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(57) ABSTRACT

Systems and methods for noise suppression for aircraft are
disclosed. The aircrait may include a fuselage. The aircraft
may include a plurality of wings connected to or formed
with the fuselage. The aircraft may include at least one
engine configured to generate a propulsion force to propel
the aircrait. The at least one engine may include a nozzle
assembly having a nozzle body with an outlet that releases
an exhaust air or a jet flow. The aircrait may include a noise
suppression assembly. The noise suppression assembly may
be configured to interact with the exhaust air or jet flow to
substantially suppress, mitigate, reduce, or otherwise modify
noise generated by the aircraft.
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Fig. 1(a)
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20 Point A (Reflected Side, y=152°)
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SYSTEMS AND METHODS FOR
SUPRESSING NOISE FROM AN AIRCRAFT
ENGINE

REFERENCE TO RELATED APPLICATION

[0001] The present Patent application claims the benefit of

pending U.S. Provisional Patent Application No. 63/032,
056, filed on May 29, 2020.

INCORPORAITION BY REFERENCE

[0002] The disclosures made i U.S. Provisional Patent
Application No. 63/032,056, filed on May 29, 2020 are

specifically incorporated by reference herein as 1f set forth 1n
their entireties.

TECHNICAL FIELD

[0003] The present disclosure generally 1s directed to
aerial vehicles, and 1 one aspect, noise suppression for
aerial vehicles, such as jet aircraft or other manned or
unmanned aerial vehicles. Other aspects also are described.

BACKGROUND

[0004] Aircrait noise can be affected by the presence of
solid surfaces along the structure of an aircraft, in the
vicinity of one or more jet engines installed on the aircratt,
including but not limited to, the wing, high-lift devices,
tuselage, the runway surface during take-off, and/or other
surfaces. Accordingly, there have been numerous experi-
mental 1nvestigations of jet-surface interactions targeting
various conceptual design of future commercial transport in
order to meet specific goals related to noise. Researchers
have investigated the interaction between a iree jet and a
reflective surface, representing a wing, and observed low
frequency augmentation and high frequency increase. Tests
also have been conducted to study the propulsion/airframe
integration, while others have focused on the noise genera-
tion mechanism in subsonic jets and the effect of the surface
length and the distance from the nozzle lip to a reflective
surface, typically referred to as (hID), where D 1s the
hydraulic diameter of the nozzle exit and h 1s the distance
from the nozzle to the surface.

[0005] In addition, tests have been done on rectangular
jets of various Aspect Ratios (AR) 1n the proximity of a flat
surface, 1n which measurements at a polar angle of 90°,
showed a reduction of the noise on the shielded side,
specifically for high frequencies (St>0.1)—where St 1s the
Strouhal number based on jet exit diameter and velocity.
Other experimental and numerical studies have been con-
ducted on a 1.5 Mach jet at various distances from a flat
surface and observed that both scrubbing and trailing edge
noise 1n low frequencies increased, as the distance between
the flat surface and the jet 1s reduced. Whereas, some others
provided flow field and acoustic data for a supersonic round
jet with a design Mach number of 1.5, in which a surface or
plate was placed at a radial distance h, and tested a range of
distances between 0.5=h/D=5 and observed noise reduction.
Even further, a supersonic rectangular nozzle of 2:1 aspect
ratio and 1.5 Mach number has been tested with and without
a surface or plate for various nozzle expansion conditions. In
this study, the surface or plate was positioned at diflerent
stand-ofl distances, starting where the surface or plate
touches the inner wall of the nozzle exit at h/D=0, and could
be moved away from the jet up to h/D=4. It was reported that
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h/D=1 to h/D=3 have similar Overall Sound Pressure Levels
(OASPL) compared to the no-plate configuration, while the
h/D=0 configuration increases noise levels significantly.
[0006] Stll further, numerical simulations have been car-
ried out to study the shielding eflect on jets. For instance,
some researchers used Unsteady Reynolds Averaged Simu-
lations (URANS) to study the installation geometry eflects
on tlow field and acoustics, while others performed an
implicit Large Eddy Simulation (LES) on subsonic jets.
More recently, the Lattice-Boltzmann Method has been used
to simulate 1interaction between a subsonic jet and a flat plate
placed outside the plume—showing that strong pressure
fluctuations were generated at the trailing-edge of the sur-
face or plate and then propagate to the far-field as acoustic
waves.

[0007] However, a need still exists for improved systems
and methods for suppressing jet noise 1n aircrait.

SUMMARY

[0008] Brietly described, the present disclosure 1s directed
to systems and methods for noise suppression, mitigation, or
reduction for an engine or engines of an aircrait, such as a
supersonic jet aircrait or other suitable aerial vehicles, e.g.,
subsonic aircraft or other manned or unmanned aerial
vehicles.

[0009] In one aspect, the present disclosure provides sys-
tems and methods for noise suppression, mitigation, or
reduction for an engine or engines of an aircrait, including
a noise suppression assembly having a wall or surface
configured with a non-linear or wavy pattern to reflect the
incoming near-field flow and acoustic perturbations into
waves of a particular dominant frequency. The reflected
waves will then excite the corresponding frequency of the
large-scale structure in the initial region of the jet’s shear
layer. By designing the frequency of the reflected waves to
be the harmonic of the fundamental frequency that corre-
sponds to the radiated peak noise, the two frequency-modes
interact nonlinearly. With the approprniate phase diflerence,
the harmonic dampens the fundamental as it extracts energy
from 1t to amplily. The outcome 1s a reduction 1n the peak
noise; for example, 1n embodiments, the noise suppression
assembly of the present disclosure can provide a reduction
in jet noise by as much as 4 dB greater than a noise reduction
provided by a flat surface.

[0010] In particular, according to embodiments of the
present disclosure, systems and methods are disclosed for
suppressing, mitigating and/or reducing noise generated by
one or more engines ol an aircraft, which generally can
include a fuselage or main body section, and a plurality of
wings, or wing portions, attached to or formed with, the
fuselage and configured to facilitate generation of lift forces
for the aircrait. The aircraft will include one or more engines
coupled to the fuselage or the wings of the aircraft. The one
or more engines will be configured to generate propulsive
forces for propulsion or driving of the aircrait. In one
construction, the one or more jet engines can include one or
more top-mounted engines positioned along a top or upper
portion of the fuselage, or the wings. In additional or in
alternative constructions, however, the aircraft can include
one or more bottom mounted engines that are positioned
along a bottom or lower portion of the aircratt.

[0011] The one or more engines further can include jet
engines having an engine housing or body including an inlet
section and an exhaust section. The engine housing waill
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receive one or more fans, one or more Compressors, a
combustor (e.g., with a combustion chamber), one or more
turbines, and can include an afterburner, etc., for pulling a
free stream of air into the mtake and releasing a controlled
jet flow, also referred to as a jet or jet exhaust plume, from
the exhaust section to generate a propulsion force or thrust
for driving propulsion of the aircrait. The exhaust section
can have a nozzle assembly that 1s coupled to, or formed
with, the engine housing or other portion of the engine. The
nozzle assembly can include a nozzle body with a passage
or air flow path defined through of the nozzle body and an
outlet at an aft or rear end of the nozzle body that releases
the jet tlow therefrom.

[0012] The aircraft also will include a noise suppression
assembly or system that 1s configured to substantially sup-
press, mitigate, reduce, or otherwise modily noise generated
by the one or more engines of the aircrait. The noise
suppression assembly will be configured to modily flow
properties, mechanisms, etc. ol one or more regions or
portions of the jet tlow to help to suppress noise generated
by the aircrait. For example, the noise suppression assembly
can cause or otherwise mtroduce flow perturbations due to
flow-surface 1interactions and/or reflections of near-field
acoustic waves of the jet as they are impacted on the surface
to thereby introduce perturbations or disruptions 1n one or
more portions or regions of the exhaust jet flow exiting the
nozzle assembly of the engine(s), resulting in substantial
noise suppression thereof.

[0013] The noise suppression assembly generally will be
provided along, or can be included as part of, an outer
airframe area or portion of the aircraft, such as along or part
of a portion of the fuselage or wing(s). In one aspect, the
noise suppression assembly will be arranged aft of or behind
the nozzle assemblies of the engines. For example, a sepa-
rate noise suppression assembly can be arranged adjacent
and behind the nozzle assembly of each engine of the
aircrait, being sized and located along the aircraft surface so
as to recerve and disturb an exhaust air flow from an
associated engine. Alternatively, in some embodiments, a
larger noise suppression assembly or area can be arranged
behind and be associated with multiple engines.

[0014] In certain embodiments, the noise suppression
assembly can include a suppressing surface or wall that 1s
generally non-linear. Specifically, the suppressing surface or
wall can have one or more surface portions, features, etc.
configured to interact with one or more portions of the jet
flow to facilitate or otherwise help with noise suppression of
the one or more engines. Such surface portions, features, etc.
can include at least one surface or wall shaped, dimensioned,
arranged, and/or otherwise configured such that exhaust
air/jet flows pass thereover and are disturbed, detlected, or
otherwise have perturbations introduced i one or more
regions or portions, €.g., an initial region, of the jet flow
released an associated engine nozzle. This disturbance or
introduction of perturbations into the exhaust air/jet flows
facilitates varnation and/or breaking apart of the pressure
waves created by the exhaust air/jets tlows so as to modily
or otherwise aflect the noise-generating, structure thereof.

[0015] Inone exemplary construction, the series of surface
portions can include a plurality of undulations, waves, or
other spaced protrusions or protuberances projecting from a
surface, with a plurality of spaced recessed portions or
valleys defined between the protrusions. For example, in
some constructions, there are alternating protrusions and
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recessed portions spaced along the at least one surface,
which spacing’s can be substantially consistent or uniform,
or can be varied, 1.e. the protrusions closer to the engine
nozzle can be closer together, can have larger recessed
portions or valleys therebetween, and/or can be arranged
with other vanations.

[0016] The undulations, waves, or other protrusions can
have a generally curved shape or configuration, and the
recessed portions or valleys can have a corresponding gen-
erally curved shape or configuration, and 1n combination, the
protrusions and recessed portions can define or provide a
generally wavy suppressing surface or wall. The curved
shape of the undulations, waves, or other protrusions and
recessed portions or valleys can have a variable or changing
slope or curvature, though the curved shaped can have a
substantially continuous slope or curvature without depart-
ing from the scope of the present disclosure.

[0017] In one embodiment, the protrusions and recesses
can be shaped or configured such that the wavy surface has
a substantially continuous simple, sinusoidal wave profile or
undulating configuration, though other wave profiles are
possible without departing from the scope of the present
disclosure. The sinusoidal wave profile can include selected
features, parameters, etc. (e.g., wavelength, amplitude,
phase shift, etc.) to generate specific interactions (e.g.,
non-linear interactions) between the jet flow and 1ts har-
monic to reduce the net noise source and total radiated noise
from the aircrait. For example, the wave profile can cause,
or otherwise introduce, flow perturbations due to flow-
surface 1teractions and/or reflections of near-field acoustic
waves of the jet as they are impacted on the suppressing
surface to thereby introduce the perturbations i1n the initial
region of the jet, resulting 1n substantial noise suppression.
As such, with embodiments of the present disclosure, the
noise suppression assembly can reduce noise of the aircraft
(e.g., In comparison to stmilarly constructed aircraft without
the noise suppression assembly) as much as about 2 dB,
about 5 dB, or more, especially 1n peak frequency.

[0018] In some constructions, the one or more engines can
be positioned (e.g., supported by a support structure along
the fuselage), with the nozzles spaced sufliciently away from
the suppressing surface of the aircratt—e.g., the nozzles can
be positioned to have a significant distance between the jet
flow released therefrom and the suppressing surface. In
additional or alternative constructions, the nozzle can be
integrated with the noise suppression assembly or otherwise
positioned to have a relatively small or minimal clearance
between the nozzle and the suppressing surface. That 1s, a
distance between the nozzle outlet and jet flow therefrom
and suppressing surface can be very small 1 a tight inte-
grated design.

[0019] These and other advantages and aspects of the
embodiments of the disclosure will become apparent and
more readily appreciated from the following detailed
description of the embodiments and the claims, taken 1n
conjunction with the accompanying drawings. Moreover, 1t
1s to be understood that both the foregoing summary of the
disclosure and the following detailed description are exem-
plary and intended to provide further explanation without
limiting the scope of the disclosure as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] The accompanying drawings, which are included
to provide a further understanding of the embodiments of the
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present disclosure, are incorporated 1n and constitute a part
of this specification, 1llustrate embodiments of the invention,
and together with the detailed description, serve to explain
the principles of the embodiments discussed herein. No
attempt 1s made to show structural details of this disclosure
in more detail than may be necessary for a fundamental
understanding of the exemplary embodiments discussed
herein and the various ways 1n which they may be practiced.
[0021] FIG. 1(a) and FIG. 1(b) show perspective views of
exemplary aircraft according to principles of the present
disclosure.

[0022] FIG. 2(a) shows perspective and cross-sectional
views ol an example nozzle geometry (dimensions in
meters), FIG. 2(b) an orientation of the noise suppression
assembly, and (c) a schematic view of a wavy wall profile of
a suppressing surface or wall of the noise suppression
assembly, according to examples of the present disclosure.
[0023] FIG. 3(a) and FIG. 3(b) show a planar cut of a
computational grid near nozzle exit, (a) minor plane, (b)
major plane.

[0024] FIG. 4(a) and FIG. 4(b) show a planar cut of a
computational domain of the baseline case, (a) minor plane,
(b) major plane.

[0025] FIG. 5(a) and FIG. 5(b) show a planar cut of the
computational domain of the shielded case 1n x-y plane, (a)
(h/D=3), (b) (h/D=0).

[0026] FIG. 6 shows a computational domain of the
shielded case (h/D=3).

[0027] FIG. 7(a) and FIG. 7(b) show TKE normalized by
jet velocity squared, (a) Isolated Jet case Numerical
(NPR=3.67, TR=3.0), (b) Experiment (NPR=3.67, TR=2.0).
[0028] FIG. 8(a) and FIG. 8(») show TKE normalized by
jet velocity squared, (h/D=0) case (a) Numerical (NPR=3.
67, TR=3.0), (b) Experiment (NPR=3.67, TR=2.0).

[0029] FIG. 9 shows schematics of the microphone probe

locations and the directivity arc line.
[0030] FIG. 10(a) and FIG. 10(5) show acoustic spectra at

=152° (a) reflected (A), and (b) shielded side (A'), with no
plate.

[0031] FIG. 11(a) and FIG. 11(5) show acoustic spectra at
=152° (a) reflected (A), and (b) shielded side (A'), with a flat
plate having h/D=0.

[0032] FIG. 12(a) and FIG. 12(b) show evolution of the
fluctuating pressure R.M.S along jet axis including (a) no
plate, (b) with plate

A
— = 0.
D

[0033] FIG. 13(a) and FIG. 13(d) show 1instantaneous low
field and acoustics of the (h/D=3) case. (a) Mach (M), (v)
Fluctuating pressure (p').

[0034] FIG. 14(a) and FIG. 14(b) show turbulent Kinetic
Energy normalized by jet velocity squared. (a) (h/D=3) case,
(b) (h/D=0) case.

[0035] FIG. 15(a) and FIG. 15(5) show acoustic spectra at
P=152° (a) reflected (A), and (b) shielded side (A'), with a
flat plate having a h/D=3.

[0036] FIG. 16(a) and FIG. 16(5) show acoustic spectra at
P=152° (a) retlected (A), and (b) shielded side (A'), with an
1solated Jet and flat plate at /D=0, and h/D=3.

[0037] FIGS. 17(a)-(e) show (a) acoustic pressure field,
and the measure line 1illustrations, and the acoustic signal
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along (b) P=136° line, (¢) P=152° line, (d) x=3D line. (¢)
R.M.S of pressure fluctuations along x=3D line.

[0038] FIGS. 18(a)-(c) illustrate an exemplary wavy wall
profile at (h/D=3) for (a) example wavy embodiment 1, (b)
example wavy embodiment 2, (¢) example wavy embodi-
ment 3.

[0039] FIGS. 19(a)-(d) show instantaneous pressure fluc-
tuation for (a) an example flat plate, (b) example wavy
embodiment 1, (¢) example wavy embodiment 2, and (d)
example wavy embodiment 3.

[0040] FIGS. 20(a)-(d) show nearfield sound pressure
level (SPL) for (a) a flat plate, (b) example wavy embodi-
ment 1, (¢) example wavy embodiment 2, (d) example wavy
embodiment 3.

[0041] FIGS. 21(a)-(d) show a turbulent Kinetic Energy
normalized by jet velocity squared for (a) a flat plate, (b)
example wavy embodiment 1, (¢) example wavy embodi-
ment 2, and (d) example wavy embodiment 3.

[0042] FIGS. 22(a)-(d) illustrate prospective views of
various aircrait configurations/constructions that can be
employed according to principles of the present disclosure.

DETAILED DESCRIPTION

[0043] The {following description 1s provided as an
enabling teaching of embodiments of this disclosure. Those
skilled 1n the relevant art will recognize that many changes
can be made to the embodiments described, while still
obtaining the beneficial results. It will also be apparent that
some of the desired benefits of the embodiments described
can be obtained by selecting some of the features of the
embodiments without utilizing other features. Accordingly,
those who work 1n the art will recogmize that many modi-
fications and adaptations to the embodiments described are
possible and may even be desirable in certain circumstances.
Thus, the following description i1s provided as 1llustrative of
the principles of the embodiments of the present disclosure
and not 1 limitation thereof.

[0044] As shown in FIG. 1(a), an aircrait 10, such as a jet
aircraft, includes a noise suppression assembly 100, system,
or mechanism that 1s configured to substantially suppress,
mitigate, reduce, or otherwise modily noise generated by the
aircraft 10. The aircrait 10 can include a supersonic or
hypersonic jet aircraft, however, the noise suppression
assembly 100 can be part of, or otherwise used in conjunc-
tion with, other suitable aircraft or aenal vehicles, e.g.,
subsonic jet aircraft or other suitable manned, or unmanned,
aerial vehicles. Additional exemplary aircraft constructions
10A-10D that can include or otherwise employ the noise
suppression assembly 100 are shown in FIGS. 22(a)-(d).
[0045] FIG. 1(a) further indicates that the aircrait 10
generally can include an airframe 11. The airframe 11 can
include a fuselage 12 or main body section. The fuselage 12
can include or at least partially define a cockpit or other
suitable chamber(s) for pilots and/or passengers, for manned
flight of the aircrait 10. The aircraft 10 also could be an
un-manned aerial vehicle (UAV), with the fuselage 12
including one or more chambers housing control systems
and flight mechanism that facilitate unmanned flight or
remote control of the aircraft 10. The fuselage 12 can be
made from synthetic or composite materials, such as metal-
lic maternials, fiber reinforced polymers, other matenials, or
some combinations thereof.

[0046] As also indicated in FIG. 1(a), the airframe 11 of

the aircrait 10 will include wings 14 attached to, or formed
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with, the fuselage 12 and generally configured to facilitate
generation of 1iit forces for the aircraft 10. The wings 14 can
include any suitable wing constructions, such as a swept-
back wing construction, a delta wing construction, or other
suitable fixed or movable wing constructions or designs as
will be understood 1n the art. In one construction, as indi-
cated in FIG. 1(a), the wings 14 further can include inverted
or upturned wing tips 16, though 1n other constructions, the
wings 14 can be substantially straight (as generally indicated
in FIGS. 22(a)-(d)). The aircraft 10 further can include one
or more tail fins 18 (FIGS. 22(a)-(¢)), horizontal stabilizers,
and/or other assemblies or components, without departing
from the scope of the present disclosure. The wings 14
generally will be made from the same synthetic or composite
materials as the fuselage 12, such as metallic materials, fiber
reinforced polymer, other material, or some combination
thereof.

[0047] Additionally, as 1llustrated in FIG. 1(a) (and FIGS.
22(a)-(d)), the aircraft 10 will include one or more engines
20 configured to generate suilicient propulsive forces for
propulsion or tlhight of the aircraft 10. The aircrait 10 can
include a plurality of engines 20, such as two side by side
engines 20, as shown in FIG. 1(a); however, the aircraft 10
can 1nclude only a single engine 20, without departing from
the scope of the present disclosure. The engines 20 can be
coupled to a portion of the fuselage 12, or the wings 14. The
engines 20 can be top-mounted engines 20 that are posi-
tioned along a top or upper portion 22 of the fuselage 12 (or
at least partially along a top or upper portion of the wings 14
of the aircrait); however, in addition or 1n the alternative, the
aircraft 10 can include one or more bottom mounted engines
20 that are positioned along a bottom or lower portion 24 of
the aircrait 10 (e.g., a bottom or lower portion of the wings

14 or fuselage 12 as shown 1n FIG. 22(c¢)).

[0048] The engines 20 further can include an engine
housing or body 30 including an intake or inlet section 32
and an exhaust section 34. These engines 20 can include jet
engines, and for example, the engine housing 30 can house
or otherwise be configured to receive one or more fans, one
Or more compressors, a combustor (e.g., with a combustion
chamber), one or more turbines, an afterburner, etc., for
pulling a free stream of air into the intake or inlet section 32
and releasing a controlled exhaust air/jet flow 36 (see FIG.
9, FIGS. 19(a)-(d), FIGS. 20(a)-(d), and FIGS. 21(a)-(d)),
also referred to as a jet or jet exhaust plume, from the
exhaust section 34 to generate a propulsion force or thrust
for driving propulsion of the aircrait 10.

[0049] As further indicated in FIGS. 1 and 2(a)-(¢), the
exhaust section 34 can have a nozzle assembly 350 that i1s
coupled to, or formed with, the engine housing 30 (e.g., via
tasteners, welding, or other suitable connection mechanism).
FIGS. 2(a)-(¢) also indicate that the nozzle assembly 50 can
include a nozzle body 52 with a passage or air flow path 54
defined through the nozzle body 32 and an outlet 56 at an aft
or rear end 52A of the nozzle body 52 that releases the jet
flow therefrom. The nozzle body 52 can have a generally
frusto-pyramidal shape or a truncated pyramid shape, with
an outlet 56, which, 1n one embodiment i1llustrated, can have
a generally rectangular configuration, though other shapes or
possible, such as conical or frusto-conical bodies/shapes
having circular or otherwise arcuate outlets, without depart-
ing from the scope of the present disclosure.

[0050] By way of example, 1n one embodiment, the outlet
56 can have a width along a minor axis 1n a range of about
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0.008 m to about 0.015 m, such as about 0.01295 m, and a
width along a major axis 1n a range of about 0.020 m to
about 0.030 m, such as about 0.0259 m. It will be understood
by those skilled in the art that other, varied dimensions,
including larger or smaller widths, also are possible without
departing from the scope of the present disclosure. The
nozzle body 52 can be made from synthetic or composite
materials, such as metallic materials, fiber reinforced poly-
mer, other materials, or some combination thereof. FIG. 2(a)
shows a 2:1 aspect ratio rectangular nozzle assembly 50 with
a C-D profile. The nozzle assembly’s 50 area ratio 1s 1.18
with a design Mach number of 1.5, which corresponds to a
nozzle pressure ratio (NPR) of 3.67. The nozzle assembly 50

1s sharply C-D in the cross-sectional minor axis plane, as
illustrated 1 FIG. 2(a).

[0051] The aircrait 10 also includes the noise suppression
assembly 100 configured to substantially suppress, mitigate,
reduce, or otherwise modily noise generated by the aircraft,
as mndicated m FIGS. 1 and 2(b)-(c¢). As shown i FIGS. 1
and 2(b), the noise suppression assembly 100 1s provided
along, or can be included as part of, the airframe 11 (e.g.,
tuselage 12 or wings 14) of the aircrait 10, such as being
mounted along or being formed as a part of the top portion
22 thereot. The noise suppression assembly 100 generally 1s
arranged aft or otherwise positioned behind the nozzles 50
(FIGS. 1 and 2(b)-(c)). The noise suppression assembly 100
also can be located along or as part of a portion of the wings
14 where the engines 20 are mounted thereto. In one aspect,
a noise suppression assembly 100 can be provided/associ-
ated with the nozzle assembly 50 of each engine 20 of the
aircraft 10, being sized and located along the aircrait’s
surface so as to recerve and disturb an exhaust air/jet flow 36
from an associated engine 20. Alternatively, i some
embodiments, a larger noise suppression assembly or area
can be arranged behind and be associated with multiple
engines, as generally 1llustrated 1n FIG. 1(a).

[0052] The noise suppression assembly 100 1s configured
to modily flow properties, mechanisms, etc. of one or more
regions or portions of the jet flow 36 to help to suppress
noise generated by the aircrait 10, e.g., as generally shown
in FIGS. 2(b)-(c¢). For example, the noise suppression
assembly 100 can cause or otherwise introduce tlow pertur-
bations due to tlow-surface interactions and/or reflections of
near-field acoustic waves of the jet as they are impacted on
the surface to thereby introduce perturbations in one or more
portions or regions of the jet flow, resulting 1n substantial
noise suppression thereof. The noise suppression assembly
turther generally will be formed of the same materials as the
material of the airframe of the aircraft.

[0053] FIG. 2(c) shows that the noise suppression assem-
bly 100 includes a suppressing surtace or wall 101 that 1s
generally non-linear. Specifically, the suppressing surface or
wall 101 can have one or more surface portions, features,
etc. 102 configured to interact with one or more portions of
the jet tlow 36 to facilitate or otherwise help with noise
suppression of the one or more engines 20. The one or more
surface portions, features, etc. 102 can include a series of
spaced surface portions or features arranged along that least
lease one surface or wall 101 that are shaped, dimensioned,
arranged, or otherwise configured to cause, or otherwise
introduce, perturbations in one or more regions or portions,
¢.g., an 1nitial region, of the jet flow released from the at least
one nozzle to modily or otherwise aflect the noise-generat-
ing, large-scale structure thereof.
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[0054] For example, the noise suppression assembly can
employ a wavy profile configured such that 1t can reflect the
acoustic waves at a desired frequency and can act as a
passive excitation mechanism to reduce the noise more
cllectively when compared to the flat surface. In some
embodiments, a wavy or non-linear surface shield can be
provided as part of a top-mounted engine configuration. On
the other hand, when the engine 20 of the aircraft 10 1s
mounted under the wing 14, as illustrated in FIG. 1(5), the
airframe 1interaction tends to increase the noise radiation
under the aircraft 10. The proposed non-linear or wavy
surface profile of the one or more surface portions, features,
ctc. 102 may also be utilized, 1n such conventional aircrait
designs, to reduce the unwanted installation noise. Dimen-
s1ons of the proposed non-linear or wavy surface profile can
be varied depending on the aircraft and configurations
thereof.

[0055] In some constructions, the suppressing surface or
wall 101 can be formed as part of a wall or portion of the
airframe 11, 1n other retrofit constructions, the suppressing
surface or wall 101 can be part of a portion, e.g., a plate or
other suitable elongated body, that 1s connected or coupled
to the airframe 11, e.g., via welding, fasteners, or other
suitable connection mechanisms. Still further, in some con-
structions, the portion, e.g., plate or elongated body, can be
connected to a lower or upper portion of the engine housing

30.

[0056] As further indicated i FIG. 2(c), the series of
spaced surface portions or features can include a plurality of
spaced undulations, waves, or other protrusions 110 and a
plurality of spaced recessed portions or valleys 112 adjacent
the undulations, waves, or other protrusions 110. For
example, the suppressing surface or wall 101 can be con-
figured such that there are alternating undulations, waves, or
other protrusions 110 and recessed portions or valleys 112
along the suppressing surface or wall 101. In this regard, the
suppressing surface or wall 101 includes recessed portions
or valleys 112 arranged in between respective undulations,
waves, or other protrusions 110. The undulations, waves, or
other protrusions 110 further can have a generally curved
shape or configuration, and the recessed portions or valleys
112 can have a corresponding generally curved shape or
configuration, and together, the undulations, waves, or other
protrusions 110 and recessed portions or valleys 112 can
combine to define or provide a generally wavy suppressing
surface or wall 101. The curved shape of the undulations,
waves, or other protrusions 110 and recessed portions or
valleys 112 can have a varniable or changing slope or
curvature, though the curved shaped can have a substantially
continuous slope or curvature without departing from the
scope of the present disclosure.

[0057] In one embodiment, the undulations, waves, or
other protrusions 110 and recessed portions or valleys 112
are shaped or configured such that the wavy surface of the
suppressing surtace or wall 101 has a substantially continu-
ous simple, sinusoidal wave profile or configuration, though
other wave profiles are possible without departing from the
scope of the present disclosure. The sinusoidal wave profile
can 1nclude selected features, parameters, etc. (e.g., wave-
length, amplitude, phase shiit, etc.) to generate a specific
interaction (e.g., non-linear interactions) between the jet
flow 36 and its harmonic to reduce the net noise source and
total radiated noise from the aircraft. For example, the wave
profile can cause, or otherwise introduce, flow perturbations
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due to flow-surface interactions and/or reflections of near-
field acoustic waves of the jet as they are impacted on the
suppressing surface or wall 101 to thereby introduce the
perturbations in the mmitial region of the jet, resulting in
substantial noise suppression. As such, with embodiments of
the present disclosure, the noise suppression assembly 100
can reduce noise of the aircrait 10 (e.g., 1n comparison to
similarly constructed aircrait without the noise suppression
assembly) 1n a range of about 2 dB to about 5 dB or more,
especially 1 peak frequency.

[0058] Additionally, in some constructions, as shown 1n
FIG. 1(a), the aircrait 10 further can have a support structure
60 including one or more supports 62 coupling the engines
20 the fuselage 12 (or one or more of the wings 14), and the
supports 62 can support the engines 20 at a position or
arrangement that 1s substantially spaced away from the top
or upper portion 22 (or lower portion 24). In particular, the
supports 62 will be sized, dimensioned or otherwise con-
figured such that the nozzle assemblies 50 are spaced
sufliciently away from the suppressing surface 101—e.g.,
the nozzle assemblies 50 are positioned to have a significant
distance between the jet flow 36 released therefrom and the
suppressing surface or wall 101 (FIGS. 1 and 2(b)). In one
embodiment, the supports 62 will be sized such that an h/D
ratio greater than 1, such as about 3 or more, where D 1s the
hydraulic diameter of the nozzle exit 56 and h 1s the distance
from the nozzle assembly 350 or nozzle exit 56 to the
suppressing surface or wall 101 [i1s h the distance from the
nozzle assembly or the nozzle exit to the noise suppressing
assembly or the]. In additional or alternative constructions,
the engines 20 can be mounted directly to or otherwise
integrated with the suppressing surface or wall 101, as
shown 1 FIGS. 2(b) and 22(d). That 1s, the nozzle assembly
50 can be integrated with the suppressing surface or wall 101
to have a relatively small or minimal clearance between the
nozzle 50 and suppressing surface or wall 101, and a
distance between the nozzle assembly 50 and jet flow 36
therefrom and the suppressing surface being very small 1n a
tight integrated design, with an h/D of less than 1, such as
about 0.

[0059] Furthermore, 1n embodiments, the sinusoidal wave
of the suppressing surface or wall 101 can be defined by the
following function:

Vi = Asin[k(%) — ;rr]

[0060] where, k=2m/A 1s the wave number, and A 1s the
amplitude that 1s mitially assumed to be D/2. This profile
ensures that the waves passing the h=3D line have a & phase
shift from the impact region x/D=3, so that the waves would
linearly cancel each other.

[0061] FIG. 18(a) shows a first embodiment, e.g., wavy
embodiment 1, including the following h/D, A, and A:

(/D=3 ,,=5D,4=0.5D)

[0062] FIG. 18(b) shows a second embodiment, e.g., wavy
embodiment 2, including the following h/D, A, and A:

(W/D=3,,=5D,4=0.05D)

[0063] FIG. 18(c¢) shows a third embodiment, e.g., wavy
embodiment 3, including the following h/D, A, and A:

(W/D=3,,=2.5D,4=0.05D)
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Numerical Analysis

[0064] To evaluate the eflectiveness of the wavy design vs.
a flat design, high-fidelity Detached Eddy Simulations
(DES) were conducted to calculate the flow field and the
radiated noise of a supersonic jet in both cases of using
cither a tlat surface 200, tlat plate, or flat shield or a wavy
surface (e.g., suppressing surface or wall 101). Considered
here 1s a supersonic, 1deally expanded heated jet exhausting,
from a 2:1 aspect ratio nozzle. The flat surface study enables
turther understanding of the mechanisms mvolved. In par-
ticular, the wavy wall shielding surface (e.g., suppressing,
surface or wall 101) can mtroduce periodic disturbances to
suppress the noise-generating large-scale structure, for
example the introduction of subharmonics or harmonic can
reduce the noise-etlicient fundamental wave 1n the jet tlow.
Such a wavy wall profile may have selected several param-
eters such as: amplitude, wavelength, and phase shift.
[0065] A numerical approach 1s now presented. This 1s
followed by validation against experimental data for a free
jet and the eflect of a flat surface 200. Then, an explanation
on the mechanisms governing the effect of the shield on the
radiated noise 1s provided. Two configurations were consid-
ered that match the aircrait design configuration. One 1n
which the shield 1s right at the nozzle exit 56 thus allowing
strong tlow-surface interaction, the other 1s when the shield
1s a distance h/D=3 apart allowing strong acoustic retlection
cllect.

[0066] To show the benefits of the wavy shield (e.g.,
suppressing surtace or wall 101) 1t 1s compared with the base
case of using the flat surface 200. The convergent-divergent
(C-D) rectangular nozzle (12.95 mmx25.91 mm) of a super-
sonic jet 1s considered, for which the acoustic field data for
vartous distanced h/D values have been reported. The
equivalent diameter of the nozzle exit 1s D=20.65 mm. FIG.
2(a) shows the 2:1 aspect ratio rectangular nozzle with a
C-D profile. The nozzle’s area ratio 1s 1.18 with a design
Mach number of 1.5, which corresponds to a nozzle pressure
ratio (NPR) of 3.67. The nozzle temperature ratio (TR) 1s
chosen here 1s such that 1t resembles the experimental set-up
(TR=T,/T_=3.0), where T 1s the total temperature of the jet
and T  1s ambient temperature. The nozzle 1s sharply C-D in
the cross-sectional minor axis plane, as illustrated i FIG.
2(a).

[0067] The base case of a supersonic jet 1ssuing over a flat
surface 200 was simulated. The thickness 1s about 12.7 mm
and the flat surtace 200 1s placed parallel the jet axis and
aligned with the nozzle 50°s major axis, and 1t extends up to
x/D=30 downstream of the jet axis and z/D=10.5 1n the
Major axis. This 1s similar to the configuration illustrated 1n
FIG. 2(b), except with the wavy surface (e.g., suppressing
surface or wall 101) replaced with a flat surface 200. For the
simulations carried out here the tlat surface 200 1s located
such that the top surface of the plate 1s /D=3 away from the
nozzle exit. The height of the wavy pattern and/or portions
thereol further can be adjusted and/or selected for a desired
noise mitigation eflect.

[0068] Inaddition to the flat surface 200 cases investigated
by experimental measurements, wavy wall profiles (e.g.,
suppressing surface or wall 101 profile) of the noise sup-
pression assembly 100 also are considered and shown to
introduce disturbances 1n the tflow and acoustic field to
facilitate enhanced noise reduction. The wavy wall profile
(e.g., suppressing surface or wall 101 profile) can include
several selectable parameters such as: distance of the mean
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line from nozzle lip (h/D), wavelength (A), and amplitude
(A ;). These parameters will be discussed 1n detail in the
wavy wall section later.

[0069] Moreover, the computational grid that was used 1n
these simulations contained hexahedrally dominant cells.
The entire computational domain extends to 80D down-
stream of the nozzle exit and 10D upstream of the nozzle
exit, also 1t extends radially up to 25D from both the major
and minor axis planes. The grid spacing on nozzle walls was
chosen such that it ensures y™ to have a value of 30 on the
wall, and to make sure the close wall calculations of
boundary layer in the RANS region are accurate. This value
for y* 1s calculated considering the isentropic flow assump-
tion along the nozzle and using the nozzle exhaust velocity

U

P
[0070] As 1t 1s illustrated in FIGS. 3(a) and 3(b), the fine
orid spacing on nozzle walls are gradually increased such
that the volume inside the nozzle has the maximum element
s1zing of D/50. Such grid spacing 1s kept consistent for both
baseline and with-plate (shuelded) cases. FIG. 3(b) illustrates
the grid spacing in major plane that has the same y* and
expands to same maximum grid spacing as mentioned
carlier. This grid spacing 1s maintained and extended up to
x/D=5 1n the jet axis direction to capture turbulent mixing
near nozzle exit, and then 1t 1s gradually increased up to D/40
in jet axis direction up to x/D=20. These refinement regions
are 1llustrated by the boxes including 1D/50, D/40, and D/30
in FIGS. 4(a)-(b) and by the boxes including /40 and D/30
in FIGS. 4(a)-(b). Then, another refinement box was placed
that 1s extended to x/D=30 (and maintained up to x/1D=40),
which gradually increases the cell size up to maximum value
of D/30, shown 1n a similar fashion with blue box 1n FIGS.
4(a)-(b).

[0071] The gnd spacing expands gradually 1n both major
and minor directions up to y/D=6, and z/D=10 and reaching
the gnid spacing of D/10. This conservative coarsening in
axial direction up to x/D=40 and in major and minor
directions was chosen to have a refined box to predict
acoustics. The (Flowcs-Williams Hawkins (FWH) surface
used included a rectangular box from the nozzle exit extend-
ing to y/D=6, and z/D=10 1n major and minor planes, and up
to x/D=30 1n the jet axis direction. This near field region 1s
illustrated with the red box 1 FIGS. 4(a)-(b). The refined
nearfield acoustic region has maximum grid spacing of D/10
and 1s to be used for FWH acoustic predictions. Sensitivity
studies of the extent of the FWH up to x/D=40 1s mnvesti-
gated previously and reported by Salehian and Mankbadi
[1]. Such grid spacing on FWH surface would ensure
capturing acoustic waves up to Strouhal number St={D)/
U=0.35 where t 1s the frequency. This maximum frequency
represents up to 70% of the spectra shown 1n experimental
results and contains the most of the trend 1n spectral analysis
of the acoustic signal, such as the peak frequency of St=0.1
observed 1n experimental results. From the numerical point
of view, the maximum resolvable frequency 1s calculated
based on the assumption that a mimimum of 15 points (cells)
per wavelength are required to capture the acoustic waves up
to St=0.35 with the current numerical scheme. Such require-
ment has been tested for prediction of waves using second-
order finite volume schemes when applied to hexahedral
cells.

[0072] The shielded cases can have the same grid spacing
as the baseline case inside the nozzle, as well as in the
refinement boxes mentioned above 1 FIGS. 4(a)-(b). The
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only difference 1s 1n the dimensions of the near field acoustic
box, while maintaining the same grid spacing of D/10. The
near field region expands gradually 1n minor directions up to
7z/D=10 like the baseline case and up to y/D=6 in the
reflected side, but it 1s bounded by the flat plate at location
of the flat plate (y/D=-3). The near field acoustic region is
illustrated 1n FIGS. 5(a)-(b) both 1n x-z plane (y=0), for the
both cases of the flat plate at h/D=3 (FIG. 5(a)), and /D=0
(FIG. 5(b)). For the wall jet case, h/D=0, the grid spacing on
the flat plate wall was chosen such that it ensures y* to have
a value of 30. However, no extensive grid spacing 1is
maintained on the flat plate, when located at h/D=3, since the
jet does not hit the flat plate unless 1n much further distance
from the nozzle exit (x/D>23), and there 1s no need for
boundary later grid enforcement for this case. Moreover,
since one of the major objectives here 1s to capture the
reflection of the acoustic waves from the solid boundary, and
since the tlat plate 1s at a considerable distance from the jet,
boundary layer prediction on the flat plate 1s not considered.
FIG. 6 illustrates the grid spacing in the nearfield acoustic
region, as well as near the tlat plate. The wavy wall cases of
the noise suppression assembly 100 have the exact same grid
spacing as mentioned for shielded cases (h/D=0, 3).

[0073] The numerical solver and procedure are summa-
rized below. The rhoCentralFoam solver in OpenFOAM can
be adopted. rhoCentralFoam 1s an unsteady, compressible
solver, that uses semi-discrete, non-staggered, Godunov-
type central and upwind-central schemes. These schemes
can avoid the explicit need for a Riemann solver, resulting
in a numerical approach that 1s both simple and efficient. The
solver 1s a density based central scheme solver and solves
the compressible Favre-averaged mass, momentum, and
energy governing equations in the Eulerian frame of refer-
ence. The continuity, momentum, and energy equations are
solved 1n their conservative form as:

- = (1)
-, tV.lpul =0

a(;jru) +V'[M(ﬁu)]+VP+V.T:G (2)
5’(;3{E) + V. [ulpE)| + V.[up| + V.(T.u) + V. j =1 (3)

[0074] where p 15 the density, u 1s the fluid velocity, p 1s
the pressure, and E=e+|ul®/2 is the total energy per unit mass
with e being the specific internal energy. Here, T 1s the
viscous stress tensor and 1s represented by Newton’s Law
for a non-mnviscid tlow as: T=-2udev(D). Here, u 1s the
dynamic viscosity, D 1s the deformation gradient tensor
D=[Vu+(Vu)“]/2 and its deviatoric component is dev(D)
=D—(1/3)tr(D)I, where I 1s a umit vector. Also, j 1s the
diffusive heat flux that 1s represented by Fourier’s law as
1=—kV'T, where T 1s temperature and k 1s the conductivity.

[0075] In addition to the above equations, the system of
equations 1s completed with the assumption of calorically
perfect gas for which p=pRT and e=c T=(y-1)RT, where R
1s the specific gas constant and y=c,/c,, 1s the ratio ot specific
heats at constant pressure and volume, respectively.

[0076] A Finite Volume method 1s applied for expressing
the differential equations. In the application of the finite
volume to polyhedral cells with an arbitrary number of
taces, each face can be assigned to an owner cell and a
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neighboring cell. The directed convective fluxes mentioned
above, can be interpolated using a vanAlbada scheme to
provide a second order spatial discretization that, as a TVD
scheme, 1s appropriate for capturing flow discontinuities
such as shocks, and the limiter automatically provides high
order stable solution. In addition, second order implicit
temporal discretization can be used to ensure overall second
order accuracy of the numerical simulations.

[0077] In one vanation, the k—-w SST DES turbulence
model can be adopted, where the URANS models are
employed only 1n the boundary layer, while the LES treat-
ment 1s applied everywhere else. Therefore, the computa-
tional cost 1s much eflicient compared to the full LES that
requires extensive near wall treatment. For the current
simulations, a statistically steady solution was achieved with
the k—m SST RANS model first, then the DES simulations

are carried out using the RANS results as an initial solution.
[0078] The URANS k—-w SST turbulence model relies on
solving two transport equations for the turbulence kinetic
energy, k, and turbulence specific dissipation rate, m. The
DES formulation of the k-w SST model can be achieved
such that 1n the LES regions of the grid, the solution would
reduce to a Smagorinski-like sub-grid model, such that the
eddy viscosity 1s proportional to the magnitude of the strain
tensor, and to the square of the grid spacing. Therefore, the
only term of the RANS model that may be different in the
DES mode 1s the dissipative term of the k transport equation.

[0079] Far field acoustics can be obtained using the
Fiowcs Williams-Hawkings surfaces integral technique. The
FW-H equation 1s an inhomogeneous wave equation derived
by manipulating the continuity equation and the Navier-
Stokes equations. It can be assumed that the control surface
contains all acoustic sources, and the volume integrals
outside this surface can be dropped. The Farassat 1A for-
mulation of the FW-H equations can be utilized such that the
far field acoustic, 1s represented as:

Y I('x: f) Y II'T('?(":J ZL) TP IIrj'_l (‘x: ZL) +p IIrQ (‘x: ZL) (4)

[0080] Details of the implementation of the formulations
in OpenFOAM using the dynamic libraries may be under-
stood by those of skill in the art. For a non-moving control
surface, the surface integral equations are simplified to:

0,(U,) ()
drnpr(x, 1) = f PolUn) ds
r
f:D L dret
J, 1 L. L (6)
4HPL(X, r) = E f ? dS + f[r—z]rﬁdg
F=0 - lret F=0
Ui = (p/ polti (7)
L; = Pijﬁj + OU; LU, (8)
[0081] where, all the terms can simplify to,
AU, oL,
U,=U;.n;, U, = ,L,=L;F, and, L, =
dt dt
[0082] Here, r1s the distance between source and observer.

L, and U, represent the source time derivatives. The sub-
scripts r or n denote a dot product of the vector with the unit
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vector 1n the radiation direction r, or the unit vector in the
surface normal direction n respectively. The term “ret” refers
to retarded time. The term, 1=0, represents closed surface
integration on the control surface. The last term 1n equation
(4), p's. 18 the volume integral which represent quadrupole
(volume) sources in the region. The contribution of the
volume integrals becomes very small when the source
surface encloses the source region. Hence this term 1s
ignored 1n the computations presented here, since the FWH
1s at a considerable distance from the sources.

[0083] At the nozzle inlet, a total pressure condition of
3.67 MPa 1s specified and the jet was expected to be 1deally
expanded with a NPR value of 3.67. Temperature at the inlet
of the nozzle 1s prescribed to 900K to ensure the TR=3.0.
where ambient pressure 1s P_=101325 Pa, and has a tem-
perature value of T _=300K. Advective far-field condition
was 1mposed on the rest of the domain boundaries, which
corresponds to “waveTransmisive” boundary conditions 1n
OpenFOAM. This non-retlecting condition 1s based on the
same 1dea ol non-reflecting boundary condition as men-
tioned by Poinsot and Lele [32] without full inter-field
coupling.

[0084] The nozzle inner walls are prescribed as adiabatic
no-slip condition, so the RANS simulations near the wall
can predict the boundary layer with the specified y*. On the
other hand, on the flat plate adiabatic slip conditions can be
imposed. Since the flat plate 1s only to reflect the acoustic
wave, the no-penetration rule 1s enforced by imposing
ap/an=0 for pressure, and zero normal velocity u. n=0.

[0085] For wvalidation purposes and comparison with
experimental measurements, the 1solate jet (no shielding
plate) and the wall jet flow case (flat plate at h/D=0) also are
presented. The Turbulent Kinetic Energy (TKE) 1s 1llustrated
in FIGS. 7(a), 7(b), and 8(a)-(b). TKE here 1s normalized
with respect to the jet velocity squared (TKE/Uf). The
baseline case 1s compared with the experimental results for
the 1deally expanded heated jet (NPR=3.67, TR=2.0), as
illustrated 1n FIG. 7(b). Also, the shielded case shown 1n
FIGS. 8(a) and 8(b), can be compared with experimental
results for an 1deally expanded heated jet (e.g., TR=2.0, and
TR=2.4). These experimental results can be chosen {for
validation, since these results have the closest operating
conditions to the current numerical simulations among all
experimental results available 1n the literature for this nozzle
geometry, at this time. The numerical results exhibit the
same structure of turbulence, especially in the near-wall
region, as shown in FIGS. 8(a) and 8(b). Furthermore, the
location of the separation of the boundary layer on the flat
plate can be observed 1 FIG. 8(a), which 1s located at x=6D
and agrees with the experiment (FIG. 8(b)). The jet 1s held
by the flat plate from one side, which prevents the dissipa-
tion of the jet from that side and causes the asymmetric
structure of the kinetic energy dissipation.

[0086] To investigate the eflect of the flat plate 200 on
radiated noise 1n far field, acoustic spectra are presented at
two main microphone probes located at 152° prescribed as
points A an A'. More specifically, the two probe angles are
measured from the upstream of the jet axis, but on the
shielded side. The acoustic results are calculated and com-
pared with experimental data. The location of the probes, the
reflected side, and the shielded side are illustrated in the
schematics shown in FIG. 9.

[0087] For the exemplary spectral data presented here, 4
sequences of 1024 samples were collected at a sampling
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frequency of 204.8 kHz. Fast Fourier transform can be
applied to obtain the narrowband noise spectrum. The fre-
quency can be a non-dimensionalized to obtain Sound
Pressure Level (SPL) (dB rel 20 uPa), as a function of

Strouhal number, as explained in the earlier sections.

[0088] FIGS. 10(a) and 10(») shows a comparison of SPL
spectra between the reflected side and the shielded side
(pomnt A and A', /}=1352°) for the free jet case, and FIGS.
11(a) and 11(b) show the spectra for the same locations for

the flat place bounded case h/D=0.

[0089] Comparing the SPL spectra in FIGS. 10(a) and
11(a), the shielded configuration increases noise levels
across all frequencies, especially at the lower frequencies
about 10 dB between more than the free jet. This low-
frequency noise component may be associated with the
noise intensification generated by the jet-trailing edge inter-
action and the scrubbing noise.

[0090] As expected, drastic reduction in noise levels is
observed for all plate configurations relative to the free jet.
The observed reduction of noise levels 1s caused by the
shielding eflect of the plate on the noise sources from the jet
plume. Such drastic reduction in the SPL 1s due to the
dimension of the flat plate used 1n the numerical simulations
and the experiment, and the noise reduction 1n the shielded
direction 1s highly influenced by the dimensions of shielding
surtace.

[0091] As illustrated 1n the TKE figures, the potential core
of the jet 1s aflected by the flat plate 200, reducing the
turbulence i1n the near nozzle region of the flat plate.
Moreover, the separation of the boundary layer from the flat
plate induces fluctuations in the further downstream of the
flat plat and gives rise to generation of a dipole-like source
at the trailing edge of the flat plate 200. The acoustic results
are presented for validation purposes, as well as, showing
the shielding effect. The recent theoretical work employs
rapid distortion theory and exhibits the asymmetry of the
shear layer when 1t exhausts over a flat plate. To elaborate
the mechanism that causes an increase of SPL 1n the shielded
direction due to the flat plate, the root mean square (RMS)
of the fluctuation component of the pressure (p'=p-p) is
illustrated at axial cutting plane locations of x/D=3, 18, and
30 1 FIGS. 12(a) and 12(b6). Comparing the evolution of
pressure fluctuations along the jet axis for the free jet, as
illustrated 1 FIG. 12(a), and with the shielded case, as
illustrated 1n FIG. 12(5), 1t can be observed that the flat plate
maintains the energy of the jet much turther from the jet exat.
This was also shown earlier in TKE contours (FIGS. 8(a)-(b)
and 9). The bounded nature of the shielding wall avoids the
dissipation of the turbulence fluctuations in regions closer to
the jet exat. The energized flow leaving the flat plate 200
behaves as the vortex leaving the trailing edge of the flat
plate. The trailing edge vortex has a dipole-like structure that
acts as an additional source of noise that increases the SPL
in the shielded direction.

[0092] Following up on the baseline and wall jet cases
mentioned earlier, the distance of the flat plate from the jet
axis can have an eflect on the tflow field and acoustics of the
jet and compare with the baseline and wall jet (h/D=0).

[0093] FIG. 13(a) illustrates the Mach number contour for
the case where plate 1s placed at (h/D=3). Unlike the wall jet
flow case (h/D=0), the bulk of flow field 1s not bounded by
the plate, and the jet spreads out and the jet flow barely starts
sweeping on the plate after x/D=30. The fluctuating com-
ponent of pressure, shown 1n FIG. 13(b) and denoted by p',
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exhibits the acoustic waves reflecting from the flat plate. The
dominant downstream travelling waves hit the plate at
around x/D=5 on the flat plate and retlect into the jet flow.

[0094] These retlections can have an impact on the turbu-
lence structure of the jet. The effect of the location of tlat
plate on TKE 1s shown 1n FIGS. 14(a) and 14(d). Since the
jet 1s not bounded by the flat plate 1n the (h/D=3) case, the
drastic shear layer extension does not occur as discussed
carlier for the (h/D=0) case. However, the reflections from
the plate interact with the jet plume and energize the shear
layer on the plate side. Hence, causing the asymmetry 1n the
TKE structure for the (h/D=3) case when compared to the
1solated jet seen in FIG. 7(a). The normalized TKE on the
shear layer side 1s plotted for both cases of (h/D=0) and
(b/D=3) and compared with the experimental data.

[0095] FIGS. 15(a) and 13(b) compare SPL spectra
between the reflected side, as illustrated in FIG. 15(a), and
the shielded side, as illustrated in FIG. 15(5), (point A and
A", P=152°) for the (WD=3) case. As seen earlier, the
acoustic spectra results show favorable agreement with the
corresponding experimental data, both 1n terms of the pre-
dicted level of acoustics, as well as the trend of spectra. The
acoustic shielding eflect 1s visible here, like the (h/D=3)
case. However, the increase 1n noise levels on the reflection
side, 1s not as drastic as the (h/D=0) case.

[0096] Most of the reflected noise increase 1s observed 1n
just the lower frequency, while the noise increase 1s
observed for the entire range of spectral frequencies for the
(b/D=0). It can be concluded that, 1n the (b/D=3) case, the
noise increase in the reflected side 1s mainly due to inter-
action of the reflected waves with the jet flow 36 and
energizing the noise sources 1n the shear layer. On the other
hand, the wall jet flow 1n the (h/D=0) case, not only has the
same mechamsm involved, it also introduces the trailing
edge noise source as an additional source of noise that
increases the retlected side noise more drastically. To visu-
alize the effect of (h/D), the acoustic results for the 1solated
Jet, flat plate at h/D=0, and /D=3 are plotted together 1n
FIG. 16(a) for the reflected side and 1n FIG. 16(b) for the
shielded side.

[0097] The acoustic data from numerical investigations
suggest that, although the flat plate design provides the
reliable acoustic shielding effect in the shielded direction.
However, the noise level increase in the reflected side,
makes these approaches less attractive to be implemented as
a fixed design for a practical engine top configuration.
Hence, modifications 1in the shielding plate profile 1s sug-
gested here to improve the noise reduction of the shielding
wall 1 both directions.

[0098] The main objective 1s to mtroduce disturbances to
reduce the noise. To do this, the (h/D) parameter are sought
to be limited to 0 and 3 for two reasons: (1) to be able to
distinguish the effect of tflow field vs. acoustic field. (2) to
produce enough data to compare with corresponding experi-
mental (and numerical) data for flat plate cases. Here the
specifications of the wavy wall at (h/D=3) are discussed.

[0099] To identity the dominant the frequency and wave-
length of the acoustic waves, the acoustic waves along the
two main radiation angles of }=136°, and 152° measured
from upstream of the jet axis are investigated. These radia-
tion paths along with the horizontal line denoting the shield-
ing plate are illustrated 1n FIG. 17(a) on the acoustic
pressure field. The acoustic pressure wave signal along the
main radiation angles of Pp=136°, and 152°, show that the
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waves have wavelengths of approximately around 4.5D-5D.
This 1s consistent with the peak frequency observed previ-
ously 1n acoustic spectra (FIG. 16 (a)).

[0100] The spectra shows the peak frequency occurring at
St=0.12~0.13, and since Strouhal number 1s defined as
St=tD /U , tor a wavelength defined as A=c/f. One can easily
calculate the corresponding wavelength as:

1 (9)
=P
[0101] Here, M 1s the 1sentropic jet exhaust Mach number.

For the given peak frequencies, the wavelength would have
a value of around 4.5 D-5 D. This calculation 1s consistent
with the wavelengths observed in FIGS. 17 (&) and (c¢).
Additionally, looking at the straight line at h=3D, where the
shielding plate would possibly be located, similar wave-
length 1s observed to pass this line, as illustrated 1n FIG. 17
(d). Moreover, The R.M.S of pressure tluctuations shown 1n
FIG. 17 (e) suggests that the region of impact 1s somewhere
around x/D=5.

[0102] The numerical results for the three wavy wall
embodiments, 1.e., wavy embodiment 1 (h/D=3, A=5D,
A=0.5D); wavy embodiment 2 (b/D=3, A=5D, A=0.05D);
wavy embodiment 3 (h/D=3, A=2.5D, A=0.05D), depicted in
FIGS. 18(a)-(c) are compared with the flat plate 200 case. As
indicated 1n FIGS. 19(a)-(d), the instantaneous pressure
fluctuations, near field SPL, and the turbulent kinetic energy
are 1nvestigated. FIGS. 19(a)-(d) illustrate instantaneous
pressure fluctuations. FIGS. 19(a)-(d) 1illustrate that,
embodiments 2 and 3 which have smaller amplitudes than
embodiment 1, appear to somewhat control the reflections.
While embodiment 1, amplifies the reflected waves.
[0103] Near field SPL 1s shown in FIGS. 20(a)-(d). The
amplified reflected waves 1n embodiment 1 increase the near
field SPL significantly. Also, these reflections impose per-
turbation 1n the jet flow 36 and amplily the noise source.
However, embodiments 2 and 3 reduce the reflected waves.
Embodiment 2 shows to be the most effective 1n reducing the
noise, especially i the dominant radiation direction (down-
stream travelling waves).

[0104] The TKE contours shown in FIGS. 21(a)-(d),
clearly show the eflect of the reflected wave on the noise
source. The amplified reflected waves in embodiment 1
increase the fluctuations i the maximum TKE region.
Comparing embodiments 2 and 3 with the flat plate, embodi-
ment 2 1mposes more ellective control on the turbulent

structure when compared with the flat plat case, which

explains the reduced SPL levels observed in FIGS. 20(a)-
().

[0105] The foregoing description generally illustrates and
describes various embodiments of the present invention. It
will, however, be understood by those skilled 1n the art that
vartous changes and modifications can be made to the
above-discussed construction of the present invention with-
out departing from the spirit and scope of the invention as
disclosed herein, and that 1t 1s intended that all matter
contained 1n the above description or shown 1n the accom-
panying drawings shall be interpreted as being illustrative,
and not to be taken in a limiting sense. Furthermore, the
scope of the present disclosure shall be construed to cover
various modifications, combinations, additions, alterations,
etc., above and to the above-described embodiments, which




US 2021/0371119 Al

shall be considered to be within the scope of the present
invention. Accordingly, various features and characteristics
of the present invention as discussed herein may be selec-
tively interchanged and applied to other illustrated and
non-illustrated embodiments of the invention, and numerous
variations, modifications, and additions further can be made
thereto without departing from the spirit and scope of the
present ivention as set forth 1n the appended claims.
What 1s claimed 1s:
1. An aircraft, comprising;
a luselage;
a plurality of wings connected to the fuselage;
at least one engine configured to generate a propulsion
force to propel the aircraft, the at least one engine
including a nozzle assembly having a nozzle body with
an outlet that releases an exhaust air or a jet flow; and

at least one noise suppression assembly connected to the
fuselage, the at least one noise suppression assembly
positioned adjacent to and behind the at least one
engine and configured to interact with the exhaust air or
jet flow from the at least one engine to substantially
mitigate noise generated by the aircratt.

2. The aircraft of claam 1, wherein the at least one noise
suppression assembly comprises at least one non-linear
surface or wall that 1s configured to modily a noise-gener-
ating structure of the exhaust air or jet flow from the at least
one engine.

3. The aircraft of claim 2, wherein the at least one noise
suppression assembly introduces disturbances in flow and
acoustic field to facilitate enhanced noise reduction.

4. The aircraft of claim 2, wherein the at least one
non-linear surface includes a plurality of protrusions and a
plurality of recessed portions adjacent respective protru-
S101S.

5. The aircrait of claim 4, wherein the plurality of
protrusions and corresponding recessed portions combine to
define a generally sinusoidal profile or shape.

6. The aircrait of claim 1, wherein that at least one engine
1s mounted to a top or upper portion of the fuselage.

7. The aircrait of claim 1, wherein the noise suppression
assembly 1s integrated into the fuselage.
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8. The aircrait of claim 1, wherein the noise suppression
assembly 1s configured to connect to the fuselage via one or

more of welding and fasteners.
9. The aircraft of claim 1, wherein the at least one noise

suppression assembly 1s connected to one of the plurality of
wings.

10. The aircraft of claim 1, wherein a ratio of:

(a) a distance of the nozzle assembly to the noise sup-

pression assembly and

(b) a hydraulic diameter of a nozzle exit of the nozzle

assembly
1s a value between about 1 to about 3.

11. The noise suppression assembly of claim 1, wherein
the noise suppression assembly 1s integrated into a nozzle
assembly of the aircrait engine.

12. A method for suppressing noise generated by an
aircrait engine, the method comprising;

forming a noise suppression assembly, the noise suppres-

s1on assembly including a non-linear profile top surtace
for noise suppression;

connecting the noise suppression assembly to an aircrait’s

fuselage; and

during aircraft engine operation, suppressing, via the

noise suppression assembly, noise generated via the
aircralt engine.

13. The method of claim 12, wherein connecting the noise
suppression assembly to the aircrait’s fuselage includes
integrating the noise suppression assembly with the aircraft
during aircraft manufacture.

14. The method of claim 12, wherein the noise suppres-
sion assembly 1s connected nearby the aircrait engine.

15. The method of claam 14, wherein the aircraft engine
includes a nozzle assembly, the noise suppression assembly
connected nearby the nozzle assembly of the aircrait engine.

16. The method of claim 15, wherein the noise suppres-
s10n assembly 1s connected to the aircrait such that the noise
suppression assembly 1s positioned at a ratio of about 1 to
about 3, the ratio including a distance from the nozzle
assembly to the noise suppression assembly 1n relation to the
nozzle diameter.
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