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We assess the potential of three-stream nozzle concepts to reduce the takeoff perceived
noise level from future supersonic aircraft. The study encompasses the effects of non-
axisymmetric exhaust configurations as well as the effect of an enlarged plug. Asymmetry
in the plume was created via eccentric tertiary and secondary ducts, in combination with
a wedge-shaped deflector in the tertiary duct; and by reshaping the primary plug from
circular to elliptical cross-section. The eccentricities were directed to increase the thick-
ness of the lower-speed tertiary and secondary flows underneath the fast primary stream,
thereby reducing noise in the general downward direction. The plug ellipticity was designed
to flatten the primary stream along the major axis of the ellipse, thereby improving its
coverage by the lower-speed streams with the goal of improving sideline noise reduction.
The enlarged plug design was motivated by sonic-boom signature considerations. Acous-
tic measurements using helium-air mixture jets from small-scale, rapid-prototyped nozzles
generated sound pressure level spectra at a number of polar and azimuthal angles for each
configuration. These were converted to estimates of flyover perceived noise level and ef-
fective perceived noise level (EPNL) assuming a typical takeoff profile. The effect of the
enlarged plug is to reduce the takeoff (downward) and sideline EPNLs, each by about 1.7
dB. Configurations with eccentricity in the tertiary flow only, all other components being
axisymmetric, reduced the downward EPNL by as much as 5.1 dB but did not reduce the
sideline EPNL. Adding eccentricity to the secondary ducts results in sideline noise reduc-
tion of about 2 EPNdB while providing downward reduction of around 5.6 EPNdB. The
effect of the elliptical plug is to add another 1.0 dB to the sideline reduction. The best
configuration involves the combination of eccentricity in the secondary and tertiary ducts
with ellipticity of the primary plug; it yields noise reductions of 5.8 EPNdB and 2.9 EPNdB
in downward and sideline directions, respectively. Including the effect of the enlarged plug,
a cumulative (takeoff plus sideline) noise reduction of 12 EPNJdB is estimated.

I. Introduction

Airport noise compliance remains a challenge for the development of future supersonic commercial air-
craft. The turbofan engines powering these aircraft must have smaller cross section than their subsonic
counterparts to enable efficient flight at supersonic speed and minimization of sonic boom signature. The re-
sulting lower bypass ratio means higher exhaust velocity and thus significantly increased jet noise on takeoff.
Without means of attenuation, it is unlikely that future noise regulations will be met.

Noise reduction concepts for high-speed jets have taken many forms and have generated a large body of
literature. A comprehensive review can be found in a paper by Morris and McLaughlin.! Here we focus on
approaches pertaining to multi-stream jets, specifically the method of offset-stream nozzles and associated
reduction in radiation efficiency.?3 The focus is on jets with three streams as they relate to the development
of advanced variable-cycle engines for supersonic propulsion. We build on past efforts at UC Irvine* 6 as
well as research at NASA Glenn Research Center” ? to study the acoustics of such jets.

The ultimate goal is to translate the acoustics measured in the laboratory into an estimate of the reduction
in flyover perceived noise level. The approach is similar to that recently employed by Huff et al.,'° although
a wider coverage of azimuthal angles here may provide a more realistic assessment of sideline noise.

*Professor, Department of Mechanical and Aerospace Engineering, dpapamos@uci.edu, Fellow AIAA.
TResearch Specialist, Department of Mechanical and Aerospace Engineering, Member AIAA; currently Senior Engineer at
General Atomics Aeronautical Systems, Inc.
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II. Experimental Details

A. Generic Nozzle Design

The objective of the nozzle design process was to generate test articles that enabled rapid and accurate
testing of a variety of nozzles having characteristics compatible with the exhaust of three-stream, variable-
cycle engines envisioned for future supersonic aircraft. The nozzles needed to fit the capacity of the UCI Jet
Aeroacoustics Facility, a triple-stream jet facility that delivers helium-air mixtures to the primary, secondary,
and tertiary ducts of the nozzle. Helium-air mixtures simulate accurately the acoustics and fluid mechanics
of hot jets.!! The sub-millimeter tolerance requirements for the nozzle exit motivated a design where all the
nozzle components are built in one piece, using high-definition stereolithography which allows nozzle lips as
thin as 0.2 mm. The material used was Accura 60 plastic (3D Systems) with tensile strength in the range
of 58-68 MPa. The design comprises a fixed base on which replaceable nozzle attachments are mounted.
Figure 1 depicts the main design features of a representative nozzle. Measurement of the total pressure of
each stream involves thin channels, of 0.75-mm diameter, introduced into support struts in each of the ducts.
The channels begin at the outer surface of the attachment, follow an L-shaped path through the struts, and
terminate into upstream-facing ports in their respective ducts. The diameter at the exit of the tertiary duct,
Dy, ranged from 31.5 mm to 42 mm. Figure 2 shows a perspective view of the base and nozzle attachment.
Fixed base Support struts featuring Pitot

ports for primary, secondary,
and tertiary streams

TERTIARY SUPPLY

SECONDARY SUPPLY

—>

PRIMARY SUPPLY

Removable
nozzle
attachment

Supply for tertiary S
stream g Removable nozzle

Figure 2. Perspective view of base and nozzle attachment.

B. Cycle Point

The nozzles were tested at a set point (AA530) representative of a supersonic turbofan engine at takeoff
power. Table 1 summarizes the exhaust conditions for each stream. The nozzle pressure ratio (NPR) is the
ratio of the jet stagnation pressure to ambient pressure, the nozzle temperature ratio (NTR) is the ratio
of jet stagnation temperature to ambient temperature, and the bypass ratio (BPR) is the ratio of either
secondary or tertiary stream mass flow rate to the primary stream mass flow rate. Subscripts p, s and ¢
indicate the primary, secondary and tertiary streams, respectively. The total BPR was 3.6. The Reynolds
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number of the primary jet was 3.5 x 10°. The velocity and Mach number of stream were matched exactly
using helium-air mixture jets.

Table 1: Cycle point

Primary Secondar Tertiary
Cycle | NPR | NTR,| U, | BPR| NPR | NTRs | UJU, | AJA, | BPR | NPR | NTR: | U/U, | A/A,
(m/s]
AA530 | 2.0z | 3.3¢ | 59C | 232 | 2.0z | 1.34 | 0.6% | 1.4¢ | 1.31 | 155 | 1.2¢ | 0.4¢ | 1.0¢

C. Specific Nozzle Designs
1. General Design Process

A large number of coaxial and asymmetric nozzles were designed, evaluated using Reynolds Averaged Navier
Stokes (RANS) computations, and built in the research program.® The design process reflects an evolution
based on experience, guidance from the RANS plume statistics, and input from NASA. Axisymmetric (coax-
ial) nozzles are designated with the prefix AXI, while eccentric (offset-stream) nozzles use the prefix ECC.
With a few exceptions, the nozzle designs underwent an initial evaluation using RANS before proceeding to
the building step. The RANS results helped determine the aerodynamic performance and provided guidance
as to the noise reduction potential.> With regards to aerodynamic performance, designs with specific thrust
loss greater than 0.5% were dropped from consideration, with strong favor for designs where the specific
thrust loss did not exceed 0.25%. The RANS results were also scrutinized for any signs of flow separation
and the appropriate fixes were applied. This report focuses on nozzles developed towards the end of research
the program, where a certain level of maturity in the design process was achieved.

2. Axisymmetric Designs

The axisymmetric nozzle designs formed the points of departure for the eccentric arrangements. Their
evolution has been covered in a previous report,® so here we will focus on two designs of interest: AXI03U
and AXI04U. Their radial coordinates are presented in Fig. 3. Nozzle AXI03U is a short-cowl variant of the
NASA baseline nozzle featured in Ref. 8. The purpose of the short cowl was to bring the secondary and
tertiary exits closer to the primary exit, therefore enhancing the potential for the secondary and tertiary
streams to provide noise suppression from the primary stream. A concern about this design is the substantial
increase of the boat-tail angle relative to the original NASA design. Because this could have negative impacts
on the sonic boom signature, it was decided to modify the nozzle design pertaining to cycle AA530 to achieve
roughly the same boat-tail angle as the original NASA nozzle. This was accomplished by enlarging the plug
while preserving the exit areas of all three ducts, resulting in design AXI04U.
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Figure 3. Radial coordinates of axisymmetric nozzles. (a) AXI0O3U; (b) AXI04U.
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3. Offset-Stream Methods

Asymmetric jets were created by non-uniform distributions of the tertiary and secondary annulus widths,
combined with insertion of a wedge-shaped deflector in the tertiary duct. Denoting the width of the tertiary
annulus Wy, and noting that D, . provides a scale for the lateral extent of the strongest noise sources, the
ratio Wy /D, .« is used to describe the relative size of the tertiary stream. Similarly, for the secondary stream
the ratio Ws/Dp . is used, where Wy is the width of the secondary annulus. In plotting the azimuthal
distributions of these two normalized widths, the azimuthal angle ¢ is defined relative to the downward
vertical direction.

The key geometric parameters of the wedge-shaped deflector are depicted in Fig. 4. L denotes the
“height” of the wedge and J is the deflection angle, or wedge half-angle. In addition to the parameters shown
in Fig. 4, it is also useful to consider the azimuthal “blockage” created by the deflector, denoted ¢prock. In
the design of the offset tertiary stream, the nozzle lip on the thin side of the annulus was recessed to avoid
formation of a very narrow long duct and the associated viscous losses.

Figure 4. Geometric parameters of wedge-type deflector. Convention for azimuthal angle is also shown.

4. Elliptical Plug

The experimental matrix included three nozzles with elliptical plugs, the major axis of the ellipse being on
the vertical plane. The change in plug cross-section was aimed to induce inward collapse of the primary
flow, thus facilitating its coverage by the secondary/tertiary streams in the sideline azimuthal direction where
noise suppression is challenging. The plug length and cross-sectional area distribution were preserved. Figure
5 describes the reshaping of the plug and presents the radial-azimuthal relations for the ellipse. Figure 6
describes the axial transitions, where parabolic and cubic splines are used to depart from and then blend
back into the radial distribution of the original plug. Finally, Fig. 7 shows a CAD model of the modified
plugs and lists the relevant design parameters. The exit geometry of the primary duct was not affected by
the reshaping of the plug. Although non-circular plugs have been explored in single-stream jets,'? this is the
first known application to multi-stream jets.
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Figure 5. Reshaping of the plug cross section.
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Figure 6. Axial transitions involved in the reshaping of the plug.
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Figure 7. CAD model of elliptical plug and associated design parameters.

5. Review of Nozzles

We summarize the main features of the nozzles covered in this report. The summary is accompanied by
Figs. 8 through 14 that provide key geometric parameters, the cycles involved, the reference nozzle, and
where applicable the mass flow rate loss and the specific thrust loss predicted by RANS (in cases lacking
RANS computations, the notation N/A is used). Even though in the reshaping of the ducts the geometric
areas were preserved, the mass flow rate loss is thought to be caused by subtle effects like the deflection of
streams when the wedge is included. In an actual engine design, this can easily be accounted for by resizing
the duct. Thus, the loss in specific thrust is the most relevant measure of aerodynamic performance.

e AXI03U: Short-cowl, nominal-plug design.

e AXI04U: Short-cowl, enlarged-plug design.

e ECCO09U: Shaped tertiary annulus combined with wedge deflector in tertiary duct.

e ECC12U: Shaped tertiary and secondary annuli, in combination with wedge deflector in tertiary duct.
e ECC17U: AXI04U with elliptical plug; ellipse major axis on the vertical plane.

e ECC18U: ECC09U with elliptical plug; ellipse major axis on the vertical plane.

e ECC19U: ECC12U with elliptical plug; ellipse major axis on the vertical plane.

Figure 15 shows photographs of the coaxial and selected eccentric nozzles.
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NOZZLE: AXI03U

Dy | D | 4J4, | 4/4,| LD,y | 6 | #sock | MFL* | STL*

(mm) | (mm) (deg) | (deg)

1333 [ 31.15 | 1.44 | 1.06 - - - - -

CYCLE: AA530 REF. NOZZLE: AXI03U

NOTES: Short-cowl design, lower BPR

* MFL = RANS-based mass flow rate loss; STL: RANS-based specific thrust loss

Azimuthal variation of secondary annulus width
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Figure 8. Specifications for nozzle AXI03U.

NOZZLE: AXI04U

Dp'@f}- D, AS/Ap A,/Ap L/Dp,eﬁ‘ o) ¢BLOCK MFL* STL* -
() | (mm) (deg) | (deg) %

13.33 1 38.10 | 1.44 | 1.06 - - - - -

CYCLE: AA530 REF. NOZZLE: AXI04U “
NOTES: Short-cowl, enlarged-plug design g

* MFL = RANS-based mass flow rate loss; STL: RANS-based specific thrust loss

Azimuthal variation of secondary annulus width Azimuthal variation of tertiary annulus width
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Figure 9. Specifications for nozzle AXI04U.

7 of 32

American Institute of Aeronautics and Astronautics



NOZZLE: ECC09U

D,y | D | 444,44, LID, ;| & | #srock | MFL* | STL*
(mm) | (mm) (deg) [ (deg)
13333912 144 [ 1.06 [ 2.1 25 44 0.272% | 0.039%

CYCLE: AA530

REF. NOZZLE: AXI04U

NOTES:

* MFL = RANS-based mass flow rate loss; STL: RANS-based specific thrust loss

Azimuthal variation of secondary annulus width
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# (deg) ¢ (deg)

Figure 10. Specifications for nozzle ECC09U.

NOZZLE: ECC12U

D,y | D | 444, |4/4,|LID,y| & | dsrock | MFL* | STL* )
(mm) | (mm) (deg) | (deg) -
13.33 | 40.60 | 1.44 | 1.06 | 2.1 18 33 [ 0.182% [0.207% )
CYCLE: AA530 REF. NOZZLE: AXI04U

NOTES:

* MFL = RANS-based mass flow rate loss; STL: RANS-based specific thrust loss

Azimuthal variation of secondary annulus width

04 T T T T T T T T T T T 02 T T T T T T T T T T T
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Figure 11. Specifications for nozzle ECC12U.
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NOZZLE: ECC17U

D,y | D | AJA, [4/4,| LD, y| 6 | dsrock | MFL* | STL*
(mm) | (mm) (deg) | (deg)

13.33138.10 | 1.44 [ 1.06 | - - - N/A N/A
CYCLE: AA530 REF. NOZZLE: AXI04U

NOTES: AXI04U with elliptical plug

* MFL = RANS-based mass flow rate loss; STL: RANS-based specific thrust loss

Azimuthal variation of secondary annulus width

04 T T T T T T T T T T T 02 T T T T T T T T T T T
w ol ECCI7U|i &\ 1 0 0 1] o151 ECCI7U|
e AXOAU [T § : F o I e
Q 02———4‘»——«‘#———;———:———l———L——«l———:———:———l———l»——— Q 01 T T T | | | | | | | |
~ L L L L L L L L L L L ~ I I I I I I I I I I I
w I I I I I I I I I I | ~ I I I I I I I I I I I
B0 e R 005 e e
I I I I I I I I I I I I I I I I I I I I I I
O L L L L L L L L L L L L L L L L L L L L L L
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¢ (deg) ¢ (deg)

Figure 12. Specifications for nozzle ECC17U.

NOZZLE: ECC18U

D,y | D, |A4J4,|A4/4,| LD,y 5 darock | MFL* STL*

(mm) | (mm) (deg) [ (deg)

13.33 [ 39.12 | 1.44 | 1.06 2.1 25 44 0.275% | 0.051%

CYCLE: AA530 REF. NOZZLE: AXI04U

NOTES: ECCO09U with elliptical plug

* MFL = RANS-based mass flow rate loss; STL: RANS-based specific thrust loss

Azimuthal variation of secondary annulus width

04 T T T T T T T T T T T
ECC18U|1 1+ 1 1 0 0 .
= 0.3F S e s R — =
“g AXO4U | T T }2
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¢ (deg) ¢ (deg)

Figure 13. Specifications for nozzle ECC18U.
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NOZZLE: ECC19U

D,y | Di |AJA, [A4/4,| LD, o srock | MFL* STL*

(mm) | (mm) (deg) [ (deg)

13.33 [ 40.60 [ 1.44 | 1.06 | 2.1 18 33 N/A N/A

CYCLE: AA530 REF. NOZZLE: AXI04U

NOTES: ECC12U with elliptical plug

* MFL = RANS-based mass flow rate loss; STL: RANS-based specific thrust loss

Azimuthal variation of secondary annulus width

04 T T T T T T T T T T T
—ECC19U |1 b
= 031 0 T Lo [ e S
503 AXOaU [T S
QQ* T T T | | | | | I I I Qmﬂ
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S 01\_ =
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L L L L L L L L L L L 0
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# (deg) ¢ (deg)

Figure 14. Specifications for nozzle ECC19U.

AXI04U

AXIO3U

(b)

ECC12U \ ECC19U

Figure 15. Photographs of the exits of selected nozzles. (a) AXIO3U; (b) AXI04U; (c) ECC12U; and (d)
ECC19U.
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III. Aeroacoustic Testing

A. Setup and Instrumentation

Noise measurements were conducted inside an anechoic chamber equipped with twenty four 1/8-in. condenser
microphones (Bruel & Kjaer, Model 4138, TEDS) with frequency response up to 120 kHz. Figure 16 shows
the layout and a photo of the facility. Nominally, twelve microphones were mounted on a downward arm
(azimuth angle ¢ = 0°) and twelve were mounted on a sideline arm (¢ = 60°). However, a number of
microphones malfunctioned over the course of the project, prompting the installation of 15 microphones
on the sideline arm and a small number (~ 5) microphones on the downward arm, the latter used just for
reference. In this case, different azimuthal angles were surveyed by rotating the nozzle. Regardless of the
deployment, the polar angle 6 ranged approximately from 20° to 120° relative to the downstream jet axis,
and the distance to the nozzle exit Rexp ranged from 0.92 m to 1.23 m. The microphones were connected,
in groups of four, to six conditioning amplifiers (Bruel & Kjaer, Model 2690-A-0S4). The 24 outputs of
the amplifiers were sampled simultaneously, at 250 kHz per channel, by three 8-channel multi-function data
acquisition boards (National Instruments PCI-6143) installed in a Dell Precision T7400 computer with a Xeon
quad-core processor. National Instruments LabView software is used to acquire the signals. The temperature
and humidity inside the anechoic chamber are recorded to enable computation of the atmospheric absorption.
The microphones are regularly calibrated using a pistonphone; however, the best check of the microphone
(and overall system) accuracy is the repetition protocol discussed in Section III.C.

Helium-Air
Mixtures

""" Sideline
microphones
=600

24 BK4138 Microphones | (4

12 on Downward Arm ] \

12 on Sideline Arm

Ll Downward
‘”" U — ‘ microphones
MMM e

@)

Figure 16. Setup for far-field aeroacoustics measurements.

B. Signal Processing

The microphone signals were conditioned with a high-pass filter set at 300 Hz. Narrowband spectra were
computed using a 4096-point Fast Fourier Transform, yielding a frequency resolution of 61 Hz. The spectra
were corrected for microphone actuator response, microphone free field response and atmospheric absorption,
thus resulting in lossless spectra. The correction for atmospheric absorption utilized the relations in Bass
et al.'® For the typical testing conditions of this experiment, and for the farthest microphone location, the
absorption correction was 4.5 dB at 120 kHz.

C. Experiment Conduct and Repeatability

For each nozzle configuration within a given test campaign, at least two acoustic runs were performed
matching the target velocity and Mach number (Table 1). In addition, the background noise was recorded
and the background spectra were subtracted from the signal spectra prior to the conversion to lossless spectra
discussed in Section ITII.B. The final SPL spectrum for each nozzle configuration (within a given campaign)
represents the weighted average of the individual spectra. The weight tries to account for minor deviations
from the target values of the intended cycle point and is loosely based on Lighthill’s acoustic analogy. It

11 of 32

American Institute of Aeronautics and Astronautics



uses the computed mass flow rate 7 of the entire nozzle and the fully-mixed exit velocity Unix, defined as

ripU, + Uy + 12Uy

Unix = 1
! 0
The weight has the form
. 8
Mtarget Umix,target
= 2
v m ( Umix ) ( )

where the subscript “target” indicates the target value. The first fraction on the right hand side relates to
an effective size of the jet, against which the sound intensity scales linearly. The second fraction comes from
the well known U® power law for the intensity. Assuming that N runs were performed for a given nozzle
configuration, the weighted average of the individual spectra SPL,, was obtained from

N
1
SPL = 10logy, lﬁ 3w, 109 SPLH] (3)

n=1

The individual weights w,, did not exceed the range 0.9 < w,, < 1.1 and for most experiments fell in the
range 0.95 < w,, < 1.05, corresponding to individual estimated errors of +0.2 dB.

The repeatability of the far-field acoustic tests is examined by plotting the spectra of the same jet recorded
in distinct campaigns. Figure 17 plots the spectra of jet AXI04U, at three polar angles, recorded at four
dates spaced apart by at least two months. The spectra were smoothed, using a Savitzky-Golay filter, to
facilitate the comparisons. In addition, because there were minor variations in the microphone polar angles
from one campaign to the next (the result of small changes in the axial position of the nozzle), the spectra
were interpolated to the fixed polar angles stated in the figure. The near perfect overlap of the spectra is
evident, indicating good control of the experimental conditions and integrity of the nozzle as it underwent
multiple testing. Repeated acoustic surveys for eccentric nozzles were less numerous than those for coaxial
(reference) nozzles. Figure 18 shows three repeats for jet ECC12U, spaced at least two weeks apart. Again,
the near perfect overlap of the -spectra is evident.

0=30.0 0=60.0 0=90.0
110 T T T 110 T T T 110 T T T T T T T
o 16-AUG-2016
o . : 25-0CT-2016
100} 100+ RERRERRS: toeid 100} 10-APR-2017
N oo : 27-AUG-2017,
90t 90 1 90 1
N ~N ~N
I I I
o) Joa) Joa}
T 80 ) =
- - —
o o o
%) %) %)
70t
60t 60t 4
50 i i i i i i i 50 i i i i i i i 50 i i i i i i i
05 1 2 5 10 20 50 100 05 1 2 5 10 20 50 100 05 1 2 5 10 20 50 100
f (kHz) f (kHZ) f (kHZ)

Figure 17. Repeatability of the spectra of jet AXI04U, recorded on the four dates shown.
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Figure 18. Repeatability of the spectra of jet ECC12U, recorded on the three dates shown.

IV. Sound Pressure Level Spectra

Far-field, narrowband SPL spectra will be presented for the jets covered in this report. The formatting
is exemplified in Fig. 19. The spectra will be plotted for six polar angles # with respect to the downstream
axis. The spectra of the jet in question will be plotted in blue, and those of the reference case will be plotted
in red.

A. Effect of Enlarged Plug on Coaxial Jet Noise

The effect of the enlarged plug on the emission of the coaxial jet is first considered. Figure 19 compares
the spectra of the coaxial jets from the nozzle with the nominal plug (AXI03U) and the nozzle with the
enlarged plug (AXI04U). The enlarged plug configuration is quieter by about 5 dB at high frequencies and
for 30° < 6 < 70°, most noticeably near § = 45°. The noise reduction afforded by the enlarged plug could
be due to source-observer shielding.!? 14

0=18.9 6=28.9 0=43.7 6=63.5 6=80.6 0=117.6
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AXI03U_AA530_QNCO87A
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Figure 19. SPL spectra for jets AXI04U and AXI0O3U.

B. Eccentric Configurations with Round Plug

Considering now the eccentric configuration with round plug, the spectra of jet ECC0O9U are plotted in Fig.
20, with comparison to the spectra of jet AXI04U. Downward reductions on the order of 15 dB are seen for
the low polar angles in the medium to high frequency range. Noise reduction is considerable up to ¢ = 30°,
but for ¢ > 60° the sound is either unchanged or slightly elevated. Some sideline benefit is noted at low
polar angles.
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Nozzle ECC12U features asymmetric tertiary and secondary ducts. The combined asymmetry increases
the acoustic benefit over nozzle ECC09U, as shown in Fig. 21. In the downward direction, and for polar
angles near the angle of peak emission, reductions of up to 17 decibels are measured in the mid to high
frequencies. There is now a distinct benefit in the sideline direction. The strong downward reduction is
accompanied by significant noise excess in the upward direction.
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Figure 20. SPL spectra for jets ECC09U and AXI04U. Azimutal angles: (a) ¢ = 0°; (b) ¢ = 30°; (c) ¢ = 60°;
(d) ¢ = 90°; (e) ¢ = 180°.
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SPL spectra for jets ECC12U and AXI04U. Azimutal angles: (a) ¢ = 0°; (b) ¢ = 30°; (c) ¢ = 60°;
(d) ¢ = 90° (e) ¢ = 180°.



C. Effect of Elliptical Plug on Jet from Coaxial Ducts

The effect of the plug with elliptical cross section on the noise emission of jet issuing from coaxial ducts is
examined. Nozzle ECC17U resulted from replacing the circular plug of nozzle AXI104U with the elliptical
plug depicted in Fig. 7. Recall that the axial distribution of the plug cross-sectional area was preserved.
Figure 22 compares the SPL spectra of jets ECC17U and AXI04U. In the azimuthal sector 60° < ¢ < 90°,
the elliptical plug provides reductions of as much as 4 dB at mid frequencies. The reductions are concentrated
near the polar angle of peak emission. Even though the benefit looks modest compared to the large downward
spectral reductions achieved with the eccentric configuration, it is nevertheless relevant to the challenging
task of reducing sideline noise.

D. Combination of Elliptical Plug with Eccentric Ducts

Nozzle ECC18U resulted from replacing the circular plug of nozzle ECC09U with the elliptical plug. Figure
23 shows modest improvement in sideline noise reduction relative to ECC09U (Fig. 20). Similarly, nozzle
ECC19U has the same lines as nozzle ECC12U but with the elliptical plug. Comparing the spectra of jet
ECC19U, Fig. 24, with the spectra of jet ECC12U, Fig. 21, we note that the elliptical plug brings a small
but distinct reduction in the sideline noise.

E. Differential Spectra for Elliptical plug

Given that the elliptical plug was a distinct design change from past concepts of offset-stream nozzles,
this section summarizes the effects of the elliptical plug in the form of differential spectra. The following
differential spectra are examined: ECC17U relative to AXI04U (effect of elliptical plug on emission of coaxial
jet); ECC18U relative to ECC0O9U (effect of elliptical plug on emission of jet from with eccentric tertiary
duct); and ECC19U relative to ECC12U (effect of elliptical plug on emission of jet from with eccentric
secondary and tertiary ducts). For clarity of presentation, the differential spectra were smoothed versus
frequency using a Savitzky-Golay filter. The results are presented in Figs. 25 through 27. For the jet from
coaxial ducts, Fig. 25, the elliptical plug causes a slight elevation of levels in the general downward direction
(0° < ¢ < 30°) and in the aft arc, while there is a significant reduction at large polar angles and in the
azimuthal sector 0° < ¢ < 15°. In the sideline azimuthal sector 60° < ¢ < 90° there are distinct benefits of
up to 4 dB in the aft arc and in the broadside direction for ¢ = 60°. The elliptical plug thus has a complex
effect on the acoustics, with definite benefits on the sideline emission. Figure 26 shows that the elliptical plug
has mixed impacts on the jet from nozzle ECC09U (eccentric tertiary stream), the most notable reduction
occurring at ¢ = 60° and at large polar angles. On the other hand, application of the elliptical plug to nozzle
ECC12U, Fig. 27, has benefits practically throughout the polar and azimuthal angle ranges, except for some
excess noise at very low polar angle and at ¢ ~ 60°.
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Figure 22. SPL spectra for jets ECC17U and AXI04U. Azimutal angles: (a) ¢ = 0°; (b) ¢ = 15°; (¢) ¢ = 30°;
(d) ¢ =60°; (e) ¢ =90°.
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Figure 23. SPL spectra for jets ECC18U and AXI04U. Azimutal angles: (a) ¢ = 0°; (b) ¢ = 30°; (c) ¢ = 60°;
(d) ¢ = 90°; (e) ¢ = 180°.
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Figure 24. SPL spectra for jets ECC19U and AXI04U. Azimutal angles: (a) ¢ = 0°; (b) ¢ = 30°; (c) ¢ = 60°;
(d) ¢ = 90°; (e) ¢ = 180°.
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Figure 25. Differential SPL spectra for jet ECC17U relative to jet AXI04U. Azimutal angles: (a) ¢ = 0°; (b)
¢ =15% (c) ¢=30% (d) ¢ = 60° () ¢ = 90°.
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Figure 26. Differential SPL spectra for jet ECC18U relative to jet ECC09U. Azimutal angles: (a) ¢ = 0°; (b)
¢ =30% (c) é=160% (d) ¢=90% () ¢ = 180°.
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V. Perceived Noise Level Assessment

In assessing the acoustic performance of the various jets tested in this program, it is important to define
a “figure of merit” that comes as close as possible to the noise certification metrics. Despite the limitations
of small scale and lack of forward flight, it is nevertheless important to reduce the acoustic measurements
into estimates of Perceived Noise Level (PNL) to obtain a more realistic assessment of the noise reduction
potential of the jets. This chapter describes the basic steps in converting the acoustic measurements into
PNL estimates, and evaluates the acoustic performance of the jets accordingly.

A. Flight Path and Geometric Relations
1. Flight Path

Referring to Fig. 28, the flightpath is selected to be a piece-wise linear trajectory, at zero altitude until x = 0
and sloped at the climb angle « for > 0. Thus, the lift-off point is defined to be « = 0. The aircraft travels
at constant Mach number M., and, for > 0, constant climb angle . The engine axis is at a constant
“angle of attack” « relative to the local direction of the flight path. The coordinates (x4, yq,0) refer to the
actual aircraft position, while (z,y,0) are the aircraft coordinates at the retarded time. The observer is
located at (xq,0, z9) where zo will take the values 0 m for the takeoff monitor and 450 m for the sideline
monitor. R, is the actual aircraft-observed distance and R is the aircraft-observer position at the retarded
time.

For the constant climb conditions assumed here, the retarded-time interval along the flight path is M R.
It is then straightforward to derive the following expression for the retarded time delay:

_(Moomc(xa —x0) + Mooyyya) + \/(Moom(xa —x0) + JV[OO,yya)2 +R2(1 - M%)

At = oo (1— M2)

(4)
where Mo o = Mo cosy and Mo, , = Mo siny are the z— and y— components of the flight Mach number,
respectively, and a is the ambient speed of sound.

Actual position

(xu’y a O)

(x40, ;)

Observer

z

Figure 28. Flight path and geometric construction for the polar angle 6.
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2. Observer Radius and Polar Angle

Knowing the retarded time delay, and referring to Fig. 28, it is easy to calculate the retarded-time coordinates
(z,9,0) from the actual coordinates (x4, yq,0), and thus to obtain the observer radius

R =/(x —20) +92 + 2 (5)

Denoting 1 = 2 — y/ tan(y + «) the point where the engine axis intercepts the ground, the triangle ABR is
defined by the points (z9,0, o), (21,0,0), and (z,y,0). The observer polar angle is then obtained from the
geometric relations

_ |p=B)(p—R)

2 p(p— A)

A = \[(z1 —20)? + 22
Y
sin(y + «)

_ A+B+R
= —

3. Observer Azimuthal Angle

Figure 29 shows the geometric construction involved for determining the observer azimuthal angle ¢. It is
important to realize that the azimuthal angle must be defined in the spherical coordinate system (R, 8, ¢)
aligned with the engine (jet) axis. This is illustrated in the left part of Fig. 29. To help visualize the geometric
relations, a cone of angle # is drawn around the engine axis. The azimuthal angle must be defined on the
plane normal to the cone axis that intercepts the ground at the axial location of the observer. Using the
geometric relations shown on the right part of Fig. 29, the observer azimuthal angle is

Yy cos(”y + oz) - (jo— Io) Sin(”y + a) (7)

¢ = arctan

When the observer is behind the airplane, the azimuthal angle can exceed 90° for sufficiently large value of
the angle v + a. In that case, the observer “sees” the upper part of the airplane, which could reduce the
benefit of any type of downward noise suppression scheme, whether it is an offset-stream method or barrier
shielding. It is thus evident that azimuthal noise mitigation is highly sensitive on the manner in which the
airplane is flown.

Retarded position Retarded position

(xy,0)
7

[y-(x-x,)tan( +a)|cos +a) =
ycos +a) - (x—x,)sin(y+a)

Observer

Figure 29. Geometric construction for the azimuthal angle ¢. Left: perspective view of cone with angle 0
around engine axis. Right: projections on the z — y plane.
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4. Elevation Angle and Lateral Distance

The elevation angle 8 and lateral distance /s illustrated in Fig. 30 are relevant to the calculation of the
lateral attenuation, that is, the attenuation caused by the propagation of sound in the proximity of the
ground. Their definitions are based on the standards set forth in the FAA’s Integrated Noise Model (INM)
Version 7.0,'® which in turn relies on SAE AIR reports 1751'6 and 5662.17 Specifically, the definitions of
B and lseq refer to the “point of closest approach” (CPA), which is the point along the flight path that
minimizes the distance between the flight path and the observer. Using the construction of Fig. 30, it is
readily derived that the distance between observer and flight path is minimized at

0
1+ tan?y

loeg = \/ 22+ adsin®y (9)

(®)

Tcpa =

The related lateral distance is

and the elevation angle is

= arctan (10)

24/22 + a}sin? v

8 = arctan (xCPA tan’y) To sin 2y

fseg

(0,0, z,)

Observer

z

Figure 30. Geometric construction for the elevation angle 8 and lateral distance {s.y4, relevant to lateral
attenuation. CPA denotes the “closest point of approach”.

B. Estimation of Perceived Noise Level

Assuming a scale factor S that gives the desired full-scale static thrust, the lossless narrowband SPL spectra
measured in the subscale experiments are extrapolated to the frequency S x 20 kHz, i.e., the highest frequency
of the audible spectrum. Here the extrapolation used a roll-off of -15 dB/decade. The EPNL results are
very insensitive on this slope. Increasing the slope to -10 dB/decade, for instance, impacted the EPNL
predictions by less than 0.05 dB and the EPNL differences by less than 0.02 dB. Following the extrapolation,
the frequency is divided by the scale factor.

For a given flight path, the following steps are taken to estimate the flyover Perceived Noise Level (PNL)
and the Effective Perceived Noise Level.

1. For each time step ¢ of the retarded airplane location (typically in 0.5-s intervals) the lossless, scaled-up
spectrum corresponding to 6(¢) and ¢(t) is obtained. This step requires interpolation between spectra
and, for polar angles outside the range covered in the experiment, moderate extrapolation. To enhance
the accuracy of interpolation or extrapolation the spectra were smoothed using a Savitzky-Golay filter.
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2. The spectrum is corrected for distance and atmospheric absorption. The distance correction is

1 R
—20 loglo |:§ R—f:|

where R is the observer radius and R,.s is the reference radius for the lab measurements. The
absorption correction is applied for ambient temperature 29°C and relative humidity 70% (conditions
of least absorption) using the relations of Bass et al.!3

3. The spectrum is discretized into 1/3-octave bands and the perceived noise level (PNL) is computed
according to Part 36 of the Federal Aviation Regulations.'®

4. The PNL is corrected for lateral attenuation according to FAA’s INM7.0,® using the geometric relations
of Section V.A. This impacts only the the sideline estimate.

5. The previous step gives the time history of perceived noise level, PNL(¢). From it, the maximum level
of PNL, PNLM, is determined. The duration of PNL exceeding PNLM-10 dB is calculated and the
corresponding “duration correction” is computed according to FAR 36. The effective perceived noise
level, EPNL, equals PNLM plus the duration correction. The estimate of EPNL includes the “tone
correction”, a penalty for excessively protrusive tones in the 1/3-octave spectrum, although the present
spectra at cycle AA530 are devoid of such tones.

Even though past studies of PNL in our group have included a Doppler shift,!? the relations used were
based on treatment of the jet noise as a moving source.?? This concept is becoming questionable according
to a recent study by Michel & Ahuja.?! On the other hand, treating the jet noise source as fixed with
the airframe may obliterate the physics of the wavepacket nature of the jet noise source.?? The effect of
forward flight on wavepacket emission has been shown to be complex,?® and this complexity increases for
multi-stream jets. Given these open questions, it was deemed preferable to not apply any Doppler shift to
the static spectra pending an investigation on the proper way to do this.

C. Flyover Simulations
1. Flight Path

The flight path selected for the present flyover simulations has the shape depicted in Fig. 28. The time
history starts 10 s before the lift off point, which is set at x, = 0. The aircraft is traveling at a constant
Mach number M., = 0.25. The climb is performed at angle v = 5° and the engine angle of attack is set
at o = 5°. The sideline monitor (SL) is located at zp=450 m and at the axial distance where the aircraft’s
altitude is 305 m (1000 ft), which is a common reference point. The takeoff monitor (TO) is located at zo=0
m and at the axial distance where the aircraft’s altitude is 457.5 m (1500 ft). The flight path parameters
are summarized in Table 2.

Table 2 Flight path parameters

Flight Mach number, M 0.25
Climb angle, 5.00°
Engine angle of attack, a 5.00°

Altitude at take-off monitor (m) | 457.5 m
Altitude at sideline monitor (m) | 305.0 m
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Figure 31. Time history of observer polar () and azimuthal (¢) angles for the flyover parameters of Table
6.1. Observer is at sideline location. Dashed red lines mark the interval where PNL>PNLM-10 dB for jet
ECC19U, the quietest case investigated here.

Figure 31 shows the relationship between observer polar angle and azimuthal angle, with the observer
situated at the sideline station as defined above. Of particular interest is the range of azimuthal angles
within the time interval relevant to EPNL. In Fig. 31 the time interval is chosen for the quietest jet of this
study, and it should be kept in mind that this will change depending on the noise characteristcs of the jet.
Here the relevant azimuthal range is 55° < ¢ < 62°. As illustrated in Fig. 29, this range is sensitive on
the pitch angle v 4+ « of the engine axis. A high pitch angle will lead to large azimuthal angles which the
offset-stream approach becomes less effective. Thus, the manner in which the airplane is flown, including
the use of high-lift devices that reduce «, will have significant impact on the noise signature.

2. PNL Time Histories

Figure 32 compares the axisymmetric jets issuing from the nominal-plug and enlarged-plug nozzles, AXI03U
and AXI04U respectively. Here we note that the effect of the enlarged plug translates to EPNL benefits of
about 1.7 dB for both the takeoff and sideline monitors.

Figures 33 through 37 plot the PNL time histories of all the asymmetric jets from the enlarged-plug
nozzles, with jet AXI04U as the reference. The following general trends are noted:

e All the offset-stream jets offer significant reductions in the takeoff EPNL, the maximum reduction
being 5.85 dB for jet ECC19U.

e For the offset-stream jets, sideline EPNL reductions are achieved only for the cases where both the
secondary and tertiary ducts have asymmetric shapes. Jets from nozzles with asymmetry only in the
tertiary duct did not achieve sideline reduction. This statement is supported by testing of additional
nozzles not included in this report.

e The elliptical plug offers a distinct benefit in sideline EPNL reduction. This is clear in the coaxial-duct
case ECC17U (Fig. 35). It is also evident that the elliptical plug helps increase the sideline benefit
(or reduce the sideline excess noise) of all the offset-stream configurations. Compare, for example, jet
ECCI12U (Fig. 34) with jet ECC19U (Fig. 37), where the only change is the replacement of the circular
plug with the elliptical plug.
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Figure 32. Time history of PNL for jet AXI04U compared to AXIO3U. (a) Takeoff monitor; (b) sideline
monitor.
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Figure 33. Time history of PNL for jet ECC09U compared to AXI04U. (a) Takeoff monitor; (b) sideline
monitor.
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Figure 34. Time history of PNL for jet ECC12U compared to AXI04U. (a) Takeoff monitor; (b) sideline

monitor.
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Figure 35. Time history of PNL for jet ECC17U compared to AXI04U. (a) Takeoff monitor; (b) sideline
monitor.
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Figure 36. Time history of PNL for jet ECC18U compared to AXI04U. (a) Takeoff monitor; (b) sideline
monitor.
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Figure 37. Time history of PNL for jet ECC19U compared to AXI04U. (a) Takeoff monitor; (b) sideline
monitor.

D. EPNL Summary

The EPNL data shown in the previous figures are summarized in Tables 3 and 4. The subscripts TO and SL
denote the takeoff and sideline monitors, respectively. Table 3 lists the enlarged-plug configurations and the
changes in EPNL (AEPNL) are relative to the enlarged-plug reference jet AXI04U. In Table 4, the changes
are relative to the nominal-plug reference jet AXI03U. Thus, AEPNL in Table 4 combines the effect of the
enlarged plug with the effects of the asymmetries. The combined change (TO+SL) can be viewed as an
overall figure of merit, although balanced reductions at the takeoff and sideline monitors are also desirable.

Tables 3 and 4 bring out what was previously noted in the discussion of the PNL time histories, namely
that jets ECC12U and ECC19U provide the best acoustic results, with ECC19U being the top performer.
The combined EPNL benefit for jet ECC19U is 8.75 dB when referenced to the enlarged-plug baseline; and
12.2 dB when referenced to the nominal-plug baseline. It is believed that these numbers are significant
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enough to help future supersonic civil aircraft achieve noise signatures similar to those of their subsonic
counterparts.

Table 3 EPNL summary for the enlarged-plug nozzles

Je EPNLo | EPNLy | AEPNL,g | AEPNLs, [AEPNLioral
AXI04U 102.7¢ 101.4¢ - - -

ECCO9L 97.6. 102.2: 5.1z 0.74 -4.3¢
ECC120 97.1¢ 99.4¢ 5.6 -2.0¢ 7.6¢
ECCI7L 102.8¢ 100.1¢ 0.1¢ -1.31 116
ECC18L 97.9 101.9¢ 477 0.4€ -4.31
ECC19L 96.8¢ 98.5¢ -5 8E -2.9C 8.7t

Table 4 EPNL summary with differences relative to AXI03U

Je EPNLyo EPNLg, AEPNL;o | AEPNLg [AEPNLyo.s
Nominal plu¢ [AXI0O3U 104.5: 103.1¢ - - -
Enlarged plu |AXI04U 102.7¢ 101.4¢ -1.77 -1.6¢ -3.4¢€
ECCO09L 97.6- 102.2! -6.8¢ -0.9¢ -7.84
ECC12L 97.1¢ 99.4¢ -7.31 -3.72 -11.0¢
ECC17L 102.8¢ 100.1¢ -1.62 -3.0C -4.62
ECC18L 97.97 101.9¢ -6.54 -1.2¢ -1.71
ECC19L 96.8¢ 98.5¢ -7.62 -4.5¢ -12.21

VI. Conclusions

The investigation reported here assessed the potential of three-stream nozzle concepts to reduce the
takeoff perceived noise level from future supersonic aircraft. The study encompassed the effects of non-
axisymmetric exhaust configurations as well as the effect of an enlarged plug. Asymmetry in the plume
was created via eccentric tertiary and secondary ducts, in combination with a wedge-shaped deflector in the
tertiary duct; and by reshaping the primary plug from circular to elliptical cross-section. The eccentricities
were directed to increase the thickness of the lower-speed tertiary and secondary flows underneath the fast
primary stream, thereby reducing noise in the general downward direction. The plug ellipticity was designed
to flatten the primary stream along the major axis of the ellipse, thereby improving its coverage by the lower-
speed streams with the goal of improving sideline noise reduction. The enlarged plug design was motivated
by sonic-boom signature considerations.

Acoustic measurements using helium-air mixture jets from small-scale, rapid-prototyped nozzles gener-
ated sound pressure level spectra at a number of polar and azimuthal angles for each configuration, thereby
providing a richer azimuthal coverage than earlier similar studies.'® The spectra were converted to estimates
of flyover perceived noise level and effective perceived noise level (EPNL) assuming a typical takeoff profile.
The effect of the enlarged plug is to reduce the takeoff (downward) and sideline EPNLSs, each by about 1.7 dB.
Configurations with eccentricity in the tertiary flow only, all other components being axisymmetric, reduced
the downward EPNL by as much as 5.1 dB but did not reduce the sideline EPNL. Adding eccentricity to the
secondary ducts results in sideline noise reduction of about 2 EPNdB while providing downward reduction
of around 5.5 EPNdB. The effect of the elliptical plug is to add another 1.0 dB to the sideline reduction.
The best configuration involves the combination of eccentricity in the secondary and tertiary ducts with
ellipticity of the primary plug; it yields noise reductions of 5.8 EPNdB and 2.9 EPNdB in the downward
and sideline directions, respectively. Including the effect of the enlarged plug, a cumulative (takeoff plus
sideline) noise reduction of 12 EPNdB is estimated. Although this is a preliminary estimate that needs to be
confirmed in large-scale tests, it provides encouragement that the concepts explored here can help achieve
the goal of Chapter 14 minus 10 EPNdB.°

The study indicates that the sideline noise reduction from azimuthally-directional methods, such as those
employed here, will be highly sensitive on the manner in which the aircraft is flown. In particular, low pitch
angle on takeoff is desirable to exploit as much as possible the benefits of those methods. This may entail the
creative design and use of high-lift devices at takeoff. Future efforts should also consider the phenomenon of
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jet-by-jet shielding, which could improve considerably the sideline noise reduction.

Acknowledgment

We acknowledge the support by NASA Cooperative Agreement NNX14AR98A, monitored Dr. James
Bridges, as well as the guidance of NASA GRC personnel throughout this project.

References

IMorris, P. and McLaughlin, D., “High Speed Jet Noise Reduction - Past Progress and Future Possibilities,” AIAA Paper
2013-0006, Jan. 2013.

2Papamoschou, D., Xiong, J., and Liu, F., “Reduction of Radiation Efficiency in High-Speed Jets,” AIAA Paper 201/-
2619, June 2014.

3Papamoschou, D., “Modeling of Noise Reduction in Complex Multistream Jets,” AIAA Paper 2017-0001, Jan. 2017.

4Papamoschou, D., Johnson, A., and Phong, V., “Aeroacoustics of Three-Stream High-Speed Jets from Coaxial and
Asymmetric Nozzles,” Journal of Propulsion and Power, Vol. 30, No. 4, 2014.

5Papamoschou, D., Phong, V., Xiong, J., and Liu, F., “Quiet Nozzle Concepts for Three-Stream Jets,” AIAA Paper
2016-0523, Jan. 2016.

6Phong, V. and Papamoschou, D., “Investigation of Isolated and Installed Three-Stream Jets from Offset Nozzles,” AIAA
Paper 2017-0005, Jan. 2017.

"Henderson, B., “Aeroacoustics of Three-Stream Jets,” AIAA Paper 2012-2159, June 2012.

8Henderson, B., Leib, S., and Wernet, M., “Measurements and Predictions of the Noise from Three-Stream Jets,” AIAA
Paper 2015-3120, Jan. 2015.

9Huff, D. and Henderson, B., “The Aeroacoustics of Offset Three-Stream Jets for Future Commercial Supersonic Aircraft,”
AIAA Paper 2016-2992, June 2016.

10Huff, D., Henderson, B., Berton, J., and Seidel, J., “Perceived Noise Analysis for Offset Jets Applied to Commercial
Supersonic Aircraft,” AIAA Paper 2016-1635, Jan. 2016.

HPpapamoschou, D., “Acoustic Simulation of Coaxial Hot Air Jets Using Cold Helium-Air Mixture Jets,” Journal of
Propulsion and Power, Vol. 23, No. 2, 2007, pp. 375-381.

12Chase, J., Garzén, G., and Papamoschou, D., “Directivity Effects of Shaped Plumes from Plug Nozzles,” AIAA Paper
2013-0008, January 2013.

13Bass, H., Sutherland, L., Blackstock, D., and Hester, D., “Atmospheric absorption of sound: further developments,”
Journal of the Acoustical Society of America, Vol. 97, No. 1, 1995, pp. 680-683.

14Bauer, A., Kibens, V., and Wlezien, R., “Jet Noise Suppression by Porous Plug Nozzles,” NASA CR 3613, October
1982.

15Boeker, E., Dingles, E., He, B., Fleming, G., Roof, C., Gerbi, J., Rapoza, J., and Hemann, J., “Integrated Noise Model
(INM) Version 7.0 Technical Manual,” Federal Aviation Administration, Report FAA-AEE-08-01, January 2008.

16 “prediction Method for Lateral Attenuation of Airplane Noise During Takeoff and Landing,” Society of Automotive
Engineers Aerospace A-21 Committee, SAE AIR-1751, March 1981.

17 “Method for Predicting Lateral Attenuation of Airplane Noise,” Society of Automotive Engineers Aerospace A-21 Com-
mittee, SAE AIR-5662, April 2006.

18 “Noise Standards: Aircraft Type and Airworthiness Certificiation,” Federal Aviation Regulations Pt. 36, Federal Aviation
Administration, 2001.

19Papamoschou, D., “Fan Flow Deflection in Simulated Turbofan Exhaust,” AIAA Journal, Vol. 44, No. 12, 2006, pp. 3088~
3097.

20McGowan, R. and Larson, R., “Relationship Between Static, Flight and Simulated Flight Jet Noise Measurements,”
AIAA Journal, Vol. 22, No. 4, 1984, pp. 460-464.

21Michel, U. and Ahuja, K., “On the Scaling of Jet Noise with Helmholtz Number Close to the Jet Axis,” AIAA Paper
2014-2338, June 2014.

22Jordan, P. and Colonius, T., “Wave Packets and Turbulent Jet Noise,” Annual Review of Fluid Mechanics, Vol. 45, 2013,
pp. 173-195.

23Papamoschou, D. and Mayoral, S., “Modeling of Jet Noise Sources and their Diffraction with Uniform Flow,” AIAA
Paper 2013-0326, Jan. 2013.

24Simonich, J. C., Amiet, R. K., and Schlinker, R., “Jet Shielding of Jet Noise,” NASA CR 8966, April 1986.

25pPapamoschou, D., “Modeling of Jet-by-Jet Diffraction,” AIAA Paper 2013-0614, Jan. 2013.

32 of 32

American Institute of Aeronautics and Astronautics



