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1. ABSTRACT

This report presents the recorded acoustic data and the computed narrow-band and 1/3-octave band
spectra produced by F-18 and F-16XL aircraft in subsonic flight over an acoustic array. Both
broadband-shock noise and turbulent mixing noise are observed in the spectra. Radar and c-band
tracking systems provided the aircraft position which enabled directivity and smear angles from the
aircraft to each microphone to be computed. These angles are based on source emission time and thus
give some idea about the directivity of the radiated sound field due to jet noise. A follow-on static test
was also conducted where acoustic and engine data were obtained. The acoustic data described in the
report has application to community noise analysis, noise source characterization and validation of

prediction models. A detailed description of the signal processing procedures is provided.
2. INTRODUCTION

Research into the development of the High Speed Civil Transport (HSCT) has produced increased
interest in jet noise measurements obtained from flight tests. Since developmental funding for the
HSCT is linked to environmental issues, one of which is noise, accurate acoustic data acquisition and
signal analysis on aircraft engines that emulate the engines of the HSCT is of paramount importance.
Due to the HSCT configuration and engine design for supersonic flight, jet noise becomes more of a
dominant factor in contrast to conventional aircraft. The possibility of commercial supersonic flight
has again brought jet noise to the forefront, which for subsonic aircraft has been largely alleviated by
the use of high-bypass turbofan engines. The data presented in this report consists of acoustic
measurements performed on F-18 and F-16XL aircraft. These measurements were obtained from
flyover tests during November 1991 which were performed at NASA Dryden Flight Research Center,
California.

The primary goal of the test program was to ascertain if a possible noise problem exists for the

HSCT during climbout. This concern arises from the high jet noise levels and relatively poor low



speed aerodynamic performance anticipated for the HSCT compared to conventional aircraft in this
flight regime. This report will not address that issue. An ancillary function of the test was the
acquisition of a data base to validate the NASA Aircraft Noise Prediction Program (ANOPP) and other
jet noise source codes over a full range of flight speeds. This report presents that database.

Aircraft position, weather data (atmospheric pressure, temperature, relative humidity, etc.) and
engine state parameters were collected during the test. Aircraft tracking was obtained from radar and c-
band systems. Weather data was obtained by rawinsondes and a tethered balloon and engine state
parameters were recorded aboard the aircraft. All of the above data sets are required for analyzing the

acoustic data and as input to noise prediction codes.

3. AIRCRAFT SELECTION AND TEST MATRIX

The F-16XL and the F-18 aircraft shown in Figures 1 and 2 were selected because of the high
performance engines and the similarity of the nozzle conditions to HSCT propulsion systems under
development. Although the engines are smaller and have less thrust than will be used on a full scale
HSCT, the jet operating conditions and flight speeds are similar, allowing the acoustic data to be
scaled, yielding an estimate of the HSCT noise levels.

The flights were divided into two groups, one for climb-to-cruise and one for ANOPP validation.
Table 1 shows the climb-to-cruise test matrix. These flights were conducted at five different altitudes
with different Mach numbers employed at each altitude. Table 2 shows the ANOPP validation test
matrix. All the ANOPP runs were conducted at the same altitude (1500 feet AGL) with the Mach
number varying from .3 to .95. Run numbers were assigned according to altitude and flight Mach
number. For example, run numbers in the 100's correspond to Mach 0.3 and an altitude of 1500 feet
Above Ground Level (AGL). This "hundreds" trend applies to all F-18 Climb-to-Cruise runs.
Similarly, run numbers in the 1100's correspond to F-16XL runs at Mach 0.3 and an altitude of 1500
feet AGL. All ANOPP validation runs begin with the number 6 for the F-18 and the number 8 for the
F-16XL.



The F-18 aircraft were powered by two F404-GE-400 afterburning turbofan engines which are in
the 16,000-1b thrust classl. A standard F-18 maintenance data recorder allowed a limited number of
aircraft and engine parameters to be collected aboard the aircraft. During the flight test, the left engine
was set to flight idle to simulate acoustic data from a single engine. With one engine at flight idle, the
F-18 was able to achieve a wide range of nozzle pressure ratios while maintaining a constant flight
velocity over the microphone array.

The F-16XL. with its cranked arrow delta wing is powered by a single F110-GE-129 afterburning
turbofan engine in the 29,000-1b thrust class?. This aircraft and engine were fully instrumented for
flight research. Data collected onboard were transferred from the aircraft to a ground recorder by
telemetry. Since the F-16XL has a single high performance engine, it was not always possible to
obtain the desired nozzle condition and maintain a constant flight speed. Consequently, most of the F-
16XL Climb-to-Cruise data contains acceleration effects.

Notice, in both tables, that on some F-18 flights no engine data was collected even though acoustic
data was acquired. Thus, as an aid in assessing the noise spectra, engine data from similar flights are
included in Table 3.

4. DATA ACQUISITION AND ANALYSIS

A linear array of twelve microphones with a spacing of 350 feet between adjacent microphones
was used to acquire the acoustic data. The 1/2 inch diameter B&K microphones, which were mounted
on ground boards (Figure 3), had a flat frequency response from .01 to 40,000 hertz (Hz) and a
maximum sound pressure level of 160 decibels (dB). The acoustic signals were FM-recorded on
analog tape at 15 inches per second (ips) which gives a dynamic range of about 46 dB. Before
recording, the signals were bandpass filtered from 25 Hz to 12.5 kHz to prevent aliasing. Due to the
high impedance of the ground boards, a constant 6 dB frequency correction was made for each spectral

bin for reflection.



One purpose of the test was to generate narrow-band spectra demonstrating the features of jet
noise. This requires digitizing the analog data in order to input the signals into a fast Fourier transform
(FFT) algorithm. Digital pressure time history files were created from the analog tapes utilizing the
NASA/LaRC Acoustics Division Data Reduction and Analysis System (ADDRAS)3. To assess the
impact on community noise, the test was designed to enable the computation of noise metrics such as
A-weighted overall sound pressure levels, perceived noise level (PNL), tone corrected perceived noise
level (PNLT) and effective perceived noise level (EPNL). These metrics are based on the 24 1/3-
octave bands from 50 Hz to 10 kHz. Thus, in the digitization of the data, the upper filter cutoff
frequency, f¢, was set at 12.5 kHz.

The sample rate for the analog-to-digital conversion was determined from the following relation

1
sample rate = A

¢y
=2.5f,

which satisfies the Nyquist criterion. With f, = 12.5 kHz, this yields At = 3.2x10” seconds or
31250 samples per second. After the signal was digitized, the ADDRAS software converted the digital
signal to engineering units (EU). A calibration signal for each microphone channel was recorded on
each analog tape prior to the flyovers.

In the digitization procedure, ADDRAS segments the pressure time history into contiguous digital
blocks of 2048 data points. For each of these blocks, the data reduction software calculates the

variance, o’ , of the data which is the mean-squared pressure for the block, i.e.

o’ = ——Z p(nAt) - 5]’ 2)

n—l
This is converted to an overall sound-pressure level, paired to the middle of the time block and plotted
as a function of time. The time spacing between the blocks is 2048/31250 = .0655 sec. Construction

of these plots shows the range of a viable signal-to-noise ratio. Figure 4 illustrates overall sound



pressure level (OASPL) vs. time for a F-18 flyover at nominal values of altitude and Mach number

equal to 1500 feet and .3, respectively.
5. SMEAR ANGLE AND ENSEMBLE AVERAGING

For aircraft flyover measurements, the acoustic signal appears nonstationary to a ground-based
observer. Consequently, the Fourier transform of the signal will be time dependent. A short-time
Fourier transform with a sliding window function® is employed to deal with this situation. A trade off
must be made between time resolution and frequency resolution. One function of the window is to
limit the duration of the time signal so that the spectral characteristics appear reasonably stationary. A
rapidly varying signal rcquirés a reduced window length, which in turn reduces the frequency
resolution. On the other hand, increasing the window duration can lead to spectral smearing.

To perform ensemble averaging of acoustic flyover measurements, the smear angles must be
known since averaging across a microphone array requires that each individual microphone be exposed
to the same directivity 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 averaged test data.

Figure 5 illustrates angles associated with smearing. The angle between the aircraft velocity vector
U and the position vector r is denoted by 6 and is the noise emission directivity angle. The angles 9,
and 6, correspond to emission times T, and t,, respectively, associated with the FFT time window.

The smear angle is defined as

AB=6,-6, 3)
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 Figure 5, A© is a function of aircraft altitude and speed. Increasing the window
duration, T, to improve frequency resolution (bin width) is only viable if A® is small. Otherwise,

severe spectral smearing, which is indicated by the broadening of spectral peaks and tones, will occur



and become more severe aé AB increases. Smearing becomes less of a problem as altitude increases
and speed decreases, and is more pronounced for approach measurements than for receding
measurements.” A standard technique in signal processing for a single output system (i.e., single
microphone measurement) is to segment the time history into contiguous blocks, Fourier transform
each block, then average the spectra.6’7 This method assumes the signal is stationary over the total
time series used in the block averaging. A necessary condition for this assumption to be valid is that
the total smear angle is small. Using a linear microphone array allows spectral averaging across the
array as shown in Figure 6. Each microphone output is treated as an individual record in the
averaging. This can be done as long as each microphone measurement contains the same directivity

angles which is indicated in Figure 6.

6. 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 emission time, T, is designated and a range estimate is made by the following
x,=hcot8 4

where x, is measured along the array axis. The radar file is then searched to find x, after which the
initial emission time, 7,, is determined by way of linear interpolation. Also, the position vector, r(t),

from the aircraft to the microphone is calculated:

r(t)=x-x(1) (5)
Next 6, is updated:



0, =cos™ (r—") (6)

T
It is assumed in equation (6) that the aircraft axis is aligned parallel with the array axis. The

corresponding reception time, t, is determined from the retarded time relation

1@ ™

where c, is an averaged value of the speed of sound obtained from the rawinsonde or balloon data.
The pressure-time history file is then searched to find t,, the start time for the FFT record.

Computation of the final reception time is easily found from
t,=t,+T ®

To arrive at a smear angle, AB, 1, corresponding to t, must be calculated. This is done by

rearranging equation (7) and using linear iteration8:

r[(1:2 )1]

C

®

(12)i+1 =t -

[}

Here, the subscript i refers to the values of T used in the iteration. Thus, the radar file is iteratively

searched until equation (9) converges which determines T, and r(tz). The convergence criterion is

(tZ)'+ —(12)' <0.001 (10)
(12 i+l

Equation (6) will also yield 6, so that the smear angle can be computed from equation (3).



7. SPECTRAL ANALYSIS

The steps used to construct the narrow-band spectra are similar to those given in Ref. 6. To prevent

aliasing, the bandwidth of the spectrum is first selected, the sample rate determined from equation (1)

and, the signal is fed through a low-pass filter with cut-off frequency f,. Equation (1) along with the

block size, N, determine the FFT window duration

T =NAt 11
The frequency bin width is given by
A== (12)
T
The FFT of the signal is expressed as
i)i(fk):AtPi(fk) (13)
where
& j2rkn
P(f)=Y pincxp[— J—N—] (14)
n=0

In these relations, P;(f, ) is the actual output from the FFT algorithm and the subscript i designates the

particular record or microphone used in the ensemble average. The FFT subroutine employed is based

on the Cooley-Tukey? algorithm. The discrete frequencies, fy, which are the bin center frequencies,

are given by

fk = T’ k= 091129---9_ (15)



With the FFT components computed, the power spectral density function ensemble averaged over the

number of microphones n, is evaluated from

n

Gy (fi) = 327

[- 9

B ( Al k=012..% - (16)

|
—

Using equations (13) and (16), the mean squared pressure for the bin with center frequency f and
width Af can be approximated by

_ 5 N4
P2 (fi &) = G (Fi)8f = —— S|P i)’ an
ngN“ 5
Thus, the souﬁd—pressurc level for the k-th bin is
—
L(f,)= 1010g[%]+ AL(£,) (18)
ref

where AL(f,) represents a weighting function in decibels (i.e. A-weighting). If no weighting is

desired then AL(f,) =0. The overall sound-pressure level for any desired frequency bandwidth is

Iy
L, = 1010g[210L(fk)/10] (19
k=1

where n, is the number of the frequency band corresponding to the maximum desired frequency. For
the results presented in this study, N = 16384 points so that T =.5243 sec. and Af = 1.91 Hz. Also,

n, = 12 since twelve microphones were employed in the ensemble averaging.



8. FLYOVER ACOUSTIC MEASUREMENTS

Appendix A contains the narrow-band spectra constructed from the measured acoustic daﬁ for both
_the F-18 and F-16XL flights. Each flight has a maximum of seventeen spectra displayed
corresponding to sixteen different emission angles and an ambient measurement characterizing
background noise taken prior to the overflight. Some flights at the higher altitudes have fewer than
sixteen spectra shown because the signal-to-noise ratio approaches one as the aircraft recedes from the
array. In the presented spectra 6 db has been subtracted from each spectral bin to account for ground
impedance and thus the spectra depict free-field propagation. L, given in the spectra was computed
over the bandwidth shown, from 0 to 4 kHz.

Some extraneous noise does appear in the spectra. The spectral structure in the vicinity of 3 kHz is
attributed to internal noise generated by the data acquisition system. Spikes at harmonics of 60 Hz are
attributed to the power generator which provided the electrical supply to the instrumentation van.
Contamination of the spectral data by this noise becomes significant at the 10,000 ft. flyovers and
progressively worsens as the aircraft altitude increases due to the decreasing signal-to-noise ratio. In

general, the maximum levels occur in the vicinity of 1 kHz or below for both aircraft.
9. 1/3-OCTAVE BAND SOUND PRESSURE LEVELS
Appendix B contains tables of 1/3-octave band sound pressure levels for twenty-four 1/3-octave

bands from 50 Hz to 10 kHz. These levels are computed from the narrow-band spectra by simply

summing up the sound-pressure levels contained in each 1/3-octave band, i.e.

A
Ly /3(foen) = IOIOg[ZlOL(f k)’“’J 20)
h

10



Here, f.., is the 1/3-octave band center frequency. The lower and upper frequencies are given by f,
and f,, respectively. L(fy) is the narrow-band SPL determined by the FFT scheme where
1 < fx £ f.. Due to the presence of the previously mentioned extraneous noise, caution is advised in

 interpreting these values as characterizing aircraft noise for the flights above 5,000 feet.
10. FLIGHT TRACKING DATA

Appendix C displays plots representing the position of the aircraft during the flights. These plots
were constructed from the radar tracking data. Shown are the rectangular coordinates, aircraft Mach
number and emission angle for each flight. One of the end microphones was designated to define the
origin of the coordinate system. For the Mach number computation, the position data was first
smoothed with a cubic spline routine and then velocity components were found using a routine that
evaluates the derivative of a cubic spline at a given point. The Mach number history was further
smoothed by a cubic polynomial fit. The spacing in the radar data was approximately .05 seconds. In
the speed history plot, total Mach number is shown, i.e.,

.2+ .2+ )
M= Y +Y *Z

o @n

11.  ENGINE DATA

Engine data for the F-18 and F16XL flights are shown in Tables 3 and 4. This data was provided
by NASA Dryden Flight Research Center!-2, Parameters directly measured during the flyovers
included compressor speed and discharge pressure, fan speed, fuel flow, inlet and gas temperatures,
and turbine discharge pressure. Engine parameters were calculated from manufacturers deck codes and

nozzle conditions were computed from these results using isentropic flow equations.

11



12,  'WEATHERDATA

Two sources of weather data were measured during this test. This data is provided in Appendix D.
The first consists of data obtained by a rawinsonde released during the early moming hours of each
flight day. Table D1land D2 list the flight test run numbers with a corresponding date. Rawinsonde
data for these dates are listed in Tables D3 through D9.

The second source of weather data was collected by a NASA Langley tethered balloon shown in
Figure 7. This balloon was raised to an altitude of approximately 1500 feet and lowered several times
during the tests. Tables D10 through D16 list the Balloon weather data. Due to technical difficulties

balloon data was not collected for runs conducted on November 19, 1991.

13. STATIC TEST MEASUREMENTS

Acoustic and engine data were acquired from both an F-18 and F-16XL aircraft during the static
tests. Microphone arrays were placed around the F-18 as shown in Figure 8 and around the F-16XL as
shown in Figure 9. Each microphone was flush mounted above an acoustically hard surface (ground
board).

The acoustic data was reduced using a similar signal processing procedure as that employed in the
flyover measurements. That is, the analog signal was first passed through an anti-aliasing filter with a
low pass setting of 15 Hz and a high pass setting of 12.5 kHz. The signal was then digitized at a
sample rate of 31.25 kHz which satisfies the Nyquist criterion. A 16384 point FFT converted the
digitized time history to acoustic spectra with a time window of 0.5243 seconds and a frequency
resolution of 1.9 Hz. The window used in the FFT was rectangular . The displayed narrow band
spectra in Appendix E were constructed by ensemble averaging 19 FFT records with a 50 % overlap.

One-third octave band spectra, shown in Appendix F, were obtained from the narrow-band spectra by

way of equation (20).

12



Engine data for the F-18 was recorded for 5 operating conditions as listed in Table 5. These
conditions correspond to a single engine. For throttle settings greater than 80 degrees, power lever
angle, the left engine was started and set to flight idle for stability reasons. Engine data for the F-16XL

is given in Table 6.

14. CONCLUDING REMARKS
This report documents flyover noise data obtained from constant altitude flights of F-16XL. and F-

18 aircraft over a wide subsonic speed range. These results may be useful for noise prediction code

validation or for assessing climbout noise for future aircraft, such as the HSCT.

13
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Table 1. Climb-To-Cruise Test Matrix

F-18 Flights

F-16XL Flights

Target Altitude
Feet AGL

“Target Mach
Number

103"
105

100
101
104

1101 *
1102 *

1500

3

205
211*

engine data only
206

1201 *
1202

5000

305
315

engine data oply
302
306
307
309

1301*

10000

.65

409
411

engine data only
401
415

20000

75

504
505

503
507

30000

* acoustic and engine data

15




Table 2. ANOPP Test Matrix

F-18 Flights F-16XL Flights Target Altitude Target Mach
Feet AGL Number

600 * 800 * 1500 3
601 * 801 *

603 :
604

610 * 810 * 1500 .6
612 811*
613

engine data only
611

621 * 820 * ~ 1500 8
622 821 *
623

engine data only
620

630 830 * 1500 95
631 831 *

632
633
634
635

- * acoustic and engine data

16
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Mic 6
Position (ch) (ft 2
1 70.0
2 31 3 70.0
3 37.2 70.0
4 47.4 70.0
- 53.1 70.0
6 61.1 70.0
7 68.6 70.0 -
8 75.3 70.0 -
9 82.9 70.0
10 80.0 70.0
11 97.2 70.0
12 103.7 70.0 .
13 110.9 70.0
14 1188  70.0
15 126.7 70.0 .
16 133.8 70.0
17 141.1 70.0
18 149.8 70.0
19 156.1 70.0
20 31.3 110.0
21 31.3 35.0
22 80.5 17.5
23 149.7 140. 0
N @ Microphone location

Figure 8. Microphone array for the F-18 static test.
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Mic )
Position (deg)
L 1 22.1
Tt 2 31.3
3 37.2
4 47.4
5 53.1
6 61.1
7 68.6
8 75.3
9 82.9
10 80.0
11 87.2
12 103.7
13 110.9
--------------------- 14 118.8
15 126.7
16 133.8
17 141.1
18 149.8
19 156.1
20 31.3
21 31.3
22 80.5
23 149.7

® Microphone location

Figure 9. Microphone array for the F-16XL static test.
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APPENDIX A
NARROW-BAND SPECTRA DATABASE FOR FLIGHT TESTS

(Sound pressure levels in 2 Hz bandwidth)
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