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Accurate single-stream jet-noise models for hot jets in flight are necessary for predicting noise
of future commercial supersonic aircraft at takeoff. Previous comparisons between flight data
and existing models have shown unacceptably large errors in the predictive tools. In the
current effort, acoustic data were acquired in the Aero-Acoustic Propulsion Laboratory at the
NASA Glenn Research Center for a single-stream hot jet with a range of operating conditions
and simulated flight speeds that include those expected at takeoff of commercial supersonic
aircraft. Models are presented for the resulting shape functions used to estimate the average
spectra derived from the appropriate scaling of the jet-noise data.

I. Introduction

Renewed interest in commercial supersonic flight has led to an on-going noise-prediction effort for representative
supersonic aircraft performing a range of take-off and landing procedures. Studies have shown jet noise to be a
dominant source at lateral and flyover noise certification points and have highlighted the need for accurate predictions
of jet noise [1]. Near-term entry-into-service aircraft are expected to be business jets with subsonic overland flight.
Jet exhausts will likely be single streams resulting from mixed turbofan engines with speeds in the high subsonic to
low supersonic range at takeoff. The dominant noise source for the jets is expected to be mixing noise. In an effort to
quantify the error associated with current jet-noise prediction methods, a previous investigation compared scale-model
jet noise data, existing jet noise prediction models, and flyover data acquired with a Learjet 25 [2]. The study was
limited to prediction methods available in NASA’s Aircraft Noise Prediction Program (ANOPP) [3]. The results of
the study showed significant discrepancies between the predictions, flyover data, and scale-model data. The prediction
methods used in the study included the SAE [4] and the Stone [5] models. The current investigation presents a dataset
and new empirical prediction models for subsonic single-stream jets with flight. The models aim to improve
predictions of jet noise at takeoff for future supersonic aircraft.

Jet-noise prediction generally falls into one of three approaches: empirical/semi-empirical models, acoustic
analogies informed by Reynolds-averaged Navier-Stokes (RANS) solutions for the jet, and large-eddy simulations
(LES) for the jet coupled with the Ffowcs-Williams Hawking approach [6] or its equivalent. For system-type studies
where rapid predictions for noise are required, empirical/semi-empirical models are typically used. The models often
use scaling based on jet-velocity or acoustic Mach number (ratio of the jet velocity to the ambient speed of sound) and
can include models for the different noise sources in the jet. The present study is focused on models for system-type
predictions.

Scaling of jet noise with jet velocity was first identified by Lassiter and Hubbard [7] whose early measurements
indicated the overall-sound pressure varied with a power of the jet velocity with the power being slightly less than
eight which supported Lighthill’s velocity-to-the-eighth power scaling introduced slightly later [8]. This early jet study
also noted the frequency of the peak amplitude increased with increasing jet velocity, a fact that supports the basis for
Strouhal scaling typically used today. It is now recognized that the variation of jet noise with jet velocity depends on
the emission angle with higher powers of the jet velocity being associated with radiation in the peak jet noise direction.

The use of SAE AIP876 (a precursor to SAE ARP876 Rev. F) for jet-noise predictions began in the early 1970s
[9] at a time when flight data were limited. The SAE model predicts overall jet noise and one-third octave spectra for
static jets (no flight) using jet velocity, temperature ratio, and nozzle diameter and then predicts jets in flight as a
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correction to the spectra for static jets. The approach uses Strouhal number and allows for a variation in the relative
velocity exponent with emission angle. Recent comparisons with scale-model data [2] showed the SAE model
outperformed other models used in the study although all models investigated did not adequately represent the
measured data.

In addition to the SAE prediction standard, a number of jet-noise models and approaches are in use today. Tam et
al. [10] developed two-source similarity spectra for the mixing noise of static jets, originally applied to supersonic
jets, which account for sound generation from fine-scale and large-scale turbulence. While the models do not
incorporate flight, a later investigation looked at the impact of flight on acoustic radiation [11]. The Stone [5] approach
models noise sources in the jet, allows for flight, and has been extended to dual-stream jets. Recent comparisons with
flight data [2] showed the Stone model outperformed the SAE model although neither approach adequately replicated
the data. A review of jet-noise modeling may be found in [12].

A relatively recent approach which has included a significant investigation of the impact of multiple parameters on
mixing noise may be found in [12, 13, 14, 15]. The most significant finding in this series of investigations was that jet
noise spectra obtained at different jet pressures collapsed with the appropriate exponent of the acoustic Mach number
when the nozzle temperature ratio (NTR), ratio of the jet stagnation temperature to the ambient temperature, was the
same. Models for the resulting spectra were not presented although the velocity exponents obtained in the study were
included and flight was addressed as a correction to the static jet as is done with the SAE standard. As in the case of
SAE, the approach was focused on one-third octave spectra. In a recent study, this scaling approach was effectively
applied to the SAE ARP876 models [16].

In the current investigation, single-stream empirical models are developed for constant NTRs as suggested in [12,
13, 14, and 15]. The models are for the prediction of narrowband data. The impact of flight is handled differently than
in previous studies. The models are based on scale-model test data acquired in the Aero-Acoustic Propulsion
Laboratory (AAPL) at the NASA Glenn Research Center. The prediction models and scale-model database will be
compared to flight data in future reports.

Il. Experiments

The experiments were performed in NASA’s AAPL, a 65-ft radius geodesic dome treated with acoustic wedges
(see Fig. 1). Within AAPL is the Nozzle Acoustic Test Rig (NATR) which produces a 53-in diameter simulated flight
stream reaching Mach numbers of up to 0.35 and contains the High Flow Jet Exit Rig (HFJER), a three-stream jet-
engine simulator capable of replicating most commercial turbofan-engine exhaust temperatures and pressures [17]. A
single-stream conical nozzle with an exit diameter of 3.51-in was used in the experiments (see Fig. 2).
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Figure 2. The conical nozzle used in the
experiments.
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Figure 1. The Aero-Acoustic Propulsion
Laboratory (AAPL) at the NASA Glenn
Research Center.

Acoustic measurements were made with a 24-element far-field microphone array located on a 45-ft radius arc
covering polar angles between 45° and 160° with angles greater than 90° in the downstream direction relative to the
nozzle exit. Narrowband data with a 12.2-Hz binwidth were acquired for nozzle pressure ratios (NPRs) between 1.4
and 1.8, NTR between 1.5 and 3, and flight Mach numbers (My) between 0.0 and 0.3. The NPR is given by the ratio



of the jet stagnation pressure to the ambient pressure. Unless otherwise specified, data are presented as narrowband
power spectral density, use emission coordinates, are not doppler shifted in frequency, are lossless, and are
depropagated to a one-foot radial arc centered on the nozzle. The data are corrected for shear-layer refraction [18]
assuming a source location at the nozzle exit. Microphone sensitivities and frequency responses were applied to the
data.

I11. Results

A. Comparisons with existing models (SAE ARP876)

A comparison between the data acquired at NPR = 1.8 and NTR = 2.5 and predictions from the SAE ARP876
model are shown in Fig. 3. The spectra are displayed in one-third octave as required for the SAE model and SPL is
the sound pressure level. Near the broadside of the jet [see Figs. 3 (a) and (b)], the predicted and measured levels are
close at the peak frequency. However, SAE underpredicts levels at high frequencies. Near the peak jet-noise angle
[Fig. 3 (c)], SAE overpredicts the peak frequency and underpredicts the peak level. Previous comparisons have shown
that the ability of the SAE model to accurately predict scale-model data is sensitive to jet conditions. A more detailed
SAE comparison as well as comparisons with other jet models may be found in [2].
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Fig. 3. Acomparison between the data acquired at NPR =1.8 and NTR = 2.5 and levels predicted by SAE ARP876
for emission angles equal to (a) 90°, (b) 110°, and (c) 130°.

B. Data Scaling
It has been shown previously [13] that a good collapse of jet-noise data is obtained when comparing results at the
same NTR and emission angle if the spectra are properly scaled by a power of the acoustic Mach number and plotted

as a function of Strouhal number (St), where St = %D, f is the frequency, D is the nozzle diameter, and U is the jet
velocity. The resulting scaled spectra have nearly the same spectral shape. For the scaling and models presented here,
the Mach number is given by the difference in the jet exhaust and simulated flight velocities divided by the ambient
_r
pgefAf
particular discrete frequency, p.r is the reference pressure of 20 pPa, and Af is the binwidth in Hz.

The Mach-number scaling exponent is determined by minimizing the square error (E) defined as the difference in
PSD amplitudes for a reference NPR and those acquired at other NPR over a range of St numbers of interest. The
square error is given by

E = % X {PSDg(St;) — 10nlog;o Mg — [PSD, (St,) — 10nlog;o M, [} 1)

where M is the acoustic Mach number, the subscript R indicates measured quantities at the reference NPR, and the
subscript k is used for quantities acquired at NPR other than the reference NPR. Minimizing E in the above equation
with respect to n results in

speed of sound. It should be noted that PSD is given by 10log,, , Where p is the root-mean-square pressure at a

Yk 1010g1o(MR/M )[ZzPSDR(Stz)—ZzPSDk((Stz))]
n= k . (2)
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for fixed NTR. The value of n depends on emission angle, My, and is weakly dependent on NTR as will be shown
later. In the current study, as the emission angle increased, the Strouhal numbers of interest in the above equation were
decreased to a narrow range around the spectral peak as the data at high frequencies had a slight dependence on NPR



in the aft emission quadrant so it was not possible to simultaneously match the spectral peaks and high frequency
levels. Matching the peak levels was prioritized in the models presented here.
Once the value of n is determined, the Mach-number scaled data are averaged at each emission angle to obtain
average Mach-numbered scaled data, where Mach number scaled PSD is given by
Mach # Scaled PSD = PSD — 10nlog;, M, 3)
and PSD is the measured power spectral density. The models in the next section are fit to the average Mach-number
scaled data.

C. New Model

The proposed models fit a peak shape functions to the average Mach-number scaled power spectral density data.
The models produce predictions for narrowband spectra. Note that scale factors are not applied to the data. Exponential
functions [19, 20] are well suited to jet-noise data. In general, the sharper the peak the more complicated the function
required to match the peak levels. The peaks of jet-noise spectra become sharper as the emission angle increases and
the peak jet-noise angle is approached. The form of the function selected here balances ease of implementation with
the ability to match peak levels.

The average Mach-number scaled power spectral density is modeled as a function of St and emission angle using

the expression
H

PSDu(S) = {1+41expl(t;-logao St)/k;] Y™ +{1+Arexpl(log1o St—te)/ke] -1

(4)

where the parameters H, A;, A, t;, t;, k; k, m; and m, are determined by minimizing the difference in PSDw and the
average Mach-number scaled PSD data. In general, the parameters with subscripts | and t impact the leading and
trailing edges of the shape functions, respectively, allowing for asymmetry with respect to the peak of the function.
Jet-noise data requires a function that can fit asymmetric spectral shapes. The parameters t; and t, determine the
location (with respect to St) of the leading and trailing edges of the function which impacts the location of the peak
Strouhal number. The parameter H effects the peak level. The parameters m; and m, impact the roll-off of PSDwu
with St for the leading and trailing edges of the function. The remaining parameters (1;, A, k; and k) impact the
general shape of the function. It will be shown later that some of the parameters are functions of only the emission
angle while others are functions of the emission angle, NTR, and M.

The models are developed for the static jet first then slightly modified to fit the data acquired with a flight stream.
For the flight-stream conditions, it was found that reasonable agreement between the model and data was obtained for
all emission angles except 140° by modifying the values of A, and H from those used for the static jet. For an emission
angle of 140°, it was also necessary to modify the value of m, for some NTR and Mg. The values for the model
parameters will be discussed in subsequent sections.

D. Scaled Data and Models for Static Jets

The scaled data acquired at NTR = 2.5 and their corresponding averages are shown in Fig. 4. A good collapse of
the spectra is found for all emission angles. Similar results were obtained at other NTR except near the peak jet-noise
angle for the highest temperature and pressure ratios used in the study (NPR = 1.8, NTR = 3.0) where the collapse of
the data was not as good.

The values of the Mach-number exponent, n, are provided in Fig. 5. The data in Fig. 5 (a) show the variation of n
with NTR and emission angle. The velocity exponent increases with increasing emission angle except for the lowest
NTR (1.5) and the smallest emission angles (80° and 90°). There is also some dependency of n on NTR most notably
at the smaller emission angles in Fig. 5 (a). The data for all NTR are shown in Fig. 5 (b) except for NTR = 1.5 and
emission angles of 80°and 90° along with a best fit curve.

The shape functions obtained using Eq. 4 and the averaged data are shown in Fig. 6 for NTR = 2.5. Reasonable
agreement is obtained between the models and data at all emission angles. The selected shape function captures the
sharp peaks at 140°. Similar results were obtained at other NTR and emission angles except for NTR = 3.0 at 140°
where the Mach-number exponent data collapse was not adequate.

The shape function parameters for Eq. (4) as a function of emission angle are shown in Figs. 7 and 8. The values
for the parameters in Fig. 7 are independent of NTR. The parameters in Fig. 8 depend on NTR and emission angle.
Also included in Fig. 8 are best fit curves for the data. The color scheme used for the curve-fit equations is the same
as that used in the legend for NTR.
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Figure 4. The scaled and their averages for the static jet at NTR = 2.5 and emission angles of (a) 80°, (b)

100°, (c) 120°, and (d) 140°.
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Figure 5. The Mach number exponents used to collapse the data at different NPR for static jets. The
data in (a) show the variation in the exponent with angle and NTR. The data in (b) include all NTR
except for NTR = 1.5 at 80° and 90°. Also shown in (b) is a best fit curve through the included data.
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Figure 6. The averaged data and modeled spectra for the static jet at NTR = 2.5 and emission angles

of (a) 80°, (b) 100°, (c) 120°, and (d) 140°.
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Fig. 8. The shape function parameters and corresponding best fit curves (dashed curves and equations) for
(@) mu, (b) my, (c) ki, and (d) H at static jets.



E. Scaled Data and Models for Jets with Flight Streams

The spectra obtained at an NPR = 1.8, NTR = 2.5, and My equal to 0.0 and 0.3 are shown in Fig. 9. The levels for
the static jets are higher than those for Mg = 0.3 as expected, with the reductions associated with the flight stream
being greater in the peak jet-noise direction than near the broadside of the jet. Additionally, the introduction of the
flight stream impacts the peak levels more than the high-frequency levels. The effect of the flight stream on peak
levels in the peak jet-noise direction is likely due to the impact of flight on large-scale structures in the jet.
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Fig. 9. The PSD acquired at NPR =1.8, NTR = 2.5 and (a) 80° and (b) 140°.

Comparisons of the Mach-number scaled and averaged data are shown in Fig. 10 for NTR = 2.5 and My = 0.2.
Note the Mach-number scaling uses a velocity given by the difference in the jet exit velocity and the flight-stream
velocity. A reasonable collapse of the data is found for all emission angles although there is a slight offset between
the different NPR datasets at high frequencies for an observation angle of 140° which is difficult to see in the Figure.
The high frequency offset is slightly more pronounced in the data for Mg = 0.3 than at lower flight Mach numbers.

The Mach number exponents, n, as a function of emission angle are shown in Fig. 11 for different flight Mach
numbers. The exponent is a function of emission angle and My. The exponent is also a weak function of NTR.

Comparisons between the average scaled data obtained at NTR = 2.5 and flight Mach numbers between 0.0 and
0.3 are shown in Fig. 12. As the flight Mach number increases, the high frequency levels increase relative to the peak
levels for emission angles greater than, or equal to, 100°. The increases in levels at high-frequency are greater in the
peak jet-noise direction than at angles near the broadside of the jet. Similar trends were observed at other NTR.

The averaged data and spectra obtained from the models for NTR = 2.5 and My equal to 0.0 and 0.3 are shown in
Fig. 13. For all emission angles except for 140°, only 4; and H were changed from those for Mg = 0.0 to fit the My; =
0.3 data. For 140°, it was necessary to change m, A, and H to fit the My = 0.3 data. The aim was to change as few
parameters as possible between the static jet and flight conditions to simplify implementation of the models. Similar
trends to those shown in Fig. 13 were obtained at other NTR and flight Mach numbers. The greatest discrepancies
between the models and average spectra were typically associated with the highest Mg; (0.3), and the largest emission
angle (140°).

Table 1 Values of my at 140° Plots of A:and H as a function of emission angle are shown in Figs. 14
M and 15, respectively. The values for m; are shown in Table 1 where “No
0.1 0.2 0.3 Change” indicates the values are the same as those for the static jet. For

NTR = 1.5 |No Change |No Change(No Change( all flight conditions, both 4; and H increase with increasing angle for

NTR =2.0 [No Change [No Change, 0.0335 o
NTR=25 0.0385 0.0349 0.035 angles greater than 110°.

NTR=3.0 0.0475 0.043 0.0425
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Fig. 10. The scaled data and their averages for NTR = 2.5 and a flight Mach number of 0.2 at emission
angles equal to (a) 80°, (b) 100°, (c) 120°, (d) 140°.

eNTR 1.5 ONTR2.0

eNTR25 eNTR3.0
.

o o

[o:]
o

¢

90

.?Q

100 110 120
Emission Angle (Deg)

(@)

eNTR 1.5
’ ONTR 2.0
® eNTR 2.5
* NTR 3.0 Q
« o o 8
s ¢ 9
130 140 80 90 100 110 120

Emission Angle (Deg)

(b)

130

eNTR 1.5
ONTR 2.0
eNTR 2.5
*NTR 3.0

o0

ee

e

De

140 80 90 100 110 120
Emission Angle (Deg)

(©)

130 140

Fig. 11. The Mach number exponents at the indicated NTR for (a) My = 0.1, (b) Msj = 0.2, and (c) My = 0.3.

10



92 94
8 88 (% 90
0 84 o 86
i i
< 80 - 82
1+ /0 —Average Scaled Data Mfj = 0.0 w /8 _ Average Scaled Data Mfj = 0.0 .
é 72  —Average Scaled Data Mfj = 0.1 é 74 —Average Scaled Data Mfj = 0.1 ¥
= —Average Scaled Data Mfj = 0.2 = Average Scaled Data Mfj = 0.2
68 70 T
g4 Average Scaled Data Mfj = 0.3 - —Average Scaled Data Mfj = 0.3
0.01 0.1 1 10 0.01 0.1 1 10
St St
(@ (b)
98 105
101
o % a
N n 97
o 90 o 93
i g
w 86 = 89
O v (8] by
9 g2 » 85 .
b ~Average Scaled Data Mfj = 0.0% * g1 .
878 ~ _Average Scaled Data Mfj = 0.1 2 o [T OEGE SERIG cati i = O
S . = —Average Scaled Data Mfj = 0.
74 Average Scaled Data Mf! =0.2 73 Average Scaled Data Mfj = 0.
70 —Average Scaled Data Mfj = 0.3 \ 69 —Average Scaled Data Mfj = 0.
0.01 0.1 1 10 0.01 0.1 1 10
St

(©)

St
(d)
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Fig. 13. The average spectra and modeled spectra for NTR = 2.5 and flight Mach numbers equal to 0.0
and 0.3. The emission angles are (a) 80°, (b) 100°, (c) 120°, and (c) 140°.
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IVV. Conclusions

A dataset intended for the development of single-stream jet noise models was acquired for the purpose of
improving jet-noise predictions for supersonic aircraft at takeoff. The engine exhausts of these aircraft are expected
to be at high subsonic to low supersonic speeds at takeoff and the acoustic radiation is expected to be dominated by
mixing noise. Models were developed from the dataset for the prediction of static and flight conditions with nozzle
pressure ratios between 1.4 and 1.8, nozzle temperature ratios between 1.5 and 3.0, and flight Mach numbers between
0.0 and 0.3. For emission angles between 80° and 140°, agreement between models and the data is quite good for most
jetand flight conditions covered by the test campaign. A single nozzle was used for the dataset and, therefore, the data
and models have been presented for the diameter used in the experiments.
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