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Signal Processing of Noise Data from High-Speed Flyovers

Jeffrey J. Kelly* and Mark R. Wilson¥
Lockheed Engineering and Sciences Company, Inc., Hampton, Virginia 23666-1339

Narrow-band spectra characterizing jet noise are constructed from flyover acoustic measurements. Radar
and c-band tracking systems provided the aircraft position histories from which directivity and smear angles
from the aircraft to each microphone are computed. These angles are based on source emission time. This
allowed spectra to be correlated to aircraft position at the time of sound emission. Simulated spectra are included
in this article to demonstrate spectral broadening due to smear angle. A detailed description of the signal
processing procedures is provided. The spectra demonstrated the forward radiation of broadband shock noise
of supersonic jets, confirming what has been observed in static tests.

Nomenclature
Co = ambient speed of sound
f = frequency
fu = kth bin center frequency
fu = nth harmonic of f,
fr = Doppler shifted frequency
1 = source frequency
fo = fundamental frequency
h = aircraft altitude
L = sound—pressure level at the observer
L, = sound—pressure level at the source
M = aircraft Mach number vector
N = block size ]
Ny = number of harmonics
1, = number of frequency bands
ny, = number of microphones

n, = unit vector in the direction of r

P.m = ambient pressure
; = jet nozzle static pressure
p..(7) = time corrected pressure
7 = reference distance
r = position vector between source and observer at
time 7,
T = fast Fourier transform (FFT) window duration
t = reception time
U = aircraft velocity
x = position vector
a(f) = absorption coefficient
Af = frequency bin width
At = sampling interval, s
Ao = smear angle
0 = emission angle
6, = initial emission angle
0, = emission angle at time 7,
T = emission time

Introduction

HE emphasis now placed on the high-speed civil trans-
port (HSCT) has produced increased interest in jet noise
measurements obtained from flight tests. Accurate acoustic
data acquisition and signal analysis on aircraft engines that
emulate the engines of the HSCT is of paramount importance.
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The data presented and analyzed in this study consists of
acoustic measurements on the ground for level flyovers of an
F-18 aircraft. These measurements were performed at NASA
Dryden Flight Research Facility, California. A linear array
of 12 microphones with a spacing of 350 ft was used to acquire
the data as the aircraft flew over aligned with the array. Air-
craft position history, weather data (atmospheric pressure,
temperature, relative humidity, etc.), and engine state pa-
rameters were also collected during the test. Position history
is required for acoustic ensemble-averaging and directivity
characterization. Both radar and c—band systems were em-
ployed to track the flights. Weather data is needed to deter-
mine emission time and angle. This was obtained by rawin-
sonde. Engine state parameters allow the jet noise source to
be correlated with the observed spectra. These parameters
were recorded onboard the aircraft during the flyovers. This
article deals mainly with the recorded acoustic data and the
construction of narrow-band source spectra characterizing jet
noise.

Data Acquisition and Analysis

Flush-mounted microphones on planar ground boards were
employed with a frequency response of 0.01-40,000 Hz with
a maximum sound pressure level of 160 dB. The signals were
FM-recorded at 15 ips, which gives a dynamic range of about
46 dB. However, before recording, the signals were bandpass-
filtered from 25 Hz to 12.5 kHz to prevent aliasing and to
enable accurate sound-pressure level (SPL) estimates up to
the 10 kHz one-third-octave band [needed for effective per-
ceived noise level (EPNL) calculations]. Due to the high im-
pedance presented to the incident sound by the ground boards,
a constant 6-dB frequency correction can be made for each
spectral bin for reflection.

The analog data was digitized using the following Nyquist
criterion:

sample rate = 1/Ar = 2.5f,

(M)
where f. is the upper cutoff frequency. With f, = 12.5 kHz,
this yields Ar = 3.2 x 10~5 s or 31,250 samples/s. The signal
was digitized and converted to engineering units (EU) by
ADDRAS.! Each microphone channel was calibrated and the
calibration signal recorded on the analog tapes prior to the
flyovers.

Smear Angle and Ensemble-Averaging
At a ground-based observer, the acoustic signal from an
aircraft flyover is nonstationary. Thus, the Fourier transform
of the signal will be time-dependent. A short-time Fourier
transform with a sliding window function? is the usual method
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Fig. 2 Microphone configuration for ensemble-averaging.

employed to deal with this situation. A tradeoff must be made
between time resolution and frequency resolution. One func-
tion of the window is to limit the duration of the time signal
so that the spectral characteristics appear reasonably station-
ary. A rapidly varying signal requires a reduced window length.
Reducing the window length reduces the frequency resolu-
tion. Increasing the window duration can lead to spectral
smearing that is defined later.

To perform ensemble-averaging of acoustic flyover mea-
surements, the averaging across a microphone array requires
that each individual microphone be exposed to the same di-
rectivity angles. It will be assumed in the ensemble-averaging
scheme that the aircraft is in level flight at constant velocity
and a fixed orientation. Deviations from this type of flight
profile can present problems to ensemble-averaging test data.

Figure 1 illustrates angles associated with smearing. The
angle between U and r is denoted by 6, and is the noise
emission directivity angle. The angles 6, and 6, correspond
to emission times 7, and 7,, respectively, associated with the
fast Fourier transform (FFT) time window. The smear angle
is defined as A@ = 6, — 6,. Note that the angles are based
on the time of signal emission and not on the time of signal
reception.

As can be seen in Fig. 1, A8 is a function of aircraft altitude
and speed. Increasing 7 to improve frequency resolution
(smaller bin width) is only viable if A8 is small. Otherwise,
severe spectral smearing, which is indicated by the broadening
of spectral peaks and tones, will occur becoming more severe
as A increases. This becomes less of a problem as altitude
increases or speed decreases. Smearing is more pronounced
for approaching aircraft than for receding aircraft due to the
upward Doppler frequency shift in conjunction with signal
leakage associated with the finite time window.? Using a linear
microphone array allows spectral-averaging across the array
as shown in Fig. 2. Each microphone output is treated as an
individual record in the averaging. This is possible only if each
microphone measurement contains the same directivity angles
that are indicated in Fig. 2.

Directivity and Smear Angle Determination

Acoustic source emission times were determined for the
spectra from the radar tracking data files. Since the flight

paths were approximately along the array at constant altitude,
an initial emission angle corresponding to 7 is designated, and
a range estimate is made by the following:

x, = hcoto 2

where x, is measured from the microphone along the array
axis. The radar file is then searched to find x,, after which 7,
is determined by way of linear interpolation. Also, the po-
sition vector r(7) from the aircraft to the microphone is cal-
culated:

r(7) = x — x/(7) ©)

Here, x is the position vector of the microphone and x; is the
position vector of the aircraft obtained from the tracking his-
tory. Next, 6, is updated:

6, = cos~'(r,/|r]) 4

where r, is the component of r along the array axis.

It is assumed in Eq. (4) that the aircraft axis is aligned
parallel with the array axis. The corresponding 7 is determined
from the retarded time relation

t =71+ [r(7)lc,y] (5)

where ¢ is an averaged value of the speed of sound obtained
from the rawinsonde data. The pressure—time history file is
then searched to find ¢,, the start time (reception time) for
the FFT record. Computation of the final reception time is
easily found from

th=t + T (6)

To arrive at a smear angle A@, 7, corresponding to ¢, must be
calculated. This is done by rearranging Eq. (5) and using
linear iteration*:

(T2)ier = £, — {r[(Tz)I]/Co} 0

Here, the subscript / refers to the values of ¢ used in the
iteration. Thus, the radar file is iteratively searched until Eq.
(7) converges, which determines 7, and r(7,). The conver-
gence criterion is

(1)1 = ()

(7211 = 0001 ®

Equation (4) will also yield 6, so that the smear angle can be
computed.

Spectral Analysis

The steps used to construct the narrow-band spectra are
similar to those given in Ref. 5. Equation (1) along with N
determine the FFT window duration

T = NAt )
The frequency bin width is given by

Af = UT (10)
The FFT of the signal can be expressed as

J2mkn
N

P.(f) = At ;:40 Pin €Xp I:‘ 1D

In these relations, P, f;) is the output from the FFT algorithm,
and the subscript i designates the particular record or micro-
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phone used in the ensemble-average. The FFT subroutine
employed is based on the Cooley-Tukey® algorithm. The
discrete frequencies, which are the bin center frequencies, are
given by

fo= KT, k=0,1,2,...,N?2 (12)

With the FFT components computed, the power spectral den-
sity function ensemble-averaged over n, microphones is eval-
uated from

G, (fo) = ZIP(fk)IZ k=0,1,2,...,N2 (13)

dT

Using Egs. (10) and (13), the mean-squared pressure for the
bin with f,, and Af can be approximated by

W (4

P BD = Golfosf = —=

Thus, the sound—pressure level for the kth bin is

p*(fi, Af)
p2

ref

L(f) = 10 log [ ] + AL(f)) (15)

where AL( f,) represents a weighting function in decibels (e.g.,
A weighting). If no weighting is desired then AL(f,) =
The overall sound—pressure level for a particular band is

4
L()A = 10 10g [Z 1()14(fk)/1():| (16)
k=1

where n, is the number of frequency bands employed in the
level calculation. For the results presented in this study, N
= 16,384 points so that T = 0.5243 s and Af = 1.91 Hz.
Also, n, = 12 since 12 microphones were employed in the
ensemble-averaging.

Ny

Here, it is assumed that r, M, and 9 are constant over the
time window used in the Fourier transform. Equation (18)
expllcltly shows the Doppler frequency shift relation, which
is expressed as

fza = f/(1 — M cos 6) (19)
Converting Eq. (18) to sound—pressure levels results in

L =1L, — 20log(rir,) — 40 log(1 — M cos 6) (20)

This expression is valid for either individual bin levels or
overall levels. Equation (20) predicts a significant increase in
the SPL in the forward arc of the source as the speed increases.
In particular, directly in front of a source moving at M = 0.9,
Eq. (20) shows a 40 dB increase in SPL due to motion.

In the above discussion, atmospheric absorption is ignored.
Inclusion of absorption in the analysis of moving sources will
alleviate the high levels implied by Eq. (20). Since absorption
of sound increases with frequency and the observer spectrum
is shifted to higher frequencies in the forward are, the effects
of Doppler amplification will be reduced. Adding an absorp-
tion term to Eq. (20) results in

L{f/(1 — Mcos 8)] = L,(f,) — 20 log r — 40 log(1
— M cos 6) — 8.68¢[f,/(1 — M cos 0)](r — 1) (21)

In this expression, the spectral content is stated in terms of
the source frequencies. For the simulated spectra presented,
an absorption subroutine was chosen that is an update of the
1978 ANSI standard.®-'® A point source in uniform motion
was used to generate the pressure time series. The spectral
content of the source was taken to be a summation of har-
monic sinusoids and each component is attenuated by at-
mospheric absorption. Equation (17) is modified to account
for absorption and becomes

> A, exp{—a[f, /(1 — M cos O)|(r — Dcos2mf,r + (n — 1)7/2]

n=1
plx, 1) =

Spectra Simulation
An analysis of computer-simulated spectra is included to
demonstrate the effects of motion. A common model for il-
lustrating motion effects on acoustic signals is the moving
point source with a pressure field described by’

— pl?l(T)
L e v T Y7o e R

Here, p,.(7) has been introduced to describe the source struc-
ture in terms of pressure at r,,. In Eq. (17), 7 is the time of
signal emission, and ¢ is the time of signal reception. The
position vector x designates the receiver location at ¢. The
Mach number vector M and 8 correspond to 7. For subsonic
motion, the Doppler amplitude factor (1 — M-n,)? predicts
amplification of sound in the forward arc and attenuation in
the rearward arc. This effect depends on both source velocity
and emission angle since (1 — M-n,)? = (1 — M cos 6).

A far-field approximation, assuming a small smear angle,
can be derived from Eq. (17) relating observer and source
narrow-band spectra:

Pulfil — M cos 6)]
(rir,)*(1 — M cos 6)*

p(f) = (18)

(D[l — M(7)-n, ()]

(22)

where

foo=nfo

Here, f, = 25 Hz is the fundamental N; = 100, and each A,
corresponds to a 140-dB tone that results in a 160-dB overall
sound pressure level (OASPL). The attenuation factor « is
calculated from the absorption subroutine whose input is fre-
quency, relative humidity, ambient temperature, and pres-
sure. Using the time series generated by Eq. (22) as input to
an FFT algorithm will produce a simulated spectrum at the
measurement location of the moving source.

Using altitude, velocity, and 6, as input, the source position
vector can be expressed as

x(1) =xi+ yj+ zk = Uri (23)
and the observer position vector as
x =xi + yj+ zk = hcot 0,i — hj (24)

where i, j, and k are standard unit vectors. These vectors
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allow the computation of r(7) by means of Eq. (3). Also, Eq.
(5) can be solved explicitly for 7 in terms of ¢

cot — Mx — V(x — Ut)> + (1 — M?)%y?
= (1l — M?) (25)

Equation (25) is needed for signal processing based on re-
ception time since FFT algorithms require equally spaced sam-
ples.

Three flight profiles similar to those obtained in the F-18
flight test were chosen to construct the simulated signals. They
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Fig. 3 Stationary simulated source spectrum.
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Fig. 4 Moving simulated spectrum, M = 0.3, 6, = 45 deg, A0 =
5.68 deg.
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Fig. 5 Moving simulated spectrum, M = 0.3, 6, = 135 deg, A0 =
3.2 deg.

were all at an altitude of 1500 ft with M = 0.3, 0.6, and 0.95.
Atmospheric parameters employed were averaged values ob-
tained from the Dryden rawinsonde data. Signal processing
parameters used to construct the spectra are At = 4 X 10-3
s, N = 16,384 points, T = 0.655 s, and Af = 1.5 Hz.
Figure 3 shows the computed source spectrum (without
motion). The variation in the spectral peaks is due to leakage
caused by using a rectangular time window in the FFT. Spectra
are displayed in Figs. 4-9 for two initial emission angles, 6,
= 45 deg (forward radiation) and 135 deg (aft radiation), for
each Mach number. These angles were chosen to demonstrate
the effects of smear angle for both approaching and receding
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Fig. 6 Moving simulated spectrum, M = 0.6, 8, = 45 deg, A8 =
16.37 deg.
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Fig. 7 Moving simulated spectrum, M = 0.6, 6, = 135 deg, A8 =
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Fig. 8 Moving simulated spectrum, M = 0.95, 0, = 45 deg, A9 =
35.9 deg.
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Fig. 9 Moving simulated spectrum, M = 0.95, 6, = 135 deg, A0 =
6.7 deg.
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Fig. 10 F-18 spectrum for a single microphone, M = 0.3, 8, = 14.95
deg, A = 0.95 deg.
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Fig. 11 F-18 ensemble-averaged spectrum, M = 0.3, 8, = 15 deg,
A0 = 0.99 deg.

segments of the flight path. Smear angle affects the spectra
by broadening the spectral peaks so that they appear as broad-
band noise. The severity of spectral smearing increases with
frequency and smear angle as shown in the figures. For Fig.
4, the effect of smearing first becomes significant in the vi-
cinity of 300 Hz. In contrast it is not discernible below ap-
proximately 750 Hz in Fig. 5. Increasing the Mach number
to M = 0.6 results in the spectra depicted in Figs. 6 and 7
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Fig. 12 F-18 ensemble-averaged spectrum, M = 0.3, 6, = 35.15 deg,
A@ = 5.03 deg.
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Fig. 13 F-18 ensemble-averaged spectrum, M = 0.8, 8, = 15.63 deg,
A6@ = 5.32 deg.

where spectral smearing now occurs throughout the spectrum
for 8, = 45 deg, and at around 350 Hz and above for ¢, =
135 deg. Figures 8 and 9 illustrate what happens for M =
0.95. InFig. 8, 8, = 45 deg, tones are not perceptible through-
out the spectrum due to the resulting large smear angle A#
= 35.9 deg. Figure 9 shows that tones are apparent below
300 Hz for 6, = 135 deg since this spectrum contains.a reduced
smear angle of A9 = 6.7 deg.

Application of Developed Techniques to Real
Flight Data

Figures 10~12 contain spectra that were constructed from
F-18 acoustic measurements with one engine at flight idle at
an altitude of 1500 ft and Mach number of 0.3. To demonstrate
the effects of ensemble-averaging across the array, the spec-
trum from a single microphone is shown in Fig. 10. Figure 11
shows the results of acoustic ensemble-averaging over 12 mi-
crophones for the same flyover. Although there is only a small
difference between the overall SPLs in the two figures, the
smoothing effect of averaging is clearly seen. Characteristics
of broadband shock-associated noise are more discernible'*-'?
in Fig. 11. It shows the presence of spectral peaks at 450 and
650 Hz due to shock noise. The spectral peak in the vicinity
of 3 kHz is internal noise generated by the data acquisition
system. Spikes at harmonics of 60 Hz, such as 2.04 and 2.4
kHz in Fig. 11 can be attributed to the power generator that
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was the electrical supply to the instrumentation van. Since p,/
Pams = 0.51, meaning that the jet is overexpanded, shocks
are present. Figure 12 shows the spectrum for 8, = 35.15
deg, and thus contains a larger smear angle, A0 = 5.03 deg.
A single peak is visible centered at about 700 Hz. Compared
to static data, flight test spectra will contain spectral smearing
that can become quite significant with increased source ve-
locity and for higher frequencies. Thus, any tonal structure
will appear broadened to a ground observer, especially in the
forward arc of the aircraft acoustic field.

Figure 13 displays an F-18 flyover ensemble-averaged spec-
trum for M = 0.8, where 6, = 15.63 deg. Again, features of
broadband shock noise are apparent. Notice that there are
spectral peaks centered at 600 Hz, 1.2 kHz, and 1.8 kHz.
These measured spectra displayed in this article and additional
spectra not shown illustrated that broadband-shock noise ra-
diates forward of the nozzle, which has been observed in static
tests.!!

Summary

Narrow-band acoustic spectra were constructed from air-
craft flyover measurements in which jet noise was the dom-
inant source. Aircraft position history was also acquired dur-
ing the data collection. A numerical scheme was devised in
order to determine directivity angles from the aircraft to each
microphone based on source emission time. This allowed spectra
to be correlated to aircraft position at the time of sound emis-
sion. Also, smear and emission angles based on emission time
are calculated for each spectrum. A detailed description of
the signal processing procedures and concerns for measuring
jet noise is included in the study. Some results from a sim-
ulation model are presented in this article, which demonstrate
spectral smearing due to source motion. The results of the
spectral constructions from the flight-test data show features
signifying broadband-shock noise and its highly directional
nature, confirming what has been observed in static tests.
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