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Abstract: Meaningful use of the autocorrelation in jet noise analysis
is examined. The effect of peak frequency on the autocorrelation
function width is removed through a temporal scaling prior to making
comparisons between measurements or drawing conclusions about
source characteristics. In addition, a Hilbert transform-based autocorrelation envelope helps to define consistent characteristic time scales.
Application of these processes to correlation functions based on large
and fine-scale similarity spectra reveal that the large-scale noise radiation from an F-22A deviates from the similarity spectrum model.
C 2013 Acoustical Society of America
V

PACS numbers: 43.28.Ra, 43.50.Nm [SS]
Date Received: February 5, 2013
Date Accepted: April 11, 2013

1. Introduction
The autocorrelation function is effective in relating waveform properties to spectral
features. In jet noise analysis, it has been used to investigate noise source and radiated
field characteristics, including waveform periodicities and their connections to temporal
and spatial length scales of turbulent structures.1–4 These length scales can be used to
support models of large-scale structure (LSS) and fine-scale structure (FSS) mixing
noise. However, before making conclusions regarding source or field properties, current
analysis techniques need to be examined. The principal purpose of this Letter is to
illustrate the importance of time-scaling the autocorrelation function to properly compare signals with different spectral properties and jets of different scales. Furthermore,
the autocorrelation envelope is implemented as a tool to define a consistent correlation
scale in jet noise analysis. These analysis enhancements are first applied to improve
understanding of LSS and FSS similarity noise models and then to interpret features
of full-scale military jet noise data.
Autocorrelation is a subset of broader correlation analysis techniques, which
have long been used to study jet noise fields.1,5,6 Several methods have been further
developed to better understand sources and mechanisms of laboratory-scale jet noise
radiation. Correlation analyses have been used to characterize equivalent sources,2,6–8
measure sound speed and associated gradients,9 relate flow and acoustic variables,3,4,10–12
and establish spatiotemporal relationships in the acoustic field.2,5 The results of this study
may be further applied to characterize features of cross-correlation for laboratory and
full-scale jet data.
Of most relevance to this study is work by Tam et al.,1 who calculated the
autocorrelation from far-field pressure measurements of a laboratory-scale jet to
develop correlation length scales and draw conclusions about the physical size of the
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“energetic acoustic pulses” radiating from the jet. They showed that the autocorrelation function shapes differed and primary-peak widths for sideline measurements were
significantly narrower than those farther downstream. They concluded that these different functional shapes supported their two-source model for FSS radiation to the sideline and for LSS radiation downstream.
One potential challenge with the use of the autocorrelation function to classify
FSS and LSS radiation is the dependence of its width on spectral peak frequency and
hence, acoustic length scales. For noise spectra with high peak frequencies, the autocorrelation is naturally narrower than for a spectrum dominated by low frequencies.
Furthermore, high and low peak frequencies do not uniquely define FSS and LSS radiation—either across a measurement aperture for a single jet or across jets of different
scales or conditions. Thus, it is difficult to ascribe autocorrelation width to the nature
of the radiation.
With these challenges in mind, we approach jet noise analysis via autocorrelation differently than in previous work. In this Letter, the influence of the dominant frequency content on autocorrelation width is mitigated by adjusting autocorrelation time
scales by the spectral peak frequency. This scaling facilitates comparisons of autocorrelation calculations across a measurement aperture or different jets. In addition, the
amplitude envelopes of these scaled autocorrelation functions are calculated via
the Hilbert transform. Use of the amplitude envelope has two advantages. First, the
smoothly varying envelope can be displayed logarithmically to more clearly observe
low-amplitude features of the autocorrelation. Second, it provides a more consistent
analysis tool for investigating and quantifying autocorrelation decay rates. The temporal scaling and autocorrelation envelope developments are discussed further in Sec. 2
and implemented on similarity correlation functions obtained from the inverse Fourier
transforms of LSS and FSS similarity spectra defined by Tam et al.13,14 In Sec. 3, time
scaling and envelopes are applied to noise radiation from a static F-22A Raptor and
the results are compared to the LSS and FSS envelopes.
2. Methodologies for jet noise autocorrelation analysis
The emphasis of this Letter is the interpretation of the autocorrelation function for
physical insight of jet noise. Because the FSS and LSS similarity spectra [shown in
Fig. 1(a)] are shaped broadband spectra, rectangular bandpass white noise provides an
appropriate analytical model. Specifically, the autocorrelation, Rxx ðs), of bandpass
white noise for time delay, s, is related to both bandwidth, B, and center frequency,
f0 , as15
Rxx ðsÞ / sincðpBsÞcosð2pf0 sÞ:

(1)

Fig. 1. (Color online) (a) Similarity spectra shapes (Refs. 13 and 14) of the LSS and FSS. (b) Time-scaled autocorrelation coefficient, Rxx ðgÞ, for LSS and FSS radiation, and their envelopes, Axx ðgÞ. (c) Axx ðgÞ for LSS and
FSS shown on a logarithmic amplitude scale.
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As B ! 0, the sine-wave autocorrelation is recovered: Rxx ðsÞ / cosð2pf0 sÞ. On the
other hand, as B ! 1, Rxx ðsÞ approaches the delta function expected for white noise.
For jet noise, which can be considered a shaped bandpass spectrum, both the spectral
width [similar to B in Eq. (1)] and peak frequency (fpeak , similar to f0 ) directly influence
the autocorrelation function. As the spectral width of the jet noise increases, and as
peak frequency increases, the autocorrelation function gradually transitions toward a
more delta function-like shape.
Time-scaling of the autocorrelation enables greater quantitative physical
insight into the nature of the radiated jet sound field. Because fpeak and spectral shape
vary with location relative to the jet, a time-scaled autocorrelation coefficient, Rxx ðgÞ,
where g ¼ sfpeak , is helpful, since it removes the dependence of the autocorrelation
width on fpeak and leaves the effects of the spectral width. Although a spectrum may
not necessarily be centered about fpeak , this scaling is usually a good approximation for
jet spectra (see, for example, similarity spectra analyses in Ref. 16). Note that
Kerherve et al.17 proposed an inverse Strouhal number time scaling of the autocorrelation to account for differences in jet properties. However, because of the variation in
peak frequency with position around the jet, the proposed peak-frequency scaling is
more appropriate here to allow for the investigation of FSS and LSS radiation.
Before continuing, it is important to connect the principle of frequency-scaled
autocorrelation to the work of Tam et al.1 Although they did not explicitly investigate
the effect of fpeak on Rxx , they recognized the utility of quantifying features of the autocorrelation. They defined a correlation length that is calculated from a time delay
corresponding to the maximum anti-correlation multiplied by the speed of sound.
However, this was only carried out for LSS signals because it appears that a welldefined anti-correlation does not exist for signals dominated by FSS noise. This
difficulty motivates our proposed amplitude envelope function based on the Hilbert
transform of the time-scaled autocorrelation coefficient to provide a more consistent
analysis technique applicable to both FSS and LSS-dominated signals.
The envelope function of the time-scaled autocorrelation coefficient is
defined as15
~ 2 ðgÞ1=2 ;
Axx ðgÞ ¼ ½R2xx ðgÞ þ R
xx

(2)

~ xx ðgÞ is the Hilbert transform of the autocorrelation coefficient. Again, this
where R
envelope can be used to more consistently quantify differences in the temporal decay
rate of Rxx ðgÞ for various locations around a jet or for jets of different scales and conditions. For example, Axx ðgÞ can be used to calculate a characteristic time scale, gc ,
from the delays at which Axx ðgÞ ¼ Axx ð0Þ=2. Additionally, since Axx ðgÞ is a positive
function, it can be plotted on a logarithmic scale to more clearly observe lowamplitude features not visible in Rxx ðgÞ.
To provide examples of time-scaled autocorrelation functions and corresponding envelopes, we consider the FSS and LSS similarity spectra13,14 in Fig. 1(a). The
narrower LSS spectrum is more spatially coherent along the jet axis, whereas the
broader FSS spectrum is caused by uncorrelated, small-scale turbulent fluctuations
throughout the plume.1 We have calculated inverse Fourier transforms of the analytical FSS and LSS spectra defined by Tam et al.13,14 for the first time, and the resulting
Rxx ðgÞ are displayed in Fig. 1(b). It is clear that the FSS shape is similar to a whitenoise delta-function shape, whereas the LSS Rxx ðgÞ has larger negative loops, with
anti-correlation values less than 0:2. Note that Tam et al.1 suggested large negative
loops in Rxx ðsÞ were indicative of LSS radiation; Fig. 1(b) shows they were correct.
These LSS and FSS-based Rxx ðgÞ can be used to evaluate autocorrelations in measured
jet noise data for properties of FSS and LSS radiation.
The envelopes, Axx ðgÞ, of the FSS and LSS autocorrelation functions are also
displayed in Fig. 1(b), yielding a simpler view of Rxx ðgÞ features without oscillatory
effects. Here it emphasizes the differences in decay of overall correlation between the
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LSS and FSS noise, which is not as easily seen with Rxx ðgÞ. The characteristic widths
of the FSS and LSS functions are gc ¼ 0:171 and gc ¼ 0:446, respectively. In Fig. 1(c),
the properties of the FSS and LSS envelopes are further examined, with Axx ðgÞ plotted
on a logarithmic scale. The LSS envelope decays linearly for two orders of magnitude,
whereas the FSS envelope has a nonconstant slope with an initially faster decay.
3. Application of autocorrelation analysis to full-scale, high-power jet noise
The methods from Sec. 2 are now applied to measurements18 of a Pratt and Whitney
model F119-PW-100 turbofan engine installed on a static F-22A Raptor [see Fig. 2(a)].
An array of 50 GRAS Type-I 6.35-mm and 3.18-mm microphones [marked by solid
dots on Fig. 2(b)] was placed on the ground 11.6 m from the centerline of the
jet. Military engine-condition waveforms from microphones located at 90 and 130
(measured relative to the engine inlet and referenced to 5.5 m downstream) are selected
for comparison, and their respective one-third octave spectra are given in Fig. 2(c).
The spectrum at 130 is of a more peaked nature than the rounded spectrum at 90 .
Neilsen et al.16 have shown that the spectrum at 130 is dominated by LSS radiation.
At 90 , they show that the overall spectral shape is dictated by FSS radiation, with
some influence of LSS radiation in the peak-frequency region.
The autocorrelation coefficients,15 Rxx ðsÞ, in Fig. 2(d) show that the width of
Rxx ðsÞ at 90 is much narrower than at 130 . Using the length scale developed by Tam
et al.,1 the correlation length at 90 is about 0.5 m while at 130 it is about 1.4 m.
Although there is significant dissimilarity between these length scales, the difference in
peak frequency makes it difficult to draw conclusions relating the length scale and
autocorrelation measurements to source characteristics.

Fig. 2. (Color online) (a) Measurement of an F-22 Raptor at Holloman Air Force base. (b) Measurement schematic of the ground-based array of microphones. Polar angles are measured with respect to the engine inlet and
estimated maximum aeroacoustic source region. (c) One-third octave spectra at 90 and 130 positions for a single engine at military power. (d) Autocorrelation coefficient of 90 and 130 waveforms.
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The time-scaled Rxx ðgÞ and Axx ðgÞ at 90 and 130 can be used in conjunction
with the FSS and LSS functions to interpret the type of acoustic radiation at each
measurement angle. Measurements of Rxx ðgÞ are shown with their respective envelope
functions in Figs. 3(a) and 3(b). Once scaled, the time between the negative loops of
Rxx ðgÞ is g  1 for both measurement angles, providing evidence that the length scale
developed by Tam et al.1 is directly related to the spectral peak frequency. At 90 , the
shape of Rxx ðgÞ [in Fig. 3(a)] is similar to Rxx ðgÞ of FSS from Fig. 1(b); however, the
presence of negative loops suggests that the measurement has a small contribution
from LSS radiation, as shown by Neilsen et al.16 The corresponding amplitude envelope, Axx ðgÞ, in Fig. 3(a) has a fairly rapid decay, for which gc ¼ 0:184. This matches
the FSS gc to within 8%, suggesting that the LSS radiation does not contribute much
to the overall decay in correlation. In Fig. 3(b), Rxx ðgÞ at 130 contains two pairs of
significant negative loops instead of the single set in the LSS function in Fig. 1(b) and
seen in the laboratory measurements by Tam et al.1 At this angle, the engine spectrum
differs from that of the LSS spectrum in the peak-frequency region due to a significant
secondary peak in the spectrum.19 The double peak spectra may explain the additional
pair of loops present here, which cause Axx ðgÞ to have a null at jgj  1 and a subsequent increase in correlation for greater values of g. Even though Axx ðgÞ does not
decay smoothly at low amplitudes, the measured gc ¼ 0:514, which is much larger
than gc of the FSS-dominated 90 measurement and more than 15% greater than the
LSS gc .
To better examine overall features, the Axx ðgÞ for the 90 and 130 data are
compared against the FSS and LSS envelopes on logarithmic scales in Figs. 3(c) and
3(d). In Fig. 3(c), there is general agreement with the envelope of the 90 measurement
and the FSS envelope for nearly two orders of magnitude, which is expected based on
agreement in gc . The negative loops in the autocorrelation coefficient at 90 do not
appear to cause significant deviation when the resultant envelope is compared to that
of FSS, except for a slightly greater measured correlation than predicted at jgj  0:4.
In Fig. 3(d), the measured Axx ðgÞ at 130 has a nearly linear roll-off that agrees fairly

Fig. 3. (Color online) Time-scaled autocorrelation coefficient, Rxx ðgÞ, and their envelopes, Axx ðgÞ, of the measured waveforms at (a) 90 and (b) 130 . Axx ðgÞ is plotted on a logarithmic scale in (c) for 90 along with FSS,
and in (d) for 130 along with LSS.
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well with the LSS envelope initially, but soon deviates. At g ¼ 2, there is nearly two
orders of magnitude difference between the measured and LSS envelope amplitudes,
showing the engine radiation is significantly more correlated over time than for LSS
with the same fpeak . Therefore, in the maximum radiation region, the characteristics of
the jet noise radiation differ appreciably from the LSS model. Note that the change in
shape of the LSS envelope at an amplitude of 103 is consistent with the behavior of
Axx ðgÞ for rectangular bandpass noise.15 These comparisons of similarity spectra-based
and measured Axx ðgÞ have provided additional insight into the nature of the radiated
sound field from a full-scale military jet.
4. Conclusion
We have presented methods for applying autocorrelation analysis to jet noise data. A
key finding is that the effect of peak frequency on an autocorrelation measurement is
removed by appropriate time-scaling, thus allowing for more meaningful comparisons
of the autocorrelation across a measurement aperture or different datasets. The Hilbert
transform-based envelope function is a useful analysis tool which allows for an explicit,
quantitative correlation time scale to be developed irrespective of correlation function
shape and low-amplitude features to be more readily visible. As examples of how these
analysis techniques are applied, “similarity autocorrelation functions” for large and
fine-scale radiation13,14 have been presented for the first time. In addition, these techniques have been applied to noise from the F-22A Raptor at sideline and maximum
radiation angles at military power. When compared with the similarity functions, the
time-scaled autocorrelation coefficient envelope corresponding to the FSS shows good
agreement with sideline data. However, in the maximum radiation direction, the envelope for the measured data exhibits regions of higher correlation than the predicted
envelope function of the LSS. These methods will be further used to examine radiation
properties at other angles and engine conditions and for other jet noise measurements.
It is likely similar modifications can be used to extract additional insight from crosscorrelation analyses, which is the subject of ongoing work. These analyses may be
eventually used to connect the nature of the sound-field radiation and acoustic length
scales with the scales of turbulent sources themselves.
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