

[50] Pestorius, F.M., Propagation of Plane Acoustic Noise of Finite Amplitude, Ph.D.

dissertation, The Univerisity of Texas at Austin, 1973.

[51] Gee, K.L., Prediction of Nonlinear Jet Noise Propagation, Ph.D. dissertation,

The Pennsylvania State University 2005.

[52] Blackstock, D.T., “Connection between the Fay and Fubini Solutions for Plane

Sound Waves of Finite Amplitude,” J. Acoust. Soc. Am. 39(6): 1019-1026, 1966.

[53] Morse, P.M., Ingard, K. U., Theoretical Acoustics, Princeton Univ. Press, Prince-

ton, 1968.

[54] Wochner, M.S., Numerical Simulation of Multi-Dimensional Acousitc Propaga-
tion in Air Including the Effects of Molecular Relaxation, Ph.D. dissertation, The

Pennsylvania State University 2006.

[55] Sparrow, V., Raspet, R., “A numerical method for general finite amplitude wave
propagation in two dimensions and its application to spark pulses,” J. Acoust.

Soc. Am. 90(5): 2683-2691, 1991.



BIBLIOGRAPHY 105

[56]

[63]

[64]

Wochner, M.S., Atchley, A.A., Sparrow, V.W, “Numerical simulation of fi-
nite amplitude wave propagation in air using a realistic atmospheric absorption

model,” J. Acoust. Soc. Am. 118(5): 2891-2898, 2005.

Williams, E.G., Fourier Acousics: Sound Radiation and Nearfield Acoustical

Holography, Academic Press, San Diego, 1999.

Williams, E.G., “Regularization methods for nearfield acoustic holography,” J.
Acoust. Soc. Am. 110(4):1976-1988, 2001.

Lee, M., Bolton, J.S., Mongeau, L., “Application of cylindrical near-field acous-
tical holography to the visualization of aeroacoustic sources,” J. Acoust. Soc.

Am. 114(2): 842-858, 2003.

Bendat, J.S., Peirsol, A.G., Random Data: Analysis and Measurement Procedure,

John Wiley, New York, 2000.

Arfken G.B., Weber H.J., Mathematical Methods for Physicists 5th Ed., Harcourt
Academic Press, San Diego, 1995.

Gee, K.L, Atchley, A.A., Falco, L.E., Gabrielson, T.B., Sparrow,
V.W., “Bispectral Analysis of High-amplitude Jet Noise,” Proceedings of 11th
AIAA/CEAS Aeroacoustics Conference 2005-2937, 2005.

Kim, K.I., Powers, E.J., “Digital Bispectral Analyisis and its Application to
Nonlinear Wave Interactions,” IEEE Transactions on Plasma Science, PS-7(2):

120-131, 1979.

Hagihira, S., Takashina, M., Mori, T., Ueyama, H., and Mashimo, T., “What

we can know from bispectral analysis of EEG?.” International Congress Series



106 BIBLIOGRAPHY

- Basic and Systemic Mechanisms of Anesthesia: Proceedings of the 7th Inter-
national Conference on Basic and Systematic Mechanisms of Anesthesia 1283:

239-242, 2005.

[65] Brockett, P.L., Hinich, M., Wilson, G.R., “Nonlinear and non-Gaussian ocean

noise,” J. Acoust. Soc. Am. 82(4): 1386-1394, 1987.

[66] Gee, K.L, Shepherd, M.R., Falco, L.E.; Atchley, A.A., Ukeiley, L.S., Jansen,
B.J., Seiner, J.M., “Identification of Nonlinear and Near-field Effects in Jet Noise
Using Nonlinearity Indicators,” Proceedings of 15th AIAA/CEAS Aeroacoustics

Conference pp, 2007.

[67] Thornhill, R.J., Smith, C.C., Fourier, Spectral, and Wavelet Analysis in Dy-

namic Systems, 2004.
[68] Keller, G., Applied Statistics with Microsoft Excel, Duxbury, Pacific Grove, 2001.

[69] Gurbatov, S.N., Rudenko, O.V., “Statistical Phenomena,” Ch. 13 Nonlinear

Acoustics, Academic Press, San Diego, 1998.

[70] Flaherty J.E., Numerical Solution of Partial Differential equations, Rensselaer

Polytechnic Institute Press, Troy, NY, 1999.

[71] Inoue, Y., Yano, T., “Propagation of strongly nonlinear plane waves,” J. Acoust.

Soc. Am. 94(3): 1632-1642, 1993



Appendix A

The Basics of Finite-difference

Approximations

Finite-difference schemes are frequently used to solve ordinary and partial differential
equations or sets of equations with complicated or unknown analytical solutions, but
can also be used to solve simple equations. Many schemes have been developed,
some which are very efficient for solving certain equations but cannot solve others.
For this reason, it has become common to separate the temporal and spatial aspects
of an equation, estimate the respective derivatives using an efficient finite-difference
scheme, solve the respective portion of the equation explicitly or implicitly and then
to combine the results.

The theory behind finite-difference approximations is that of series expansions. A

Taylor series expansion is shown here for the function f evaluated at z.

f"(a) 2, J"(a) 3
5 (x—a) —i—T(x—a) +...+

f™(a)

n!

f(@) = fla)+f(a)(z—a)+ (r—a)", (A1)

where ' denotes a derivative that is defined at that location. If f(a) = U(x;) and

f(x) = U(xj11), the expansion can be truncated by removing all terms above some
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order and rewritten as
Ulzjr1) = Ulz;) + U'(z) (@)1 — 25) + 7, (A.2)

where 7 becomes the local truncation error. Since ;41 — z; can be simplified to Az,

the expression can be further rearranged to obtain

Ulxj) —Ulzy) 7
Ax Az’

Uz;) = (A.3)

which is a first-order forward-difference estimate because the estimate uses informa-
tion at ;41 to determine the value of the derivative at z; and could be easily modified
to obtain a backward-difference estimate. 7 then reveals the highest order of the er-
ror, which in this case is O(Az), or of order Az. A centered-difference estimate
is obtained by subtracting two series expansions centered at 7 + 1 and j — 1 and
the local truncation error is O(Az?), becoming a higher-order accurate approxima-
tion. All three schemes become more accurate by keeping more terms in series before
truncating [70].

Since all numerical work is inherently discrete, this makes for easy implementation
of finite-difference approximations. The number of points used in the estimate is
known as the stencil size, where the stencil represents all the group of points used
in the finite-difference estimate. One can use one stencil or multiple stencil schemes
with combinations of backward-, forward-, and centered-difference estimates.

Each scheme requires three criteria to achieve accurate results: consistency, sta-
bility and convergence. Consistency means that as the discretization step decreases
and goes to zero, the estimate becomes the exact solution or 7 = 0. Stability refers
to when small changes in initial or boundary conditions do not alter the solution.
Convergence would then mean that the numerical solution approaches the actual so-

lution within some tolerance. For a scheme to be stable a realizable relationship
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must be maintained between the spatial steps and temporal steps. When this oc-
curs, convergence is automatically achieved. For wave problems, the wave speed ¢
then plays an important part in determining the necessary ratio between the two
for stability. This ratio is known as the Courant-Fredrichs-Levy (CFL) number. For
simple finite-difference schemes, consistency and stability can be proven analytically.
However, both conditions are specific to the equation being solved and are not easily

determined for more complex finite-difference schemes used on complicated equation

sets [70].



