Aerospace 2015, 2, 17-90; doi:10.3390/aerospace2010017

aerospace

ISSN 2226-4310
www.mdpi.com/journal/aerospace

Review

On Physical Aeroacoustics with Some Implications for
Low-Noise Aircraft Design and Airport Operations

Luis M. B. C. Campos

CCTAE (Center for Aeronautical and Space Science and Technology), Instituto de Engenharia
Mecanica (IDMEC), IST (Instituto Superior Técnico), Universidade de Lisboa, Av. Rovisco Pais,
1049-001 Lisboa, Portugal; E-Mail: luis.campos@tecnico.ulisboa.pt;

Tel.: +351-21-841-7197; Fax: +351-21-841-7539

Academic Editor: Konstantinos Kontis

Received: 23 October 2014 / Accepted: 20 January 2015 / Published: 4 February 2015

Abstract: Air traffic is growing at a steady rate of 3% to 5% per year in most regions of
the world, implying a doubling every 15-25 years. This requires major advances in aircraft
noise reduction at airports, just not to increase the noise exposure due to the larger number
of aircraft movements. In fact it can be expected, as a consequence of increased opposition
to noise by near airport residents, that the overall noise exposure will have to be reduced,
by bans, curfews, fines, and other means and limitations, unless significantly quieter
aircraft operations are achieved. The ultimate solution is aircraft operations inaudible
outside the airport perimeter, or noise levels below road traffic and other existing local
noise sources. These substantial noise reductions cannot come at the expense of a
degradation of cruise efficiency, that would affect not just economics and travel time, but
would increase fuel consumption and emission of pollutants on a global scale. The paper
reviews the: (i) current knowledge of the aircraft noise sources; (ii) the sound
propagation in the atmosphere and ground effects that determine the noise annoyance of
near-airport residents; (iii) the noise mitigation measures that can be applied to current and
future aircraft; (iv) the prospects of evolutionary and novel aircraft designs towards
quieter aircraft in the near term and eventually to operations inaudible outside the
airport perimeter. The 20 figures and 1 diagram with their legends provide a visual
summary of the review.
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1. Introduction

The present paper attempts to make a concise but comprehensive review of the problem of aircraft
noise near airports, organizing the contents in four chapters. Chapter 2 concerns the physics of sound
generation and propagation, that is the noise sources associated with propulsion and aerodynamics that
are responsible for aircraft noise. The Chapter 3 addresses the modification of the spectrum and
directivity of aircraft noise due to atmospheric and ground effects, that is the difference between
emitted aircraft noise and the noise received by the near-airport resident, and its effects as an
annoyance to living, working and sleeping habits of near-airport resident. The Chapter 4 lists a number
of noise reduction measures that can be applied to aircraft, taking into account the associated
penalties in weight, fuel consumption and complexity and how much can be expected in return as an
achievable noise reduction. The Chapter 5 considers evolutionary and novel aircraft configurations
needed to achieve substantial noise reductions towards the objective of an aircraft inaudible outside
the airport perimeter. The conclusion summarizes the gap between this ultimate aim and the current
state-of-the-art.

The focus of the paper is aeroacoustics as branch of physical sciences (Sections 2 and 3) addressed
by: (i) considering well established theories that underlie current knowledge and common practice;
(i1) in addition highlighting scientific developments that are perhaps less well known and whose
dissemination and application could lead to further progress. The references include: (i) recent work
that indicates the state-of-art and currently prevailing methods; (ii) their scientific background and
related problems sometimes dating back to the early days of physical sciences. The combination (a) of
well and less known theories and also (b) of recent work and its earlier background, is intended to give
a broad view of the scientific basis of aeroacoustics, that is related to the current issues of low-noice
airport operations (Section 3) and aircraft design (Section 4). The latter two issues involve other
aspects beyond aeroacoustics, that are mentioned more briefly in passing, since the main aim is to link
aeroacoustics as a physical science with the engineering and operational aspects of low-noise
aircraft design.

2. Noise Generation and Propagation

The noise generation mechanisms in an aircraft are related to propulsion, aerodynamics and their
interactions. Jet engine noise has been reduced dramatically since the dawn of the jet age due the
increased by-pass ratio of turbofan engines, leading to a win-win situation because the lower average
jet velocity has twin benefits: (i) increasing propulsion efficiency and reducing specific fuel
consumption; (ii) reducing noise by shielding the hot high-speed core jet by a surrounding colder and
slower fan flow. The success in reducing jet engine noise has lead to the current situation where on
approach to land with the engine at idle aerodynamic noise can be dominant. At take-off and other
flight conditions engine noise is most important, and the prospects for further reductions by increasing
the by-pass ratio of turbofan engines are reaching their limits somewhere between 10:1 and 20:1.
Larger by-pass ratios are achieved by unshrouded propulsors, which do without the weight of an
engine nacelle, but also lose the benefits of: (i) noise shielding by inlet and exhaust ducts; (ii) sound
absorption by acoustic liners on duct walls. The modern counter-rotating ultra-high by-pass-ratio
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unducted engine adds to the propeller noise that of the interaction of two rotors, one in the wake of the
other. This variety of noise generation mechanisms is considered starting with open rotor noise
(Section 2.1), proceeding to the noise of ducted engines (Section 2.2) and concluding with installation
and flight effects (Section 2.3) in addition to aerodynamic noise.

2.1. Open Rotor Noise

The open rotor noise is chosen as the starting point for convenience of presentation, since in this
case the noise sources are in free space (Section 2.1) unaffected by the duct acoustics of turbojet or
turbofan engines (Section 2.2). In both cases installation and flight effects have to be considered
(Section 2.3). From the point-of-view of propulsive efficiency the propeller is the best choice, as long
as blade tip speeds do not approach sonic conditions leading to shock waves and a sharp increase in
drag. The sonic effects are of no concern for slower regional aircraft and can be minimized for modern
high-speed rotors with advanced blades using supercritical airfoil sections. The airplane propellers
provide thrust in horizontal flight, as helicopter rotors provide lift in vertical flight, and there is a
combination of thrust and lift for a helicopter in forward flight. There is one important difference
regarding noise: the aircraft propeller (Section 2.1.1) leaves a vortical or turbulent wake behind,
whereas for as helicopter rotor (Section 2.1.2) the wake of one blade can impinge on the next or
following blades, creating a characteristic flapping noise. This blade-vortex interaction (BVI)
noise applies not only to helicopter rotors (Section 2.1.2) but also to contra-rotating propellers
(Section 2.1.3) since the wake of the upstream blades impinges on the downstream blades.

2.1.1. Airplane Propeller Noise

The sources of propeller noise are well modeled by the first theory of aerodynamic sound due to
Lighthill Proudman [1-6] and extended to solid boundaries [7] and surfaces in arbitrary motion [8,9].
The acoustic or classical wave equation, that applies to linear, non-dissipative sound waves in a
homogeneous medium at rest [10—16] is:

azp,—cz O p =a—Q+E+LZT’j ; 1
orr  “axox, o ox,  oxax, (1

where co is the sound speed and p' is the mass density perturbation of the sound wave, shows that there
are three sources of sound. The volume changes Q act as a monopole [17] corresponding to the
“thickness” noise of a propeller, due to the fact that it displaces a volume of fluid. The forces Fi act as
a dipole, corresponding to the “loading noise” of a propeller, due to the pressure p distribution on the
blades Fi = —pNi where Ni is the unit normal. The stresses act as a quadrupole, namely the
Lighthill tensor:

Tij:pvi Vj+(p,_c§p’)§y‘+o-ij > (2)
consisting of: (i) the Reynolds stresses modeling noise generation by turbulence; (ii) the
non-homentropic terms of the equation of state p = p(p,s) where s is the entropy, leading to “entropy
noise” (Section 2.2.3); (ii1) the viscous stresses oij act as weak heat sources and also as a wave
dissipation mechanism.
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2.1.2. Helicopter Rotor Noise

The first theory of aerodynamic noise applies equally [18—23] well to the to thickness (monopole),
loading (dipole) and turbulence (quadrupole) noise of aircraft propellers [24-40] (Section 2.1.1),
helicopter rotors [41-55] (Section 2.1.2) and turbomachinery [56—61] requiring that the aerodynamic
problem be solved first to specify the sources. The blade—vortex interaction noise (BVI) involves
sound radiation by noise sources convected in a non-uniform flow, that does not match so well the
assumptions of the first theory of aerodynamic sound of an unbounded medium at rest or in uniform
motion with static or moving sources. In the case of BVI the vortices, as the fluid blobs of entropy
noise (Section 2.2.3) are convected by a non-uniform flow past obstacles (rotor blades) that act as a
reflector modifying the sound field (Figure 1). In this case further insight can be gained from the
second theory of aerodynamic sound [9,62—68] concerning sound generation in a non-uniform
potential mean flow for which the classical wave Equation (1) is replaced by [6,9,66—68]:

’ ’ ’ 2 ’
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where p,,c,,V, are the mass density, sound speed and velocity of the mean flow that may be
non-uniform (and unsteady) and p’ is the acoustic pressure perturbation. For a homogeneous medium
at rest the (.h.s. of (3) reduces to the classical wave equation on the Z.hs. of (1). For a homogeneous
medium in uniform motion (p,, ¢,, V,) are all constant, and the Zhs. of (3) is the convected wave
operator. For a non-uniform and/or unsteady mean potential flow the high-speed wave operator [66—68]
on the Zhs. of (3) has several other terms [9,68] and can be extended to non-linear sound [69-71].
The sound sources on the r.h.s. of (3) are relevant both to the blade-vortex interaction (BVI) of
helicopters (Section 2.1.2) and to the noise of contra-rotating unducted propellers (Section 2.1.3).

2.1.3. Noise of Contra-Rotating Propulsors

The noise sources on the r.h.s. of (3) corresponding to the second theory of aerodynamic sound
consist of: (i) a monopole term J associated with compressibility in a high-speed flow [9,68]; (ii) the force
dipole G is the dominant noise source for low Mach number mean flow, and consists of two terms,
namely the vortical force (considered next) and the inhomogeneity force (Section 2.2.3). The vortical
force [72] corresponds to the Lamb [73] vector, and is equivalent [62] to the quadrupole of Reynolds
stresses. The vortical force [72—75] is exerted by a flow on the component of vorticity (Equation (4a))
crossing streamlines (Equation (4b)):

—

o=V AV, Gy=p@ V. (4a,b)

The simplest example is an airfoil with Equation (5a) circulation I' in a uniform stream
Equation (5b) with velocity U , when the vortical force Equation (4b) reduces to the lift Equation (5¢)
in agreement with the Kutta—Joukowski theorem [76—89]:

#=Té, U=Ué, G,=pTUéné =-pUTE, . (5a—c)
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Figure 1. Vortex and entropy noise pulses. The second theory of aerodynamic sound
explains sound emission by: (i) vorticity that is “vortex” sound; (ii) fluid inhomogeneities
or patches of unburned gas, that is “entropy noise”. The vortex is subject to a vortical force
unless the vorticity is alligned with streamlines, for example when it is convected past a
body. The fluid inhomogeneity is subject to a compression force in a pressure gradient
because its density is distinct from the surrounding flow. Both forces act as dipoles
radiating a sound pulse when convected past a body that causes a non-uniform flow.
Besides the direct wave radiated by the vortex (VD) or blob (BD) to the observer, there is a
wave (respectively VR and BR) reflected by the body. The reflected wave is also a dipole,
due to the pressure distribution of the incident wave on the body, and thus is comparable in
magnitude to the direct wave. The second theory of aerodynamic sound accounts for both
the direct wave and that reflected by the scattering body that causes the non-uniform flow
when placed in a stream. In the case illustrated [68] the fluid inhomogeneity is convected
past a cylinder (a) and the sound pulse has a different shape depending on the observer
position in the far-field; the sound pulse is symmetric when received in the in the sideline
position (b) and unsymmetric when received in the downstream (¢) direction. In the case of
a helicopter rotor there is periodic train of pulses due to each rotor blade interacting with
the wake of the preceding, leading to blade-vortex interaction noise (Figure 9).

21



Aerospace 2015, 2 22

Sound in a flow is propagates Equation (6a) at the group velocity [90,91] that is Eugation (6a)
the sum of the flow velocity v, with the sound speed co in the direction from the source y to the

observer x:

Yo\X—Y) } [% +U %] (Gv : Vv) (6a,b)

The vortical force (Equation (4b)) performs a work per unit time or activity 4= év .w on the group

velocity (Equation (6a)); the variation of the activity along the trajectory of the vortex specifies [68]
the acoustic pressure of the emitted sound wave (Equation (6b)) that is modified by a Doppler factor
(in curly brackets) due to the moving fluid. The interpretation is as follows: (i) far from obstacles like
the rotor blade the vortex moves uniformly and silently along the streamlines of the flow; (ii) as it
approaches to and recedes from the blade the vortex force does a varying work and a sound pulse is
emitted (Figure 1). Thus BVI noise consists of sound pulses emitted when the vortex wake of:
(1) a helicopter rotor blade impinges on the next or following blades; (ii) a downstream propeller
impinges on the wave of the upstream propeller of a counterrotating propulsor. The counterrotation
needed to achieve torque balance between the two rotors causes a larger relative velocity and
aggravates BVI noise; this effect can be reduced in the case of a downstream rotor with smaller
diameter than the upstream rotor, so that it avoids the blade tip vortices of the latter.

2.2. Ducted Engine Noise

The modeling of the noise of propellers and rotors applies equally well to turbomachinery, since the
fan, compressor and turbine consists of the one or more stages of blades. The main component of noise
in all cases is discrete noise at Equation (7a) the blade pass frequency (BPF) and its harmonics
(Equation (7b)):

a)]:NQ, wn:nCUIZHNQ (7a,b)

the blade pass frequency (7a) is the product of the angular velocity of rotation Q by the number N of
blades. A fan, compressor or turbine stage has a much larger number of blades N = 20-35 than a
typical propeller or rotor N = 2—6, and a higher rotation speed as well, leading to a much higher
fundamental blade pass frequency, typically o1 = 10°>-10* Hz versus o1 = 10>-10°> Hz. The harmonics
have usually smaller amplitudes, and in the case of turbomachinery the frequency may exceed the
audible range 20 Hz-20 kHz or become cut-off for evanescent modes rather than cut-on for
propagating modes. In the case of counter-rotating propellers with (N1,N2) blades rotating at the same
angular velocity €, the interaction leads to sum and difference frequencies of the harmonics (n1,12) of
each propeller:

w, :(nlNlinZ Nz)Q (7¢)

mny

and thus the discrete spectrum can be much denser. The mode cut-off can result from the interaction of
sound with vorticity, that can have other far-reaching consequences in the noise of a ducted engine.

An aircraft propeller operates in a uniform stream unless there are atmospheric disturbances.
A helicopter rotor operates in an atmosphere at rest in hover and in a uniform stream in forward flight,
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but may be “locked into” its own wake in certain dangerous descent conditions. The simplest case of
acoustic propagation in a duct is quasi-one-dimensional longitudinal waves with wavelength larger
than the cross-section excluding transversal modes; this leads to an extension of the acoustic of
horns [92-166] that is ducts with non-uniform cross-section without mean flow, to nozzles [167—185]
that have an accelerated mean flow in converging sections and a decelerated convection of sound in
diverging sections. The quasi-one-dimensional approximation assumes uniform flow and acoustic
properties in each cross-section with variations only in the axial direction. For higher frequencies
transverse acoustic modes must be considered in horns as well as non-uniform flow over the
cross-section of a nozzle. A turbofan engine in a nacelle is never in a uniform flow: (i) there is a shear
flow in the air inlet leading to acoustic-shear waves (Section 2.2.1); (ii) downstream of the turbine the
flow is swirling leading to acoustic-swirl waves (Section 2.2.2); (iii) the heat exchanges in the
combustion process lead to acoustic-vortical-entropy waves (Section 2.2.3).

2.2.1. Fan and Inlet Noise

There are three types of waves (Diagram 1) in a fluid in the absence of external forces [13,78]:
(1) sound waves that are longitudinal compressions and rarefactions; (ii) vortical waves, like shear and
swirl, that are transverse incompressible motions; (iii) entropy waves that involve heat exchanges.
Purely vortical waves are incompressible, and cause no temperature change. Sound waves cause
adiabatic temperature changes. Purely acoustic waves exist only in a potential flow (no vorticity) in
homentropic conditions (no heat exchange or dissipation). The uniform flow of a homogeneous fluid:
(1) supports sound waves specified by the convected wave equation; (ii) is homentropic, that is the
entropy is constant so there are no entropy modes; (iii) the Kelvin circulation theorem implies that the
“vortical mode” is convected at the velocity of the mean flow. This split extends to a homentropic
potential mean flow, even non-uniform and unsteady and of high Mach number. Sound becomes
acoustic-vortical waves in the presence of vorticity; it becomes acoustic-entropy waves in the presence
of heat exchanges, and the presence of both leads to acoustic-vortical-entropy waves. The simplest
instance is the inlet duct of a jet engine. The mean flow velocity must vanish at the walls, leading
to a shear velocity profile. The simplest case of acoustic-shear waves in a unidirectional shear
flow [74,75] with velocity (Equation (8a)) in the x-direction parallel to a wall, varying in the
y-direction perpendicular to the wall (Figure 2):

- D 9 d
v,=e_  Uly), —=—+Uly)— ,
v =¢é, U(y) ey (») - (8a,b)
and leads to the material derivative (Equation (8b)).
The acoustic shear wave equation in a unidirectional shear flow is [71,186—190]:

D 1 sz, 2 7 1 ’ dU az p’
—| = -V p'——Vp,Vp’ |+— =S
dt| c¢; dt? P o Po-¥P dy oxdy ®)

where S are the sound sources. The term in square brackets is the high-speed wave equation on the
r.h.s. of Equation (3) with constant sound speed co, that reduces to the classical wave Equation (1) in a
medium at rest. In the presence of vorticity dU/dy # 0, the convected wave equation in square brackets
in Equation (9) no longer holds; the solutions [191-204] of the acoustic-vortical wave equation
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demonstrate differences from purely acoustic waves. The material derivative Equation (8b) applied to
a wave (Equation (10a)) with frequency ® and longitudinal wavenumber k leads Equation (10b) to the
Doppler shifted frequency (Equation (10c)):

P (x,y,t)~A(y)ei(kx—at); % - —-i., o.=0-kU(y) (10a—c)
In the case of sound the Doppler shifted frequency vanishes @+ = 0 at the sonic condition
¢ = o/k = U, that is the same for all ratios of frequency to wave number because sound waves are
non-dispersive; this implies that a sound wave propagating upstream in a flow of increasing velocity
stops at the sonic condition, because it can propagate no further, and is thus either absorbed or
reflected or both. An acoustic-vortical wave has a critical layers where the Doppler shifted frequency
vanishes ®+(yc) = 0 at locations in the flow U(ya) = w/k depending on the frequency, that is not in a
constant ratio to the wavenumber. Thus an acoustic-vortical wave can be attenuated, amplified,
reflected or converted to another wave mode at a critical layer, over a range of frequencies forming a
continuous spectrum. A continuous spectrum also exists for acoustic-vortical waves in the swirling
flow downstream of a turbine (Section 2.2.2).

waves in fluids

(in the absence of external restoring forces)

/ Combined v\

Acoustic-vortical \ / Vortical-entropy

Acoustic-vortical-entropy waves

Acoustic \ I / Entropy
Acoustic-entropy

Diagram 1. Acoustic, vortical and entropy waves. There are three types of waves in a fluid
in the absence of external restoring forces: (i) sound waves, that are longitudinal, hence
compressive; (ii) vortical waves, that are transversal, hence incompressible; (iii) entropy
modes, associated with heat exchanges. Thus purely acoustic waves exist only in a
potential homontropic mean flow (high-speed wave equation) that includes as particular
cases a homogeneous fluid at rest (classical wave equation) or in uniform motion
(convected wave equation). In the shear flow of an engine inlet there are acoustic-shear
waves, in the swirling flow downstream of a turbine there are acoustic-swirl waves, and
both are particular cases of acoustic-vortical waves coupling compressibility to vorticity.
Other double interactions are acoustic-entropy waves and vortical-entropy waves in the
presence of heat release, for example by combustion. Acoustic-vortical waves can be
unstable, and also the three-way coupling of acoustic-vortical-entropy waves; the latter
relate to combustion in compressible flows with vorticity, and thus to combustion stability.
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Figure 2. Shear-acoustic waves in a fan inlet duct. The mean flow in a duct, like an
engine inlet, is sheared (a) because the velocity must zero at the wall. Thus the waves are
acoustic-shear waves, that is acoustic-vortical coupling is particularly important in the
boundary layers. There is a critical layer where the Doppler shifted frequency vanishes, that
is where the horizontal phase speed equals the mean flow velocity. At the critical layer the
waves exchange energy with the flow, and may be absorbed, amplified, reflected or
transformed into another mode. In the case of a symmetric sheared mean flow in a duct [203]
the waves are predominantly acoustic near the axis (no shear) and transform across the
critical layers to predominantly vortical near the walls (maximum shear). Since the
location of the critical layers depends on the phase speed (or frequency) of the wave this
leads to a continuous spectrum specified by the wave equation in the duct in addition to the
discrete spectrum due to the wall boundary conditions. The discrete spectrum consists of
3 sets of modes one set for each region separated by the critical layers, that is: (i) two sets
between the walls and the nearest critical layers; (i1) a third set between the critical layers.
For symmetric boundary conditions the acoustic field can be split in even and odd modes
relative to the axis.
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2.2.2. Turbine Exhaust Noise

Downstream of a turbine the mean flow is swirling, leading to acoustic-swirl waves [205-215].
Both the acoustic-shear waves in a fan inlet duct, and the acoustic-swirl waves in a turbine exaust duct
are acoustic-vortical waves [216-228] with vorticity due to shear or swirl or both. An axisymmetric
mean flow (Figure 3) with Equation (11a) an axial shear flow with velocity U(r) and an azimuthal
swirling flow with angular velocity Q(r):

2 "V 5, (11a,b)

leads to the material derivative (11b) that appears in the wave equation for acoustic-vortical waves
with shear and swirl [207,210,214,215]. For a wave Equation (10a) with Equation (12a) azimuthal
wavenumber m:

P (rp.z.t)~ A(r) e (122)
the material derivative Equation (11b) corresponds Equation (12b) to the Doppler shifted frequency
Equation (12c¢):

D .
oo . (r)=0-kU(r)—mQ(r) (12b,c)

The Doppler shifted frequency (12c) depends on radial position except in the case of uniform axial
flow U = const and rigid body swirl Q = const. Apart from this exceptional case acoustic-vortical
waves have a critical layer and a continuous spectrum associated with either shear flow or non-rigid
body rotation or both [216-228].

r

k<0
um “\_~ exp(ikz)

U "};0 exp(ikz) exp(im @)

Figure 3. Swirl-acoustic waves in a turbine exhaust duct. In the Figure 2 was illustrated a
plane duct and in the Figure 3 is shown an annular duct. In the Figure 2 was considered the
shear flow wupstream of the fan since swirl due to suction is small.
The Figure 3 concerns the flow downstram of the turbine [215] that is both sheared
(acoustic-shear waves) and swirling (acoustic-swirl waves). The acoustic-vortical waves
with axial wavenumber k allow downstream k > 0 or upstream k& < 0 propagation and
clockwise m < 0 or counterclockwise m > 0 azimuthal modes. There is a critical layer in all
cases except a uniform axial flow with rigid body swirl. Thus either a sheared axial
velocity or a non-uniform angular velocity lead the existence of: (i) a continuous spectrum;
(i1) more than one set of discrete modes separated by the critical layer(s). The acoustic-vortical
waves also interact with wall acoustic liners (Figures 11 and 12).
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Thus a fundamental difference is: (i) sound waves in a duct have a discrete spectrum, that is the
normal transverse modes of a duct due to boundary conditions; (ii) acoustic-vortical waves have in
addition a continuous spectrum [212-215] due to the energy exchange of sound with mean flow
vorticity. The use of acoustic liners provides a means to absorb sound in a duct; the presence of shear
or swirling flow leads to acoustic-vortical waves that affect the sound interaction with the liner:
(1) there is sound absorption by the liner; (i1) the shear flow near the wall may further attenuate sound,
(iii) the swirling flow has largest azimuthal velocity near the wall so that the vortical effect is
strongest; (iv) in addition an acoustic liner may have a bias flow out of the liner [229] that also affects
sound absorption. The presence of acoustic-vortical waves can lead to mode conversion across the
critical layer, for example for acoustic-vortical waves in a swirling flow: (i) near the axis the azimuthal
velocity is small and waves are nearly acoustic; (ii) far from the axis with large azimuthal velocity the

waves become predominantly vortical; (iii) the conversion between acoustic and vortical types occurs
near the critical layer where the Doppler shifted frequency @, =w—m€Q vanishes @, =0 for a

frequency w=m € that is a multiple of the angular velocity and dependent on the azimuthal mode.
Thus the propagation of waves in a lined fan inlet duct involves the interaction of a wall liner,
with bias and shear flows and acoustic-shear waves [229].

The presence of a cross-flow with constant velocity # in addition to the unidirectional shear flow
(Equation (8a)) leads to a total mean flow velocity (Equation (13a)).

D . d
- -l w.+tW— (13a,b)

I7;):éyl/V-l—éx(](y)’ E dt

corresponding to the material derivative (Equation (13b)) involving the Doppler shifted frequency
(Equation (10c)). In this case the wave Equation (9) is generalized [229] to:

D(1Dp , du|_ o°p w o [Dpj
—|=——=-Vp|l+—|2 -——|—=1]=0
dt [cg dt pJ dy[ oxdy ¢, ox\ dt (14)

assuming constant mean flow density po = constant.

In the case of a lined exhaust duct downstream of a turbine there are also swirl-acoustic waves.
The combination of non-uniform shear and swirl in an axisymmetric mean flow (Equation (11a))
lead to another form of the wave equation [210,214] for acoustic-vortical waves of combined
shear-swirl-acoustic type. The wave equation must in all cases be solved together with appropriate
boundary conditions. In the case of shear-swirl-acoustic waves the boundary condition at a cylindrical
impedance wall is:

@_(er_i_ZmQ_iXpoj

dr o wor oZ (15)
where Z is the impedance and:
2
X=w'+Q° Qr _rdp -2 Q(2Q+r@j (16)
< p, ar dr

In the absence of swirl (Equation (17a)) the boundary condition for the wave pressure perturbation
(Equation (15)) simplified to Equation (17b).



Aerospace 2015, 2 28

dp ip
Q=0: —=-Yw-kU(r
P [ ()] (17a,b)
for a rigid wall (Equation (18a)) the pressure has zero normal gradient at the wall (Equation (18b)):
dp
Z =0 —=0
ar (18a,b)

The heat exchanges in the combustor and exhaust gas lead to entropy waves, that may couple
(Diagram 1) to acoustic and vortical waves.

2.2.3. Combustion Stability and Noise

The presence of a continuous spectrum in fan noise or turbine noise does not mean that it is
necessarily entirely due to turbulence: the continuous spectrum of acoustic-vortical waves can make a
contribution. Combustion noise has a continuous spectral component because it is not due to purely
acoustic waves: the chemical reactions in the multi-phase flow associated with combustion lead to heat
exchanges and hence acoustic-entropy waves. In addition to achieve a good fuel-air mixing and lean
combustion for low fuel consumption, the burning takes place in a vortical flow, leading to
acoustic-entropy-vortical waves. Vorticity can lead to flow instability [230-233] such as the
Kelvin—Helmhotz [75—-89] instability of a vortex sheet. Thus acoustic-vortical waves can also lead to
instabilities in a compressible flow. It is thus not surprising that acoustic-entropy-vortical waves can
also lead to combustion instability. The Rayleigh criterion for combustion stability relates to the
acoustic energy flux and states that stable combustion occurs if the pressure and velocity perturbations
are out-of-phase, and instability corresponds to the opposite case. Since a satisfactory theory of
acoustic-entropy waves let alone acoustic-vortical-entropy waves, does not exist, the determination of
phase relations between pressure and velocity is difficult, and combustion stability remains an
important but still not fully understood phenomenon that affects: (i) jet engines with flame-outs followed
by shock waves and compressor stall; (i1) rocket engines with possibly even more serious consequences.

A consequence of the incomplete combustion process is the presence in the exhaust jet of patches of
unburned gas or fluid blobs associated with “entropy noise” [9,73—78]. It is important to distinguish:
(i) acoustic-entropy waves and acoustic-vortical-entropy waves associated with propagation in a
compressible vortical mean flow with heat exchanges; (ii) “entropy noise” due to inhomogeneities that
radiate sound when they are convected in a potential homentropic flow. The noise from fluid
inhomogeneities appears: (i) the first theory of aerodynamic sound as the second-term in the Lighthill
tensor (Equation (2)), that is the non-adiabatic (Equation (19¢)) part (Equation (19b)) of the equation
of state Equation (19a):

' ' 1 ap
p=plp.s): p-p'=ps, p=or (14a—)
0
(11) this sound source is multiplied by the identity matrix dj, implying that it is not a quadrupole
but rather a dipole that appears in the second theory of aerodynamic sound (Equation (3)) adding
Equation (20a) to the vortical force (Equation (4a,b)) the force on inhomogeneities (Equation (20b)):

G=G, + G,», G,- = (1_:00 /pl)Vpo 5 (20a,b)
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that equals [9,78] the difference in mass density between the blob pi1 and the surrounding fluid po
multiplied by the pressure gradient in the mean flow pressure. Thus a fluid blob is convected silently
by a uniform flow, like a vortex. When in a pressure gradient, say in the flow converging towards a
throat and expanding after, the fluid blob emits a sound pulse, analogous to blade-vortex interaction
noise (BVI).

The Reynolds stresses, that is the first term on the r.h.s. of Equation (2) appear in the first theory of
aerodynamic sound (Equation (1)) as a quadrupole term on the r.h.s. of Equation (21):

’ (/)0""")::00i V'ﬂ'ﬂ"% . (21)
oxox;, =’ ox, | " ox; ox
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In the case of an incompressible mean flow (Equation (22a)) the r.h.s. of Equation (21) simplifies to
Equation (22b):

axj a 2 a 8\14
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The r.h.s. of Equation (22b) is the divergence of the vortical force (Equation (4b)), thus proving [62] that
the Reynolds stress term in the Lighthill quadrupole is equivalent to the dipole vortical force:
82]:7 _ aGw'
0x,0x; Coox,

(23)

Thus the “entropy” and “vortex” noise are both dipole sound sources whose sound radiation depends
on: (1) flow convection or flight effects; (ii) the influence of nearby bodies or the installation effects of
wings, fuselage and tailplanes (Section 2.3).

2.3. Installation and Flight Effects

The sound generation by open (Section 2.1) and ducted (Section 2.2) propulsors has been discussed
using: (i) the first theory of aerodynamic sound [1-9], known as the Lighthill-Proudman theory,
leading to the Ffowls—Williams—Hawkins (FWH) equation, that is most appropriate for moving bodies
in a uniform stream, e.g., aircraft propeller, helicopter rotor and fan/compressor/turbine noise;
(i1) the second theorem of aerodynamic noise [9,72-78] that is less widely known, and is most
appropriate for sound sources convected in a flow, such as “entropy noise” in jets, vortex or BVI noise
of helicopters, and also installation effects (Section 2.3.1) and aerodynamic noise (Section 2.3.2) that
relate to jet noise and scattering (Section 2.3.3).

2.3.1. Reflection, Shielding and Diffraction

The noise of a jet engine measured on a test stand does not coincide with: (i) the noise of the engine
mounted on the aircraft even when static on the ground, due to “installation effects”; (ii) the latter (i)
does not coincide with the noise of the aircraft in flight, even with the same thrust setting, due to the
“flight effects” of the flow around the aircraft. Starting with “installation effects” a sound source near
an obstacle creates a pressure distribution that radiates sound like a dipole, leading to three cases:
(1) if the sound source is a monopole, like “thickness noise” it dominates the far-field, and installation
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effects do not matter; (ii) if the source is a dipole like loading noise, BVI or entropy noise, the indirect
sound wave reflected by the obstacle has an amplitude comparable to the direct sound wave from the
source, and the dipole “installation effect” is important for the noise received by an observer; (iii) if the
noise source is a quadrupole, such as turbulence, the wave reflected by the obstacle is the dominant
dipole “installation effect” for a far-field observer. Thus installation effects associated with sound
reflection by the wings, fuselage, blades, rotors, empennage must be considered for dipole noise
sources like BVI, entropy noise and loading noise; the second theory of aecrodynamic sound [9,67,68]
includes the “installation effect” when the bodies acting as sound reflectors are the same that cause a
non-uniform flow when immersed in a free stream by means [9,66—68] of a change of variable, namely:
(1) the velocity of the potential hometropic mean flow past an obstacle is given by Equation (24a).

o(x)=0. | +o(G)|=0. ¥, (24a,b)

where U _ is the free stream velocity at infinity and &()?) is the unit perturbation potential due to the
obstacle; (ii) the dipole effect of the obstacles that cause the non-uniform mean flow acting as
reflectors is accounted for replacing the position X of the observer by the modified position
(Equation (24b)) adding the unit perturbation potential (Equation (25a)):

— .

X=x+¢(%), Y=y+4() (25a,b)

and likewise for the source (Equation (25b)).
The solution of the classical wave equation with sound sources in a homogeneous medium at best:

2
Vip—c; %7” =8(%,1), (26)
is given [10—-16] by the Khirchhof integral:
- 1 R _
p(x,t)=EfD|x—y| S(y.r)d’y | 27)

where the integratioin is over the source y region D, and 7 is the retarded time:

el
Co

T (28)

In the case of a non-uniform low Mach number homentropic steady potential mean low with
velocity (Equation (29a)) the classical wave Equation (26) is replaced by the convected wave
Equation (29b).

U(x)=Vd(3): V? —cig[%+ﬁ(x).%} p=S(%,1). (29a,b)

The solution is the generalized Khirchhof integral [9,67]:

o b S(7,7) 3
Pl B e T G0)

using modified position coordinates (Equation (25a,b)) also in the retarded time (Equation (31a)):
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where Equation (31b) is the modified group velocity (Equation (6a)). The retarded time (Equation (28))
is the time of emission T, that differs from the time of reception ¢ by the time taken to cover the
distance |)? — )7| from position of the source y to the position of the observer x at the sound speed co;

in the presence of a mean flow with potential (Equation (24a)) and velocity (Equation (29a)) the
retarded time (Equation (31a)) involves as mean flow effects: (i) the modified position (Equation (25a,b));
(ii) the group velocity (Equation (6a)) in terms (Equation (31b)) of modified positions (Equation (25a,b)).
Concerning quadrupole noise sources like turbulence they can be neglected in the far-field unless there is a
dipole source, that can be the installation effect.

The aircraft structures, like wings or fuselage can act (Figure 4) as: (i) reflectors adding a reflected
to the direct wave; (ii) as a shield between the source and observer, so that source waves have to travel
around the obstacle. The shielding of noise involves edge diffraction [234-250] that is re-radiation of
sound from the edges of the obstacle. Shielding is substantially affected by the size of the obstacle
relative to the wavelength: a small obstacle on a wavelength scale cannot have the shielding effect of a
large obstacle. Stated in reverse for a given size of obstacle noise shielding is most effective for
high-frequency waves with short wavelengths than for low-frequency modes with large wavelength.
Shielding and reflection can coexist, for example noise from an engine in aft fuselage nacelle can be
shielded by the wing and reflected by the fuselage for the same observer position. Both reflection and
shielding are interference effects involving more than one wave, and thus very sensitive to the position
of observer and source relative to obstacles and to the scale of the latter compared with the
wavelength. Thus installation effects can lead to noise reduction by destructive interference of waves
out-of-phase, or to noise increase by constructive interference for waves in phase. Unplanned
installation effects will often lead noise increase at some locations; noise reduction by shielding
requires a careful analysis of the relative location of all noise sources and shielding structures with
regard to the most noise sensitive directions, such as fly-over and sideline locations.

2.3.2. Aerodynamic Noise Sources

The aerodynamic noise sources that are arguably simpler to reduce relate to cavity noise of
undercarriage wells. The vortex shedding from the leading-edge of the cavity can interact with cavity
tone in a phase locking mechanism that amplifies noise [251,252]. A simple solution is to close the
doors of the landing gear housings after landing gear extension to minimize cavity noise. Most other
aerodynamic noise sources are harder to counter since they arise from the vortex waves of the
undercarriage, wings, flaps, slats and control surfaces. The fairing of the undercarriage can reduce
the wake vorticity and hence the noise. The vortex noise (Equation (4a,b)) is related to the lift
(Equation (5a—c)) and thus is more difficult to reduce for a wing that must in all cases support aircraft
weight. The use of high-lift devices like flaps and slats that increase lift also increases wake vortices
and their sound radiation. The single, double and triple slotted flats that raise further the lift coefficient
can cause additional vortex wakes arising from the trailing-edges of the airfoil elements. For a given
lift, determined by aircraft weight, a smooth and wide vortex wake across the span is preferable to
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stronger vorticity concentrated over a small fraction of the span. Thus direct lift control, smooth airfoil
curvature changes across the span produce less noise for the same lift than large deflections of inboard
triple slotted flaps. The vortex noise does extend beyond the trailing-edge of the wing, flap or other
protuberances in the flow; also vorticity decays slowly and thus strong concentrated wakes can
generate noise over a considerable distance behind the aircraft, making noise shielding more difficult.
The shielding surfaces can also become noise sources unless they are smoothly rounded to avoid flow
separation and transition to turbulence. The noise of a jet engine is radiated not only out of the nozzle but
also downstream in the exhaust jet that contains turbulence and in homogeneities that are the sources of
“vortex” (Section 2.1.3.) and “entropy” (Section 2.2.3.) noise. In the case of jet noise the sound from
the vortices and in homogeneities in the jet is received outside after transmission across the shear layer
(Section 2.3.3.)
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Figure 4. Acoustic installation effects: reflection and shielding. The acoustic installation
effects for a given sound source S may include: (a) reflection by a nearby surface leading
to indirect waves; (b) shielding by obstacles leading to diffracted waves around the edges.
The shielding and reflecting surfaces for aircraft noise can be the wings, fuselage,
tailplane, fin and any protruding surfaces. Shielding and reflection can coexist (¢) for
distinct or curved surfaces, and leads to multiple waves that can interfere constructively or
destructivelty. Thus installation effects can increase or decrease noise depending on the
source S position relative to the observer O and shielding and reflecting obstacles.
Shielding and reflection are important for wavelengths smaller than the obstacle size, and
to achieve noise reduction requires careful positioning of sources and obstacles relative to
the observer O direction.
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2.3.3. Jet Noise and Scattering

Jet noise is the most complex of sound sources since it combines several of the preceding effects.
The noise sources inside a jet include: (i) the vorticity (Equation (4a,b)) shed from the turbine blades
and shear and swirl in the mean flow; (ii) the “entropy noise” (Equation (20b)) due to fluid blobs or
patches of unburned gas. Both are noise sources convected by the flow, and their sound emission
depends not only on the source strength but also Equation (6a,b) on the convection by the non-uniform
mean flow. In addition since these are dipole sources, the waves reflected by nearby obstacles are also
a comparable dipole effect that must be taken into account. The second theory of aerodynamic noise
has the advantadge that the estimate of sound radiation to the far-field Equation (6a,b) includes the
wave reflection by the obstacles that cause the non-uniform flow, and thus these installation effects
are included.

The sound sources are convected inside a jet separated from the ambient medium by a shear layer
issuing from the nozzle zip (Figure 5). The edge diffraction changes the directivity of sound radiated
out the nozzle [234-250] including the effect of the vortex sheet [253,254]. In reality the shear layer
includes [255,256]: (i) an irregular interface across which velocity, density and sound speed change
between the hot jet and the cold atmosphere, implying wave reflection and transmission; (ii) the shear
layer entrains turbulence, that is itself a source of noise, and causes refraction of sound waves travelling
from the jet to the exterior. In addition both effects are random, that is the shape of the irregular interface
and the velocity field of turbulence lead to spectral and directional broadening, that is the scattering and
refraction by the turbulent and irregular shear layer distributes the acoustic energy over a wider range of
directions and a broader frequency spectrum thus providing significant attenuation [6,257].

The comparison of theory [256-259] with experimental data [260,261] shows (Figure 6) that jet
noise is dominated by spectral and directional broadening: (i) a monopole inside a jet emits isotropic
monochromatic radiation; (ii) an observer outside receives a spectrum consisting of an attenuated spike
at the source frequency, with the remaining acoustic energy scattered into a broadband; (iii) the spike
is more attenuated and the broadband wider in directions away from the vertical; (iv) the broadband is
nearly symmetrical about the tone for transmission normal to the shear layer; (v) the broadband
becomes unsymmetrical for oblique propagation, extending more towards high-frequencies downstream
and to lower frequencies upstream.

There are important differences between a vortex sheet and a turbulent and irregular shear layer:
(1) the vortex sheet causes no spectral broadening, only directivity changes; (ii) it does not radiate to
the zone(s) of salience:

1 1
0<9<0_Earccos[ Mj or 7r>9>9+=arccos(1_Mj (32a,b)
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corresponding to evanescent waves or imaginary vertical wavenumber:

1/2

K:ﬁ‘(l—MCOSQ)z—COSZQ‘ (33)
%



Aerospace 2015, 2

A>>Db a? << L2 =A% << b? N

2 _ 42 2 12
Infrasound a®=A%<<L%b Ultrasound
Audible range

L

Y aV

:
(

Dyo[Jg (6, ¢)
aM
@9 D.;| Dy [J, (@, 0 ol
-2 2
D D.
®, <I>)| 2 2|(9, ﬂi) ;i/b (0] 0]
®, ®, O 0, O, /I, [O J, /l, Dy J(
aMA/L aMA/L
Source tone Spike + side bands Continuos, smooth, convex
and symmetric series of Spike: attenuated source tone broad band with maximum
convection harmonics Sidebands: an interference effect at source frequency

Figure 5. Sound transmission across a turbulent and irregular shear layer. Noise shielding in
jet shear layers [258,259] involves: (i) the noise sources in the jet (Figure 1) that may be
vorticity and inhomogeneities associated respectively with “vortex” and “entropy” noise;
(i1) the noise is received by an observer outside after transmission across the shear layer;
(iii) the shear layer is a randomly irregular interface across which change the flow
quantities like velocity, sound speed and mass density; (iv) the shear layer entrains a region
of turbulence that also refracts sound. A moving interface with fixed shape would transmit
(a) tones with a Doppler shift for low-frequency waves. High frequency waves (b) would
lead to a broadband due to random Doppler shifts (Figure 8). At intermediate frequencies
(c) there are both source tones and spectral broadening (Figure 8) due to turbulence
(Figure 7) and the irregularity of the shear layer. Even for a monochromatic monopole, that
is a source with a single frequency and uniform radiation pattern (Figure 5), the observer
outside the jet (d) receives: (i) an attenuated tone with some of the acoustic energy going to
broadband; (ii) the rescattering of sound from the source by all shear layer elements leads
to a different spectrum for each direction; (iii) the total energy in each spectrum for each
direction leads to the directivity. Thus the spectra and directivity of sound received outside
the jet, after transmission across the turbulent and irregular shear layer, may be different
from the spectra and directivity of the source. Also sound may be radiated into the “zone of
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silence” of a vortex sheet (Figure 6) because the condition of total reflection applies only
locally. The physical process of spectral and directional broadening is illustrated in the
Figures 7 and 8. In the Figure 5: (i) the location of the source is S and of the observer is O;
(ii) the source moves with velocity U and Mach vector M, in a jet of velocity ¥ and
Mach vector M ; (iii) the observer is at rest in the ambient medium with sound speed c,
and mass density po generally different from the jet (c;p); (iv) the change in physical

properties occurs across a randomly irregular moving interface with velocity ¥ a fraction
a = 0.6 of the jet velocity; (v) the shear layer entrains a region of turbulence with r.m.s.
velocity BV a fraction B = 0.15 of the jet velocity; (vi) the transverse wavevector g is
conserved and the vertical wavenumber changes from y in the jet to I' in the ambient
medium; (vii) the sound source has a frequency wo, and the Doppler shifts due to its
motion, the jet, the refraction in turbulence and the scattering at all points of the shear layer
that re-radiate the spectrum o received by the observer.
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Figure 6. Spectra and directivity including a zone of silence. Noise received from a point
monochromatic vertical dipole inside a jet by an observer outside after transmission across
the irregular and turbulent shear layer. For a jet Mach number M = 2 a vortex sheet would
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have a zone of silence in the forward arc 0 < 6 < 0- = arc cos(1/3) = 70.5°. The tone or
spike at the frequency of the monochromatic source is visible only in the spectra outside
the zone of silence 6 > 70.5°; the directivity for a vortex sheet (solid line at the bottom)
shows that no acoustic energy goes to the zone of silence. The effect of the irregular and
turbulent shear layer are: (i) the spike is attenuated and the energy transferred to a
broadband; (ii) due to the Doppler effect the broadband extends further to frequencies
higher that the source in the forward arc and to lower frequencies in the rear arc; (iii) there
is broadband radiation into what would be the zone of silence of a vortex sheet as shown
by the directivity (squares at the bottom). If the shear layer were made more irregular and
turbulent the spikes would be attenuated into the broadband (top) and the directivity
(circles at the bottom) shows even greater noise reduction. This demonstrates the effect of
spectral and directional broadening of sound due to transmission across a turbulent and
irregular shear layer [255,256].

A turbulent and irregular shear layer can radiate to the zone(s) of silence of a vortex sheet, and thus
causes both directional and spectral broadening. The Figure 6 at the bottom compares the directivity of
sound for: (i) a vortex sheet (solid line) with a zone of silence 0 < 6 < 70.5°; (ii) a turbulent and
irregular shear layers (square) that radiates to the zone of silence; (iii) a thicker and more irregular
shear layer (circles) would further reduce noise by absorbing the spikes. Similar spectral and
directional broadening processes apply to the atmospheric and ground effects that modify sound
propagation from an aircraft in flight to the near airport resident on the ground (Section 3).

3. Airport Noise Environment

The noise emitted by an aircraft in flight differs from that received on the ground at an airport due
to atmospheric effects and the possible influence of ground composition and nearby buildings
(Section 3.1).The noise annoyance caused to the near airport resident depends on the objective
physical outdoor-to-indoor sound transmission and also on psycho-acoustic effects related to the
situation at the time, be it sleep, work or leisure (Section 3.2). The mitigation of the noise annoyance to
near airport residents is an objective of the planning of flight operations within the limits of flight
safety and certification standards (Section 3.3).

3.1. Atmospheric and Ground Effects

The aircraft noise recorded in flight by microphones mounted on a nearby aircraft does not coincide
with that which reaches a similar set of microphones on the ground at an airport for two reasons. First
atmospheric wind (Section 3.1.1) and turbulence (Section 3.1.2) modify the directivity and spectrum of
sound as it propagates from the sources in the flying aircraft to the observer on the ground. Second the
nature of the ground and the position relative to buildings do affect noise reception at the microphone
(Section 3.1.3). There is a vast literature on atmospheric and ground effects on noise [262-277],
of which several aspects are highlighted next.
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3.1.1. Stratification and Wind Effects

The speed of propagation of sound in the atmosphere is the group velocity (Equation (6a)) that
depends on: (i) the sound speed that is a function mainly of temperature but also of humidity and other
factors; (ii) the wind speed which may vary in magnitude and direction with altitude. The effects of
stratification, that is variation of atmospheric properties with height, include possible temperature
inversion, low level jets, efc. Generally sound is refracted away from denser media and towards
regions with lower sound speed. For example if the wind velocity increases with altitude, as is
normally the case, upwind propagation will deflect sound rays upward and downwind propagation will
deflect them towards the ground. Thus a near aircraft resident may be more or less affected by the
noise of the same aircraft operation depending on wind direction and other atmospheric and ground
effects. The simplest model of propagation in the atmosphere is sound rays, that applies if the
wavelength is short compared with the lengthscales of variation of atmospheric properties. For longer
wavelengths or lower frequencies there exist improved approximations, like the parabolic equation
(PE) and fast field transform (FFT), as an intermediate to an exact solution of the complete wave
equation with all terms included.

3.1.2. Spectral Broadening by Turbulence

The effects of atmospheric wind, stratification and sound absorption are deterministic, in the sense
that they can be precisely determined if sufficiently accurate meteorological data is available.
In contrast, turbulence involves random velocity perturbations [278-283], and thus its effects on sound
must be treated statistically as for waves in random media [278-288]; instead of using acoustic
variables like the pressure perturbation that is random, the acoustic power must be used, that can be
related to the statistical properties of turbulence [289-293], like the correlation of the turbulent
velocity in space and time. This specifies the change in acoustic power in each direction and at each
frequency, that is the spectral directivity, as sound propagates through the turbulent atmosphere.
The noise from an aircraft in flight has a Doppler effect as for any moving sound source, increasing the
frequency (higher pitch) as it approaches the observer and decreasing it to a lower pitch after it has
flown by. The Doppler effect [91,294] is the simplest flight effect, and is complicated when the speed
of the sound source or the propagation speed of sound waves is non-uniform: atmospheric stratification
and wind lead to a varying Doppler frequency shifts.

Turbulence with the random velocity fluctuations leads to random changes in the frequency of
sound [258-261,278-283,295] and its direction of propagation, that are correlated through the
turbulence statistics. Thus a coherent sound beam consisting of parallel sound days with the same
frequency that enters a region of turbulence emerges from it as (Figure 7) an incoherent double of
sound rays propagating in different directions and with the acoustic energy spread over a range of
frequencies around the initial value. Thus the propagation of sound across turbulence leads to spectral
and directional broadening [295,296] that is as the distance increases the noise spectrum becomes
broader and lower (Figure 8) and the acoustic energy is spread over a wider range of directions.
A similar phenomena applies (Figure 9) to the spectral broadening of helicopter rotor noise
(Section 2.1.2). The spectral and directional broadening of sound is a dominant feature of jet noise
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(Section 2.3.3) due to the transmission across the turbulent and irregular shear layer the separates the
jet from the ambient atmosphere. The effects of atmospheric attenuation or absorption of sound by
dissipative processes like viscosity and thermal conduction may not be too important for the relatively
short distances of propagation involved in airport noise. Atmospheric absorption is certainly important
for the long-range effects of a sonic boom, and ground absorption is a major aspect of ground effects
for airport noise (Section 3.1.3).

Source 3

Coherent beam

Flat wave front

Turbulent region

Distorted wave front Recei\1/er incoherent beam

Figure 7. Wave propagation in a random medium like turbulence. The spectral and
directional broadening of sound applies to waves in random media, including in the case of
the shear layer (Figures 5 and 6) scattering by the randomly irregular convected interface
and refraction by the entrained turbulence. The process is illustrated (Figure 7) in the latter
case [296] of turbulence: (i) consider a coherent beam of parallel sound waves with the
same frequency and a plane wavefront; (ii) since the velocity field of turbulence is random
there are random Doppler shifts and also random convection of sound; (iii) thus the
coherent beam emerges after crossing the turbulent region as an incoherent bundle of
waves with different frequencies and a distorted wavefront; (iv) the acoustic variables like
the pressure are correlated in space and time by the correlation of the turbulent velocity, or
turbulence spectrum; (v) this specifies the acoustic power as a function of frequency and
direction, that is the spectral directivity (Figure 6); (vi) the frequency spectrum and the
directivity or range of directions of propagation will become broader the greater the
distance of propagation and the stronger the turbulence intensity (Figure 8).
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Figure 8. Spectral broadening by turbulence increasing with distance of propagation.
An initial acoustic frequency spectrum with a Gaussian shape as it propagates farther in a
turbulent region retains its Gaussian shape and total energy, but the latter is spread over a
wider range of directions, so that the noise peak is reduced [296]. After a sufficiently long
distance the initial spectral shape is smeared into uniform white noise. In the case of a
discrete frequency or tone (Figures 5 and 6) the noise peak is attenuated and the acoustic
energy transferred to a broadband. In the case of a turbulent and irregular shear layer the
peak is more attenuated and the broadband is wider away from the normal and into grazing
directions because sound propagates a larger distance in the shear layer. The process of
spectral broadening applies to discrete and continuous spectra, such a helicopter rotor noise
(Figure 9).

3.1.3. Absorption and Interference due to Ground and Buildings

The noise recorded from the same aircraft over flight may differ between several microphones at
nearby locations but with different positions relative to the ground and surrounding rough terrain or
buildings and man-made obstructions: (i) a microphone flush on the ground should receive only the
direct wave but may be affected by sound absorption by surrounding ground and vegetation;
(i1) a microphone some distance above a flat ground will receive both a direct wave form the aircraft
sound source and an indirect wave reflected from the ground leading to an interference pattern with
peaks and cancellations; (iii) the interference pattern becomes mope complex for a microphone near
the corner of a building (Figure 10) since it involves four waves: the direct wave from the aircraft
source, the single reflection from the horizontal ground and vertical wall, plus the double reflection
from both; (iv) in the case of rough terrain with irregular shapes, multiple buildings and/or a
combination of both the multipath propagation and reflection effects lead to more complex
interferences that depend on the observer location relative to the obstacles. The perceived noise
depends not only on the shape and location of surrounding terrain and obstacles, but also on the sound
reflection and absorption characteristics of each surface, that can vary widely between concrete, hard
dry soil, snow covered ground or thick vegetation. The aircraft noise sources and the atmospheric and
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ground effects specify the noise at housing near airports: it remains to assess how it affects the
residents (Section 3.2).
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Figure 9. Discrete and broadband helicopter rotor noise. The rotor noise due to blade-vortex
interaction (BVI) consists of sound pulses (Figure 1) emitted by a vortex when it is
convected past a blade. The rotating blades hit the wake of the preceding blades leading to
a periodic train of pulses. The resulting noise spectrum consists [54] mainly of the
fundamental blade passing frequency (BPF) and its harmonics, and is discrete apart from
background noise. The BVI noise pulses propagate through the non-uniform and turbulent
flow around the rotor leading to spectral broadening (Figure 9) that: (i) broadens the
discrete tones; (ii) attenuates more the higher frequencies; (iii) increases the continuous
spectrum above the background noise; (iv) eventually absorbs the highest frequency tones
into the enhanced background continuous spectrum. This process of spectral and
directional broadening also applies to aircraft noise propagating through atmospheric
turbulence to the ground.
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Figure 10. Multipath effects of sound reflections in a corner. The noise received by an
observer on the ground is subject to reflections and interferences. For example an observer
in a corner (Figure 10) will receive 4 waves: (i) a direct wave from the noise source in the
aircraft; (ii) one wave reflected from the ground; (iii) another wave reflected from the wall;
(iv) fourth wave reflected both from the ground and from the wall. These four waves arrive
at the observer at different times, because they propagate different distances, and they
interfere causing a more complex spectrum than that of the source. These multipath and
interference effects are affected by: (i) buildings and man-made obstacles: (ii) undulating
or rough ground; (iii) the sound reflection and absorbing characteristics of each surface:
concrete, soil, snow, vegetation. The noise perceived by the near airport resident at home
also depends on outdoor-to-indoor transmission through or closed windows, vibrations,
etc. Therefore there are 5 stages to the noise annoyance: (i) the original noise source in the
aircraft; (i1) the installation effects of reflection and shielding by the aircraft structure;
(ii1) the spectral and directional broadening due to propagation in the atmosphere; (iv) the
multi-path, reflection and interference effect of flat or rough ground and buildings and
obstructions: (v) the outdoor-to-indoor transmission through the windows. This “objective”
noise measure may have different “subjective” influence on the airport resident that may
be at sleep, working or entertaining.

3.2. Noise Annoyance to the Near Airport Resident

Unless the near airport resident is outside the house in the garden or elsewhere the noise annoyance
will depend on outdoor-to-indoor sound transmission (Section 3.2.1). The same indoor noise exposure
may be more or less annoying during sleep, when doing intellectual work demanding mental
concentration or when occupied with household tasks like cleaning and refurbishing that are noisy by
themselves (Section 3.2.2). At last but not least: is the noise annoyance determined solely by noise
level in whatever dB scale it used, or is there (Section 3.2.3) a subjective discrimination of less
annoying noise signatures?
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3.2.1. Outdoor-to-Indoor Noise Transmission

The noise due to aircraft sound sources, modified by atmospheric [297-310] and ground effects and
also housing and vegetation [311-321], is experienced outdoors by the occasional passer-by near an
airport and by the near airport resident outside the home. When inside the outdoor-to-indoor sound
transmission provides a simple and effective way to mitigate noise effects. Outdoor-to-indoor
transmission of aircraft noise occurs mainly through the windows, except for very low frequency
vibrations. There is a very significant difference between: (i) an open window, that allows unhindered
sound propagation, and through edge diffraction effects, creates additional virtual sound sources,
with interference patterns that may enhance noise; (ii) a closed window that reflects back most of the
sound and allows additional noise shielding by shutters, that may also cut light; (ii1) double glazing has
less effect on natural light, and provides much enhanced insulation again noise, besides temperature
changes, humidity, etc. Sound insulation of housing is an effective means to reduce the noise
annoyance, far simpler than tackling aircraft noise. However it is expensive and laborious to insulate
against noise every house in a dense residential area, whereas reducing aircraft noise addresses the
issue at the root to the benefit of all.

3.2.2. Variability of Circumstances and Individuals

The same indoor noise may have quite different effects depending on the situation or activity of the
resident: (i) in a noisy activity like house refurbishing or vacuum cleaning aircraft overflights may not
even be noticed; (ii) if aircraft noise exceeds the sound level of a normal conversation or a television
programme it cannot fail to be noticed; (iii) if noise frequently disturbs an intellectual activity
requiring a high level of concentration it is certainly disruptive; (iv) if noise prevents sleep and rest
then the annoyance is hardly tolerable. The same objective level of noise disturbance may have
different subjective effects on distinct individuals [322—336], and lead to unequal actions ranging from
the most tolerant to the most active to protect their rights. Near airport housing is often cheaper due to
the noise environment, but this does not prevent new residents from claiming compensation for a
situation they knew in advance. Also the prior existence of airports has not prevented an expansion of
building and residential areas nearby, that may have arrived later, but still claim the same rights.
In addition there may be cultural differences between nations, regions and local communities [337-345].
Such claims cannot be easily ignored, since they can be enforced by court orders. Rather than
following a pointless route of litigation is there a more clever and reasonable compromise: can noise
be made less annoying? This is not just a matter of physical acoustics but also one of psychoacoustics
(Section 3.2.3).

3.2.3. Psychoacoustics: Is There a Less Annoying Noise?

There is the means to the assess the psychoacoustic effects of aircraft noise: (i) it is possible to
recreate aircraft noise using aircraft noise recordings, adjusting for atmospheric and ground effects,
and separating the noise components associated with fan and turbine noise, jet noise, buzz-saw
(shock waves), efc.; (ii) the synthesized aircraft noise can be reproduced in a “sound machine” like a
simplified sound studio equalizer with sliders to increase or decrease each noise component; (iii) the
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underling software can maintain the same overall noise level, compensating automatically for each
increased or decreased noise component; (iv) a complete noise event of an aircraft fly-by can be
reproduced, or any sequence of different aircraft at regular or irregular time intervals; (v) listening tests
have been performed with residents of different ages, occupations and social groups living near
airports in several European countries. In order to account for the relatively large number of factors
involved and the variability of individuals these psychoacoustic tests face the laborious challenge of
gathering enough data to gain confidence in the statistical validity of the results and their
interpretation: (i) there is clear evidence that most near airport residents can distinguish between flight
noise recordings of different aircraft and are sensitive to the effects of different noise components;
(1) more statistical data gathered with more detailed aircraft noise models and more complex operating
scenarios is needed to go farther into answering the key question: for a given overall noise level, what
is the least annoying combination of noise components? The answer to that question might enable
reverse engineering in the “noise machine” to identify the feasibility of less annoying aircraft noise
signatures. Until such profound knowledge is available in the subjective field of psychoacoustics,
the airport and local authorities can at least try to limit the physically measured noise disturbance
through noise certification and operating procedures (Section 3.3).

3.3. Certification, Regulations and Limitations

The ICAO noise certification standards to provide a worldwide standard for acceptable aircraft
noise (Section 3.3.1). Like most bodies of the United Nations, ICAO has no authority over individual
countries, and indeed local rather than central governments and airport operators can set stricter noise
standards (Section 3.3.2). The airport operators may have limited room for choice between local
claims and court orders that limit airport operations and aircraft manufacturers can hardly ignore the
requirements of major airports and hubs (Section 3.3.3).

3.3.1. International Noise Certification Standards

The ICAO noise certification rules have ideally a double objective: (i) on one hand to ensure that
scientific progress in aeroacoustics and technological developments in noise reduction are applied to
the world aircraft fleets to achieve the lowest noise levels that can reasonably be imposed; (ii) on the
other hand to assure the aircraft industry, both aircraft manufacturers and engine suppliers, and airlines
and other aircraft operators, that the certified aircraft has unrestricted access to all airports around the
world (Section 3.3.2). In practice both objectives are as hard to reach as other controversial human
endeavours, as testified by limitations on aircraft operations due to noise near airports (Section 3.3.3).
Starting with noise regulations, they represent a careful compromise between: (i) harnessing the
progress in noise reduction to the benefit of environmental friendly aircraft operations worldwide;
(i1) avoiding excessive constraints that could become counterproductive by making air travel less
affordable, airline economics unsustainable, aircraft design less efficient with penalties in fuel use and
emissions. In addition to treading a careful path between the possible and the desirable, and the
opposite interests of the “status quo” and environmental lobbies, noise regulations must: (i) provide
an adequate period for consultation of all stakeholders and consideration of their suggestions;
(i1) a reasonable deadline for compliance for new aircraft designs; (iii) a longer but not too long
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deadline for compliance by existing aircraft, that may need extensive modifications or have to be
retired from service, or sold away to regions with more permissive noise practices.

3.3.2. Local Regulations, Restrictions and Limitations

The ICAO noise certification may be supplemented by national noise regulations, although that is
not usually the case. More often it is the local operating conditions at specific airports that lead to
additional noise restrictions, that may take several forms: (i) penalties or fines for exceeding noise
limits; (ii) limitations that restrict take-off weight, and thus payload, or fuel, or a combination of
payload-range; (iii) bans on operations during certain periods of the day. These limitations may affect
differently airlines carrying passengers (mostly day time) or cargo (that may prefer night-time for
example for next-day mail delivery). These restrictions can hamper airline operations and limit the
utilization of airports; they are undesirable in both cases but may be the only option left to limit noise
exposure. Some airports deliberately limit noise levels to exclude large aircraft or intense traffic. Other
airports have no choice but to introduce noise limits in order to be able to accommodate the high traffic
levels, whose increase may demand further tightening of noise rules. The noise limits at major hubs
may become a “de facto” international noise standard in addition to ICAO certification, because no
major aircraft manufacturer can ignore them, and be excluded from main airports.

The expression “airport noise” in a narrow sense is sometimes identified with noise regulations and
standards and simplified acoustic models used to predict noise contours around airports [346—357];
these models allow for the operations of different aircraft from multiple runways. The incorporation of
recent research can improve [358-365] relative to these widely used but simplified models by:
(1) distinguishing different aircraft noise sources, both tonal and broadband, such as fan, turbine, jet
and buzz-saw noise; (i) allowing for atmospheric propagation and ground reflection and absorption
effects (Section 3.1); (ii1) including the effects of noise abatement procedures (Section 4.3) such as
engine throttling; (iv) optimization of the sequences of take-offs and landings of different aircraft from
multiple runways. In the present review the expression “airport noise” is taken in the broadest sense of
all factors affecting the noise of aircraft near airports including: (i) aircraft noise sources (Section 2);
(i1) atmospheric and ground effects and psychoacoustics (Section 3); (iii) noise reduction in the aircraft
and noise abatement flight procedures (Section 4); (iv) low-noise aircraft design (Section 5). The noise
restrictions at airports have multiple impacts ranging from health [366—373], to environment [374-380]
and economics [381-383].

3.3.3. Community Action and Pressure Groups

The failure of airport authorities to satisfy or placate the demands of more active near airport
resident groups can lead to legal action and court orders like flight bans in certain time periods that
may not be the best solution or compromise between reduced noise exposure and efficient airport
services and demonstrate an extreme form of noise annoyance [384-399]. Thus the pressure for
aircraft noise reduction comes from many sides: (i) from environmental lobbies concerned about
ecological standards as a whole; (ii) from local resident groups dissatisfied with the airport noise;
(ii1) from airport operators limited in the use of their valuable facilities; (iv) from airlines constrained
in their schedules and ability to serve customer needs; (v) from aircraft manufacturers who need to
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comply with increasingly stringent noise regulations; (vi) from research that opens new options for
noise reduction whose path to market may not entirely straightforward; (vii) from governments and
forward looking institutions and companies that sponsor progress in noise reduction. The result of all
these efforts is: (i) a range of options for noise reduction of existing and future aircraft (Section 4);
(i1) the prospects of more substantial noise reduction from novel, evolutionary or radical, aircraft
configurations (Section 5).

4. Noise Reduction Measures

The simplest through not the most effective approach to noise reduction is the “piecemeal” method
of dealing with a specific problems at a time, often as an “afterthought”, trying to remedy a noise
problem with weight, complexity, cost, fuel consumption and efficiency penalties. The “piecemeal”
approach can be applied to existing and future aircraft and can be quite effective at providing local
noise reduction (Section 4.1) without affecting too much overall design (Section 5). Generic noise
reduction technologies can also be applied at design stage (Section 4.2) although some of the benefits
may be partially lost in the absence of an overall design integration. Further noise reduction without
hardware modifications may be result from noise abatement flight procedures (Section 4.3) consistent
with safety and certification standards, air traffic management and local conditions.

4.1. Retrofittable Acoustic Silencing Devices

While making no attempt to exhaust the list of noise reduction measures that can be fitted to an
existing aircraft as an afterthought, or designed for new aircraft, some examples are given starting with
the ubiquitous acoustic liner (Section 4.1.1). Another example is the evolution is nozzle design
(Section 4.1.2) from lobed to chevron nozzles. The steady decrease in engine noise has made it
necessary to address aerodynamic noise (Section 4.1.3) that may require other solutions.

4.1.1. Non Uniform Duct Acoustic Liner

Although the acoustic liner is one of the oldest and most widely used of noise reduction methods,
everywhere from factories and rooms to aircraft and other vehicles, progress is far from finished in
enhancing its noise absorption characteristics. One of the main advantages of ducted engines in
nacelles versus open rotors is not only the noise shielding by the nacelle, but also the availability inlet,
exhaust and other duct interiors to install acoustic liners, that would be even more effective for buried
engines. Although acoustic liners are extensively used [400—405] the physical mechanisms of noise
reduction (Figure 11) are only partially understood and fairly complex: (i) the cavities below the holes
can act as Helmhotz resonators absorbing sound; (ii) the bias flow out of the holes causes vortex
shedding at the edges as does the grazing flow parallel to the wall; (iii) the shed vorticity and the
vorticity in the shear flow in the duct both can contribute to further noise reduction. The noise
reduction provided by acoustic liners involves several penalties: (i) increased drag, hence loss of
thrust, increased fuel consumption and emissions; (ii) the weight, volume, cost, installation and
eventual maintenance or refurbishment of the liner. For a given weight or area of acoustic liner it is
desirable to maximize the noise reduction by using [400—416] non-uniform liners tailored (Figure 12)
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to have higher impedance in regions of peak noise levels and lower impedance in regions of low noise.
This tailoring of the non-uniform impedance of the liner to the sound field, may lead to adaptive liners,
since the noise field of an engine changes with flight condition.

4.1.2. Lobed and Chevron Nozzles

With the introduction of jet engines, namely the first generation turbojets, with a single flow stream
of hot high-speed gases the jet noise became dominant. The first remedy was the adoption of
multi-lobed nozzles that break the large turbulent eddies into smaller scales that emit less noise and
decay faster. The lobed nozzle has penalties in drag, thrust and fuel consumption that could not be
accepted as a long term solution. The turbofan with ever increasing by pass ratio provided a much
better way of reducing noise by shielding the hot high-speed core jet by surrounding it with a slower,
cooler by-pass flow, that also increases propulsion efficiency and decreases specific fuel consumption.
The ever more stringent noise standards are not fully satisfied by the increasing by-pass ratio of
turbofan engines, and the chevron nozzle achieves in a more clever way the same purpose as the lobed
nozzle: enhanced mixing of jet and ambient flow and break-up of large into smaller vortices.
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Figure 11. Acoustic liner with bias flow in a sheared boundary layer. The methods of

noise reduction include: (i) reduction of noise at the source (Figure 16); (ii) passive
attenuation or absorption (Figures 11 to 14); (iii) cancellation by active noise or vibration
control (Figures 14 and 15); (iv) noise abatement flight procedures; (v) choice of a low-noise
aircraft configuration (Figures 17 to 19). The most widespread noise reduction measure is
the acoustic liner, used to absorb sound in ducts, either in a cold stream like a fan inlet or
in a hot stream like the turbine exhaust (Figure 16). An acoustic liner (Figure 11):
(1) consists of a perforated wall with cavities below that act as resonators and sound
absorbers; (i1) the noise may be absorbed or enhanced by shear flow in the wall boundary
layer, that has a critical layer; (iii) the critical layer is eliminated by a bias flow out of the
liner; (iv) the bias flow causes vortex shedding from the edges of the holes in the wall.
Thus there are several noise reduction mechanisms [229] in a cold stream liner besides the
temperature gradients in a hot stream liner. The noise reduction benefits of acoustic liners
imply penalties in other areas (Figure 12).
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Figure 12. Optimization of a non-uniform acoustic liner. As acoustic liner carries several
penalties: (i) the weight, volume, cost, manufacturing and refurbishing of the lining;
(i) it increases drag, reduces thrust, increases fuel consumption and emissions;
(ii1) it penalizes all phases of flight, including cruise, for the sole purpose of reducing noise
at take-off and landing. Thus an acoustic liner is a palliative or compromise solution, and
should be optimized to give the best possible noise reduction with the least penalty by:
(1) using the lining at the most effective locations; (ii) optimizing the impedance
distribution (a) to absorb more sound at the peaks and less at the thoughts of the sound
wave. For the same amount of liner material the optimized non-uniform liner [416] leads to
a greater noise reduction by absorbing preferentially the noise peaks. The noise spectrum
of an engine changes with thrust and flight condition and optimal noise attenuation would
be achieved by an adaptive liner, with impedance distribution adjustable to the noise field
to be absorbed. The adaptive acoustic liner is an intermediate step between a totally
passive noise reduction (Figure 11) and active noise cancellation (Figure 14); thus it is one
of the means of semi-active sound reduction (Figures 13 and 14).

The chevron (and lobed) nozzle also makes the shear layer more irregular and turbulent increasing
(Section 2.3.3) the spectral and directional broadening of sound. Since turbulence and shear flows are
also a direct source of sound, besides a shielding against noise transmission, the chevron nozzle is a
double-edged sword: it requires carefully optimization to ensure that shielding of noise from sources
inside the jet has a greater effect than sound emission by the enhanced shear layer. A further
advance [417] is the partial chevron nozzle (Figure 13) with: (i) chevrons over only a part of the
periphery to reduce sound radiation to sensitive directions, like fly-over and sideline noise at take-off
and landing; (ii) the angular sector of the nozzle with chevrons could be rotated to reduce noise
radiation towards the aircraft cabin in cruise; (iii) the absence of chevrons in other angular sectors
would allow sound to exit the jet in “harmless” directions.
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Figure 13. Partial chevron nozzle with rotation. The partial chevron nozzle [417]: (i) has
chevrons over the angular sectors where the noise disturbance is to be reduced by spectral
and directional broadening (Figures 5 to 9); (ii) there are no chevrons in other angular
sectors, allowing sound to escape in other “harmless” directions. During take-off and
landing the angular sectors with chevrons are used to reduce fly-over and sideline noise.
In flight the partial chevron nozzle is rotated to reduce the sound transmission to the cabin.
It is also possible to use shape memory alloys for the chevrons so that: (i) they extend into
the stream in warm ambient air to reduce noise at take-off and landing; (ii) they retract in
the cold stratospheric air so that there is no drag penalty in cruise flight.

4.1.3. Aerodynamic fairings and tailoring

The reduction of aerodynamic in addition to engine noise poses new challenges, some of which are
more amenable to improvement than others. The cavity noise from open undercarriage wells can be
mostly eliminated after landing gear extension, by partially closing the landing gear doors again or
fairings over the cavity; this requires some detailed redesign of doors, legs and gaps but should not be
a major issue. The reduction of noise from the extended landing gear may require aerodynamic
fairings, to reduce vortex shedding from landing gear struts, shock absorbers, wheels, tyres and axles.
These aerodynamic fairings would have to be compatible with retraction of the landing gear and closing of
the landing gear bay doors after extension, leading to some design complexity and added weight.

The other sources of aerodynamic noise, such as the wakes of the wing, tailplane, and control and
high-lift devices, lead to vorticity trailing behind the aircraft, that emits noise over an extended region,
and thus is difficult to shield. One method of shielding would be creating a “fluid shield” (Figure 14)
that is another weak shear layer to reflect some of the sound and broaden the spectrum and directivity
of transmitted noise, like the chevron nozzle; however, as for the chevron nozzle, an additional shear
layer would be another source of drag and noise, so the “pros” and “cons” would have to be carefully
weighted. A less risky approach is to taylor the lift distribution in the wake of the wing and
control surfaces to have a smooth vorticity profile, with the same total lift, but without sharp vorticity
peaks or inversions.
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Figure 14. Noise shielding by a fluid screen. The wake of an object can act as a “fluid
shield” (a) partially reflecting sound and scattering the transmitted sound in a wider range
of directions and frequencies like a shear layer (Figure 5) or turbulence (Figure 7).
The wake could be made more irregular (¢) to enhance the scattering effect by having
undulations at the trailing edge of the object creating the wake (b) and also by using a slow
flapping motion. The “fluid screen” would create another noise source due to the vorticity
in the wake. However if it scatters a very strong acoustic signal like the noise of a
prop-fan, the attenuation could be greater than the self-noise. The fluid screen would have
to be placed so as to partially shield the noise source. The fluid shield could be created by a
wing, tailplane, fin or winglet at a suitable position relative to the noise source.

4.2. Noise Mitigation Technologies

The generic noise mitigation technologies, like passive sound absorption (Section 4.2.1) and active
noise and vibration reduction (Section 4.2.2) can be applied to aircraft, and can be complementary
since the former is more effective at higher frequencies and the latter at low frequencies.
Both techniques have limitations and penalties associated with extra weight or equipment and cost.
The noise reduction at the source (Section 4.2.3) would be the preferred alternative when feasible.

4.2.1. Passive Attenuation or Absorption

The acoustic liner (Section 4.1.1) is an example of passive noise reduction device of widespread
use. Passive noise absorption is effective mostly for high-frequencies or short wavelengths, that is
shorter than the thickness of the sound absorbing layer; likewise noise shielding (Section 2.3.1) is only
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effective by obstacles larger than wavelength, and a shear layer is more effective at reducing jet noise
(Section 2.3.3) for wavelengths smaller than its thickness. It could hardly be expected that a long wave
could be shielded by a small obstacle, significantly attenuated by a thin absorbing layer or be subject to
significant spectral and directional broadening by a small region of weak turbulence. Passive sound
attenuation carries an extra weight, volume and material penalty, and should be optimized, like the
non-uniform acoustic liner (Section 4.1.1). Since passive absorption is ineffective for low frequencies
or long wavelengths active noise reduction may be necessary (Section 4.2.2).

4.2.2. Active Noise and Vibration Control

Sound can be produced by either aerodynamic noise sources or structural vibration, and thus active
control can be effective both by suppressing vibration and noise [418—431]. The principle of active
vibration and noise control is similar: to generate an oscillation with the same amplitude and opposite
phase that exactly cancels the original disturbance. The requirements for implementation are also
similar: (i) a set of sensors, e.g., microphones to detect noise or strain gauges to measure vibration;
(i1) a control unit to process the inputs, and compute the response needed to exactly balance the
disturbance; (iii) a set of effectors to produce the cancelling signal, such as anti-noise loudspeakers or
vibration actuators; (iv) loudspeakers or actuators will need a power source, that may be the heaviest
and bulkiest item, and whose weight and size may be reduced only by operating at high electrical
voltage or high hydraulic pressure. Thus an active noise or vibration control system may be heavy,
complex and expensive. It is more effective against discrete spectra (Figure 15) like propeller noise,
than for continuous spectra, like jet noise. It works best for simple geometries like a duct for
cancellation of unidirectional waves, and may be less effective in three dimensional geometries for
which the interference of the signal and anti-signal can be a reinforcement as well as a cancellation
depending on position. The limitations of passive (Section 4.2.1) and active (Section 4.2.2) noise
reduction reinforce the desirability of the preferred solution: noise reduction at the source
(Section 4.2.3).

4.2.3. Noise Reduction at the Source

Since passive noise reduction is not effective at low frequencies or long wavelengths and active
noise reduction is limited for broadband noise, there is little alternative to noise reduction at the source
for low-frequency broadband noise. Not only in this case, but also for any frequency (high, medium or
low) and spectrum (tonal, broadband or a mixed superposition) noise reduction at the source appears as
the ideal solution, without the weight and space penalties of passive absorbers and the equipment and
power supply requirements of active control systems. However noise reduction at the source has
limits: an aircraft needs lift to balance weight and the associated vorticity is an aerodynamic noise
source. Similarly all propulsion methods have inherent noise sources (Figure 16) like the pressure
loads on blades, the convected inhomogeneities due to combustion, or the vorticity shed from the
trailing edges of airfoils of propellers, rotors or turbomachinery. Although these noise sources are
unavoidable they can be reduced by suitable operational procedures (Section 4.3) or tailored by careful
aircraft design (Section 5).
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Figure 15. Active noise reduction in a cylindrical duct. Active noise reduction uses
anti-noise sources or loudspeakers to cancel the existing noise field. Similarly active
vibration suppression uses actuators to cancel existing vibrations. In both cases cancellation
is achieved by generating a signal with the same amplitude and opposite phase. There are
two paths for noise transmission: (i) the aerial path of sound waves that can be countered
by active noise suppression; (ii) the structural path of vibrations that radiate sound can be
countered by active vibration suppression. Examples of (i) include active noise reduction
in an aircraft cabin, and of (ii) active suppression of the vibration of guide vanes in a jet
engine. Another example of (ii) is suppression of vibration modes of a helicopter rotor.
Active sound or vibration suppression involves additional equipment and power, and is
most effective for discrete signals and simple geometries. The figure shows [429] tonal
noise in a cylindrical duct without flow (aircraft cabin) or with flow (engine nacelle).
Active noise control is used to cancel (a) the fundamental mode, (b) the first harmonic as
well, (¢) second harmonic and (d) all harmonics up to the fifth. As more tones are
cancelled by active noise reduction there is a “spill-over” effect enhancing the background
noise at higher frequencies; this “spill-over” effect can be countered by passive attenuation
(Figures 11 and 12) with additional penalties.
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Figure 16. Noise sources and reduction in a turbofan engine. The diagram of a turbofan
engine emphasizes the relation between its mode of operation and the noise sources: (i) the
scarfed inlet with extended lower lip provides some shielding of fan noise in the forward
direction; (ii) the chevron nozzle with undulations along the lip enhances the outer shear
layer and reduces fan noise radiated rearwards; (iii) the acoustic liners in the fan duct and
elsewhere (e.g., exhaust duct) absorb sound; (iv) the acoustic-shear waves in the fan inlet
gain swirl in the compressor and turbine leading to acoustic-swirl waves; (v) these
acoustic-vortical waves become acoustic-vortical-entropy waves in the combustion
chamber; (vi) the active stators suppress vibrations and reduce noise radiation in the
compressor and elsewhere; (vii) the jet noise is due to turbine wake and entropy noise is
due to combustion gas patches, both convected in the hot high-speed core flow out of the
inner chevron nozzle; (viii) the inner shear layer of the core jet, the outer shear layer of the
fan flow, and the cold by-pass flow in between cause spectral and directional broadening
of jet noise. In addition to engine noise there are aerodynamic noise sources maiinly vortex
noise of turbulent wakes (besides cavity noise).

4.3. Noise Abatement Procedures

The aircraft noise disturbance can be reduced by suitable operating procedures [432—443], like
approach to land with the engine at idle (Section 4.3.1) and thrust cut-back as soon as possible after
take-off (Section 4.3.2) without compromising flight safety. The aim is to reduce the noise footprint,
that is the area on the ground subject to noise levels higher than the threshold deemed acceptable.
Depending on the local housing distribution around the airport relative to the runways, it may be
possible to reduce the noise footprint by modified flight paths (Section 4.3.3) again within safety,
certification and air traffic management (ATM) procedures.
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4.3.1. Approach with Engine at Idle

The noise on approach to land may be reduced by keeping the engine at idle, thus reducing engine
noise below aerodynamic noise, and making the latter another objective for noise reduction
(Section 2.3.2). As with any flight procedure safety is paramount and cannot be compromised by other
objectives, noise reduction or any other. Thus it must be possible to spool up the engines from idle to
full power quickly enough to cope with any emergency, be it the failure of one engine, an atmospheric
disturbance or a wake vortex [444-450] causing a large flight path deviation. An example of
particularly serious atmospheric disturbance at landing is a windshear [451-454] due to a toroidal
vortex close before the runway threshold, that leads to an abrupt change from headwind (runway
overshoot) to tailwind (landing short of the runway) aggravated by a downflow, all adding together to
a major lift loss. If the windshear is not detected in advance and avoided, once the aircraft flies into it
the best survival strategy is: (i) to go into maximum angle-of-attack to minimize descent rate in case of
ground impact; (ii) to spool-up to maximum thrust and increase speed and lift as fast as possible to
counter the excess descent rate and reach the runway threshold at normal vertical speed or fly around.

4.3.2. Thrust Cut-Back at Take-Off

To reduce aircraft noise at take-off it is desirable to reduce the full engine thrust after the take-run
to a lower cut-back thrust as soon as possible once in a stable climb, and able to counter emergencies
like an engine failure and severe atmospheric disturbances like windshears and low-level jets. While
ensuring the overriding requirement of flight satisfy, two options are available: (i) to reduce the thrust
as soon as possible, thus mitigating noise, with the implication of a slower climb and longer time close
to the ground, that may lead to a larger ground noise footprint; (ii) to keep a higher thrust longer,
to achieve a higher climb rate, so that the shorter exposure to a higher noise level may lead to a smaller
ground noise footprint. Thus optimizing the thrust cut-back point to minimize the noise footprint on
the ground is a quite legitimate noise abatement procedure with no compromise on flight safety.
The noise footprint on the ground matters not so much for its total area but rather for the fraction that
is noise sensitive due to the housing distribution around the airport. Thus an additional noise reduction
prospect is to tailor the noise footprint to avoid sensitive areas by adjusting flight paths.

4.3.3. Steep and Curved Flight Paths

The overriding importance of flight safety applies not only to the flight dynamics of the single
aircraft at take-off and landing in any weather condition but also to the air traffic rules that ensure safe
separation from other aircraft and local procedures to avoid mountains or other potential hazards. It is
only within all these limits that flight paths may be adjusted, and steep, multi-segment or curved flight
paths may not be available options. To the extent that a choice of flight path is available: (i) a steeper
climb or descent can reduce the size of the noise footprint, while respecting the dynamics of safe
flight; (i1) a “curved” flight path, or its discretized analogue of a segmented flight path, may avoid
overflying sensitive areas, while keeping safe separation from other aircraft and hazardous ground.
The extent to which flight path adjustment can lead to a reduction in overall noise exposure depends:
(1) on the location of runways relative to the housing around the airport; (ii) on limitations in the choice
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of approach path due to terrain or ATM. This optimization can be quite specific to geography of a
particular airport, and may reward the initiative of local authorities with less community noise and
more efficient use of the airport. When all noise reduction measures and noise abatement procedures
have been implemented, further noise reduction is possible only through improved low noise aircraft
design (Section 5).

5. Novel Aircraft Configurations

Starting with the conventional Cayley-style tube-and-wing aircraft configuration and using all the
available noise reduction technology is expected to lead to an overall noise reduction of about 10 dB as
an average of the three certification measuring points. Making the aircraft inaudible outside the airport
perimeter would require a noise reduction of about 30-40 dB. A noise reduction well in excess of
10 dB, even well short of 30 dB is most likely to be unachievable with a conventional aircraft
configuration. This suggests the consideration of radical new aircraft configurations, such as a flying
wing, buried engines or distributed propulsion (Section 5.1). The risks and maturation time may
relegate these to longer term prospects, prompting the consideration of improvements to the current
conventional aircraft (Section 5.2). A compromise proposal is an evolutionary low-risk design
optimized differently for ducted and unducted propulsions (Section 5.3). The following discussion
concerns only the overall aircraft configuration and its main implications [455—462].

There are dedicated research programs supported by governments in all countries and regions with
major aircraft producers: Europe, United States, Russia, Japan, China, Brazil and Canada. Within
Europe there are both national programs (France, Germany, Italy, The Netherlands, Sweden and the
United Kingdom), bilateral and multilateral programmes and collective and international activities in
the context of the European Union (EU) and others. These programs cover aircraft, helicopters, engines
and their equipment. The two largest current aeronautical research programs are in the U.S. [463] and the
EU [464]. Taking as example the EU the current acronautics research program [464] is: (i) justified on
the prediction [465] of air traffic growth of 3%—5% per year depending on the region of the world
leading to a doubling de traffic volume every 15-25 years; (ii) includes specific quantitative performance
targets for reductions in fuel consumption, noise and emissions and improvements in safety, security
and timeliness [466]; (iii) covers industrial research projects (level 1), major integration efforts (level 2)
and two joint undertakings (level 3) following [467,468] preceding work [469]. As in other countries
and regions of the world [470] these aeronautical research projects cover a broad range of subjects in
aeroacoustics research and development [471-474].

The successive EU aeronautics research programmers have steadily expanded in scope and resources
since 1990, covering [21] several hundred projects, of which several dozen on aircraft noise research [475].
These projects have covered at industrial research (level 1) a variety of subjects including:
(1) noise of conventional and advanced propellers [476,477]; (i1) tonal and broadband noise of
helicopter rotors [478,479]; (iii) active noise reduction and vibration suppression [480,481]; (iv) jet
and boundary-layer noise [482,483]; (v) acoustic fatigue [484]; (vi) aircraft design, testing and
operations [485-487]; (vii) aircraft configurations maximizing shielding of engine noise [488,489];
(viii) effects of aircraft noise on the near-airport resident [490,491]. These advances in noise reduction
have been integrated (level 2) into aircraft, aeroengine and helicopter design [492—-494], contributing to
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(level 3) the joint undertakings [467,468], supported on a succession of four aeroacoustic research
networks [495-498].

A significant portion of this vast research effort has concerned the so-called “novel” aircraft
configurations, most often variations of (i) blended-wing-body (BWB) or flying wing [499] or (ii) the
box-wing or joined wing [500]. In fact both concepts have a long history: (i) several dozen flying wing
designs have been flown since the Horten gliders in the 1930’s, though only the Northrop B-2 Spirit
stealth bomber reached production of 21 units; (ii) the box-wing was foreseen by Ludwig Prandtl as
the optimum for maximizing lift-to-drag ratio and has only recently been flown in unmanned air
vehicles (UAVs) and scale models. Among the vast research in these topics are mentioned some
activities of two research groups, one on each side of the Atlantic, on related topics including:
(1) optimization of aircraft design and performance [501-504]; (ii) control and stability of large flying
wings [505-509]; (ii1) structural and aerodynamic efficiency [510-513]; (iv) noise shielding and
design [514-520]; (v) environmental issues en-route and near airports [521-525]. The present review
on aircraft noise is intended to complement others [375], with a broad scope ranging from fundamental
aeroacoustics to low-noise aircraft design. Also in some cases lesser known results have been detailed
rather than those more widely reported, for example the acoustic boundary condition for axisymmetric
sheared and swirling mean flow over an impedance wall [210,214] was mentioned explicitly (Equation (15)),
with additional reference to the Ingard-Myers acoustic boundary condition [526,527] and its recent
developments [528,529].

5.1. Radical New Designs

Among the many alternatives for radical new designs, the flying wing is chosen since it provides
better noise shielding (Section 5.1.1) than say a joined wing. Further noise reduction may achieved
replacing the engine nacelles with buried engines (Section 5.1.2) or using a distributed propulsion
system (Section 5.1.3). The consideration of these more radical novel aircraft configurations cannot
ignore the technological challenges and maturation that may defer these concepts to longer term
prospects beyond the next generation.

5.1.1. Flying Wing with Engine Nacelles

The flying wing has some fairly obvious attractions: (i) it offers the best overall lift-to-drag ratio
and cruise efficiency, leading to the lowest fuel consumption in the absence of other limitations;
(i1) the large cabin volume provides plenty of space for passengers and cargo, including an
unprecedented amount of leisure areas. Placing the engines in underwing nacelles would add to direct
noise a large wing reflecting area. Clearly the noise reduction option would be overwing engine
nacelles (Figure 17), that provide excellent shielding of fan and turbine noise, and also some shielding
of jet noise if the nacelles are sufficiently ahead of the wing trailing-edge. This engine location, while
optimum for noise reduction, leads to other issues: (i) the engine nacelle in the accelerated flow above
the wing would have higher drag at the same cruise speed, or force a lower cruising speed to avoid
shock formation and wave drag during cruise flight; (ii) the engine would lie in the thick boundary
layer in the aft section of the wing with serious flow distortion problems at the inlet; (iii) the high
mounted engines would cause a pitch-down impling a possibly significant penalty in trim drag;



Aerospace 2015, 2 56

(iv) the pitch down would oppose rotation at take-off requiring a high-angle of attack and a tall landing
gear to avoid tail scrapes. All this could detract from the aerodynamic efficiency of the flying wing.
Before considering other issues, even more daring engine configurations like buried engines
(Section 5.1.2) or distributed propulsion (Section 5.1.3) are mentioned.

Z

-.x \_‘ ;

Figure 17. Flying wing: low-noise and efficiency compromises. The flying wing with
overwing engine nacelles between the fins looks like the ideal low-noise configuration
with shielding to the front, rear and sides; jet noise extending behind the nozzle is also
shielded if the engine nacelle is well forward of the wing trailing-edge. Other attractive
features of the configuration include (i) high cruise efficiency and (ii) large cabin volume.
There are compromises: (i) the engine nacelles are in the high-speed flow above the wing
and ingest the boundary layer; (ii) the non-circular fuselage makes pressurization less easy
and outboard passengers are affected by rolling motions. The strong pitch-down of high
mounted engines and lack of historic design and certification data add to the issues that
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may require a large-scale flying demonstrator before designing an operational airliner at
least two generations ahead. Flush or buried engines add promise, problems and may need
further large-scale proof-of-concept farther into the future.

5.1.2. Flush or Buried Engines

Changing from engines in overwing nacelles to flush engines would provide more noise shielding
by reducing edge diffraction effects since the direct waves reaching the wing leading and trailing edges
are weaker. Going further to buried engines would add to noise shielding by hiding the engine fan and
turbine from line-of-sight: the possibility of acoustic lining of the inlet and exhaust ducts, would
provide a high-level of sound absorption, so that aerodynamic noise would become the dominant noise
source in all flight conditions. The improvement in noise reduction would come at the expense of
aggravating other challenges: (i) the air intake of the flush mounted engine could lie entirely within the
wing boundary layer; (ii) the buried engine would ingest mostly boundary layer flow except if the air
intake was located at the leading edge with a long large diameter inlet duct. The large diameter of high
by-pass ratio turbofans could make buried engines problematic. A semi-buried engine with some of the
outer diameter protruding above the wing: (i) would lose some of the noise benefit of the burying,
as part of the fan would be exposed to the free stream; (ii) the resulting force imbalance with the
buried part, would imply significant flow distortion, could cause serious structural vibration problems,
all of which would add to noise. Thus the option of buried engines may imply not the pair of
large-diameter high-by-pass-ratio turbofans favoured by current airliner configurations but a rather a
distributed propulsion system with small diameter engines (Section 5.1.3).

5.1.3. Distributed Propulsion System

A distributed propulsion system could consist of several small diameter turbofans. The requirement
of low specific fuel consumption and hence high by-pass ratio with the limitation on fan diameter for
buried engines, would restrict the thrust of each engine, and require a larger number of them. Moving
towards a larger number of engines could increase cost and complexity, and goes against the current
trend to highly efficient two engine airliners even for the long-haul overwater routes. The alternative of
having fewer engines and ducting the exhaust to several nozzles could lead to high pressure losses and
cooling problems for hot high-speed jets. The experience with ducting jet engine exhausts with
V/STOL aircraft prototypes since the 1950’s was not encouraging and demonstrated significant
thrust losses.

Whatever the engine option, overwing nacelles (Section 5.1.1), buried engine (Section 5.1.2) or
distributed propulsion (Section 5.1.3) the flying wing raises other issues: (i) the pressurization of the
non-cylindrical fuselage would require either a division into joined cylindrical tubes or a more
complex support structure; (ii) the wide fuselage would place passengers near the axis far from
windows and passengers further outboard would be more sensitive to rolling motions and accelerations.
Other issues like stability, control and handling qualities could be resolved, but point towards a more
general issue: a lack of design experience, historic data and maturity in the integration of novel aircraft
configuration, that could require a large-scale flying demonstrator; even if financing could be found,
the full scale operational aircraft would be at least one more generation later, assuming that the
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demonstrator had provided enough confidence for aircraft designers and certification authorities. These
are major assumptions, and maybe significant noise reduction cannot wait two generations or more.
Something must be done to significantly reduce aircraft noise in the meantime without going too far
beyond mature and certifiable technology. This suggests considering improvements to the classical
current aircraft configuration (Section 5.2).

5.2. Evolutions of the Conventional Configuration

In order to make feasible the application in the next generation of aircraft, that must be based on
available data bases and consolidated certification experience, it is more prudent to consider evolutions
of the current conventional tube-and-wing aircraft configuration with greater noise reduction potential.
Two examples are: (i) the U-tail with engines in between to achieve better noise shielding
(Section 5.2.1); (ii) engine nacelles joining the trailing-edge of a low wing to the leading-edge of
a low tailplane (Section 5.2.2). Besides evolution of airframe configurations, that affect aerodynamic
noise and shielding of engine noise, the role of the engine as noise source implies considering the
evolution of propulsion systems ranging from the contrarrotating open propulsion (Section 2.1.3) to
the variable-cycle turbofan (Section 5.2.3).

5.2.1. Engines between a U-Tail

A twin engine aircraft with engine nacelles between a U-tail may be considered an evolution of rear
fuselage nacelle moved upwards between two fins and a tailplane to achieve better noise shielding:
(1) the shielding of fan noise is provided mainly by the wing and fuselage in the most important
forward direction, although the distance between the wing mounted low in the fuselage and the engine
high above the tail limits the angle of blockage of sound; (ii) the twin fins and tailplane shield some of
the turbine noise if the engine nacelle is mounted entirely forward of their trailing-edge. The noise
shielding effects are limited: (i) by the length of the engine nacelles exceeding the chord of the
tailplane and fins, so that they cannot shield both fan and turbine noise, but only turbine noise, leading
fan noise shielding by the fuselage and wing; (ii) even if the engine nacelle is placed sufficiently
forward to have shielding to the turbine noise by the tailplane and fins, the jet noise that extends
further downstream cannot be shielded. The engines mounted high above the fuselage, to be clear of its
boundary layer, create a significant pitch-down moment that may lead to a larger trim drag in cruise
than for the configuration with rear nacelles at the fuselage sides. These two aspects are addressed by
the next configuration with engine nacelles joining a low wing to a low tailpane (Section 5.2.2).

5.2.2. Nacelle Joining Wing to Tailplane

Another evolution of the conventional aeroplane is to keep the low wing, move the tailplane to an
equally low position at the bottom of the fuselage with winglets as fins, and use the engine nacelle to
join the wing to the tailplane, with the air intake above the trailing edge of the wing and the exhaust
nozzle above the leading edge of the tailplane. This configuration does not have the large pitch-down
moment of the engines above the U-tail and might have instead a small pitch-up moment since the
thrust axis is moved from far above to slightly below the line of the center of gravity. The air inlet over
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the leading-edge of the wing provides good shielding of fan noise but ingests the boundary layer of the
wing at its maximum thickness at the trailing edge. The exhaust nozzle over the leading edge of the
tailplane provides good shielding of turbine noise, and also of jet noise as far as the jet exhaust flows
over the tailplane. There lies a problem, namely the thermal stresses on the tailplane due to the hot jet
exhaust flowing directly over its surface. An additional problem, also serious, is that the low mounted
tailplane lies in the wake of the low-mounted wing, with a high risk of flow separation and loss of
pitch control authority that not even boundary layer control may overcome. Clearly the engine
installation is the major factor in low-noise aircraft configurations benefiting from noise shielding,
suggesting a preliminary reconsideration of propulsion alternatives (Section 5.2.3) before considering
improved low-noise aircraft designs (Section 5.3).

5.2.3. Variable-Cycle Engines

Two of the main possible turbofan evolutions are the unducted high by-pass ratio turbofan or
counterotating open rotor (Section 2.1.3) and the variable-cycle engine housed in a nacelle
(Section 5.2.3). The variable-cycle turbofan uses a third flow stream either to augment the hot core
flow or the cold fan by-pass flow. The variable-cycle engine is desirable to combine high thrust and
low drag for supersonic flight with low fuel consumption for long range in military aircraft. The
variable-cycle engine would probably be essential for a civil supersonic transport, to combine efficient
supersonic flight with acceptable noise at take-off and landing. The ability of the variable-cycle engine
to have a wider range of jet exhaust velocities could be used in a subsonic aircraft to retain current jet
exhaust velocities in cruise flight combined with low exhaust speed for low-noise at take-off and
landing. However the cost and complexity of the variable-cycle engine may not be justified solely by
reducing jet exhaust velocities and noise in low speed flight. A more likely prospect is the
contrarotating open propulsion that offers significant reduction in fuel consumption and emissions due
the very high by-pass ratio if the noise of the open rotors and BVI interactions proves to be acceptable:
it should at least meet satisfy current noise standards, and a margin to accommodate future more
stringent noise regulations is necessary as well. Therefore both ducted and unducted propulsions are
considered next as they may lead to different low-noise aircraft configurations (Section 5.3).

5.3. Low-Noise Cruise-Efficient Aircraft

At the beginning of the jet age aircraft noise was an afterthought: hence the multi-lobe nozzle used
to reduce jet noise at the expense of drag, thrust and fuel consumption. The remarkable technical
achievement of Concorde and the noise issues that it raised, contributed to the consideration of noise
earlier in the aircraft and engine design process, as is nowadays the case. The next grand step of
conceiving low-noise aircraft configurations poses greater challenges since there are many other
objectives to be met, and not all are easily compatible. A simple demonstration is to conceive an
aircraft optimized for low take-off and landing noise: it would resemble a glider, with an unwept wing
of high aspect ratio for low stall, take-off and landing speeds, hence low aerodynamic noise, and an
engine with low jet exhaust speed from relatively slow rotating turbomachinery. The implications for
cruise efficiency would be dire: low thrust, high drag, high fuel consumption, high emissions,
low speed and long duration flights. The design targets for low noise at aircraft can be at odds with
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high cruise efficiency, and the main challenge is to achieve the former without compromising the
latter. Thus high-cruise efficiency is one of the multiple requirements to be considered (Section 5.3.1)
for a low-noise aircraft configuration, that may differ for ducted engines in nacelles (Section 5.3.2) and
open rotors (Section 5.3.3) since they pose different challenges. An additional issue is combining low
noise with low emissions, that would justify a separate discussion.

5.3.1. Design Requirements and Constraints

The design requirements on a low-noise aircraft configuration are mainly not to compromise the
essential aspects of a long list of other design objectives, of which some are highlighted: (i) low-noise
at take-off and landing near airports cannot compromise cruise efficiency leading to lower speed and
shorter range, higher fuel consumption and emissions, as this would be entirely counter-productive
from both the environmental and economic points-of-view, and would spend more non-renewable
energy resources to provide a lower quality of air transportation; (ii) the increasing air traffic demand
and associated pressure for significant noise reductions should be addressed by the next generation of
aircraft if severe operating restrictions are to be avoided; (iii) radically different aircraft configurations,
even if promising or enticing, are at least one large-scale demonstrator and two generations away for
operational aircraft; (iv) a low-noise aircraft for the next generation needs to be based on available
mature technology that can gain the confidence of designers and the endorsement of certification
authorities. The challenge is not to imagine the remotely possible, but to find the best use of what we
know to improve what we have.

5.3.2. Configuration I: For a Ducted Turbofan

The proposed low-noise aircraft configuration for ducted turbofans critically depends (Figure 18)
on the position of the engine nacelle relative to the wing and tailplane: (i) the air intake is above the
trailing-edge of the low-mounted wing that provides shielding of fan noise; (i1) the exhaust nozzle is
above the leading-edge of the mid-set tailplane that provides shielding of turbine noise and some jet
noise; (iii) the mid-set tailplane is not in the wake of the wing and the engine nacelle is higher up on
the fuselage so that the hot jet exhaust does not impinge on the tailplane. This optimal positioning of
the engine nacelle relative to the wing and tailplane inevitably raises some issues that do not appear
too serious: (i) the engine nacelle is not entirely behind the pressurized fuselage section, so it must be
at least partially armoured to withstand turbine blade failure; (ii) cabin noise due to the fan may require
mitigation by anti-noise in some seat rows; (ii1) the pitch-down moment may be a little stronger due to
the higher mounting of the engines. The aerodynamic noise should be minimized by direct lift control
of the wing, and the undercarriage may need fairings. Altogether these are modest penalties for lower
airport noise with no degradation on cruise efficiency. This configuration may not apply to open
rotors, if they are not allowed to lie at the sides of a pressurized fuselage section: the risk of blade
failure and excessive cabin noise may require a different positioning (Section 5.3.3).



Aerospace 2015, 2

=" fannoise shielding “* jet noise shielding -

Figure 18. Low-noise cruise-efficient aircraft configuration I: turbofan. The lowest-noise
aircraft configuration within mature technology and historic data available for the next
generation could have: (i) a conventional fuselage with low-wing and mid-set tailplane;
(i1) a carefully positioned engine nacelle to maximize shielding of forward noise by the
wing and shielding of aft noise by the tailplane. Jet noise and aerodynamic noise need to be
minimized by careful nozzle design and wing lift distribution. The inevitable penalties
seem tractable: (i) armouring of the engine nacelle on the fuselage side against uncontained
turbine blade failure; (i1) countering the moderate pitch-down of relatively high-mounted
engines in all flight phases. Other configurations like engines between a U-shaped
empennage or an engine nacelle joining the wing to the tailplane may have more severe
issues without providing better noise shielding.

61



Aerospace 2015, 2 62

5.3.3. Configuration II: For Open Rotors

The fuel consumption advantages of the open rotor lead to multiple challenges regarding noise and
installation effects: (i) the torque cancelling counterotation enhances BVI noise; (ii) there is no nacelle
for noise shielding or use of acoustic liners; (ii1) certification authorities may require that the open
rotor be aft of the pressurized fuselage section, to safeguard the case of blade failure, leaving no choice
of location other than the aft end of the fuselage; (iv) noise shielding by the far-away wing is of limited
help; (v) trying to fit two large open rotors between a U-tail might cause serious structural problems.
With so many issues and constraints the possible choices (Figure 19) are: (i) use the tailplane at a
mid-set position, out of the wake of the low mounted wing to shield noise from the open rotors; (ii) for
this to be moderately effective the tailplane must have a large chord with the rotors above to shield
both forward and aft noise; (ii1) the moderate tailplane area may lead to a small aspect ratio, as an
inevitable compromise; (iv) the pitch-down moment of the high mounted aft open rotors and the
limited lift-to-drag ratio of the tailplane with large chord and short span imply that pitch balance
should result from both wing and tailplane lift; (v) this could be obtained by a reverse canard
configuration (Figure 20) with a swept forward wing with lift center not far ahead of the center of
gravity; (vi) the swept forward wing has advantadges regarding stall, but raises aeroelastic issues that
could be reduced by a joined wing.

propfan noise shielding

Figure 19. Low-noise cruise-efficient aircraft configuration II: open-rotor. Certification
authorities may require the open-rotor to be placed behind the pressurized section of the



Aerospace 2015, 2

fuselage requiring (Figure 19) leading a different configuration from the airliner powered
by turbofans in nacelles (Figure 18). The lack of a nacelle for noise shielding and
installation of acoustic liners complicates further the noise problem aggravated by the BVI
noise of one propeller contrarotating in the wake of another. The fuel consumption benefits
may be large enough to allow a moderate compromise to reduce noise and still come out
with a significant reduction in fuel burn. The only noise shielding option (other than fluid
screens (Figure 14) that create noise and need structure) is a tailplane with large chord and
moderate span. There is no spectral or directional broadening of sound by shear layers,
because there is no nacelle, and creating shear layers around the rotors (Figure 5) would
require unwanted structure upstream and create another noise source. The only option
seems shielding by a tailplane with large chord to cover forward and aft noise, and enough
span to shield sideline noise. A large tailplane with low aspect ratio is far from ideal for
lift-to-drag ratio or pitch trim. This could be partially compensated by a reverse canard
configuration (Figure 20) that uses pitch trim to add to the lift of the wing.

A lT
a) L
L-T=W
cg. tailplane
a.c. *T
W
b) T ? L+T=W
L
T ? cg. T
canard a.c.
W
c) Tf L+T =W
A e .
a.c. reverse
W canard

Figure 20. Pitch trim with lift augmentation in the reverse canard configuration. In a
conventional aircraft (a) with aerodynamic center (a.c.) behind the center of gravity (c.g.)
pitch trim reduces overall lift (a); this is particularly undesirable with a tailplane with low
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lift-to-drag ratio designed to shield open rotor noise. A conventional canard (b) uses pitch
trim to add to wing lift, but does too little for shielding open rotor noise, unless a third
surface is placed at the rear as a non-lifting, drag-only addition. It is possible to have pitch
trim add to wing lift in a reverse canard configuration (¢) with a.c. ahead of the c.g.
This may require a forward swept wing, which delays stall propagation from inboard to
outboard sections. The aeroelastic and weight implications of the swept-forward wing have
may be reduced by a joined wing. The reverse canard configuration (¢) provides pitch trim
which augments lift with a tailplane that shields open rotor noise. The two aircraft
configurations with turbofans in nacelles (Figure 18) or open rotors (Figure 19) rely on the
aircraft structure to shield noise. Another approach is to use a fluid screens for noise
shielding (Figure 14).

A conventional sweptback wing with center of lift behind the center of gravity can be retained with
a larger tailplane that provides more shielding and achieves pitch trim with more cruise drag and lift
loss. The forward and aft swept wings provide different noise shielding patterns with regard to fan
noise; the positioning of the wing affects not only fan noise shielding but also airplane stability. If
flight stability or aerodynamic efficiency or other considerations prevent noise shielding by the wing
or tailplane the last resort for noise shielding would be to use a “fluid screen” (Figure 14):
(1) a turbulent wake is created around the noise source such as the prop-fan; (ii) although the wake
itself is an additional noise source the attenuation of strong noise sources inside as for a shear layer
(Section 2.3.3) could be the dominant effect. The “noise shielding screen” could be made more
irregular using as generator a corrugated and flapping surface. Some of the full efficiency of the propfan
might have to be sacrificed to noise reduction measures while keeping a positive overall balance.

6. Conclusions

The present paper has addressed some of the issues relating to aircraft noise at airports across the
full “cradle to grave” spectrum of aeroacoustics research (Section 2), through environmental (Section 3)
and operational (Section 4) aspects to aircraft design (Section 5). The review of aeroacoustics research
(Section 2) has focused on some aspects not widely known but that could have considerable impact
such as: (i) the existence of two alternative theories of aerodynamic noise [1-9] and [62—-68]; (ii) the
coupling of sound with vortical and entropy modes in jet engines [186—215]. The account on sound
transmission from the aircraft noise sources to the interior of the near airport resident (Section 3) has
included: (i) the spectral and directional broadening of noise [255-261]; (ii) the psychoacoustic
distinctions between noise components. The noise mitigation measures (Section 4) mentioned include:
(1) optimization of non-uniform acoustic liners [406—416] and use of partial chevron nozzle [417];
(i1) low noise operating procedures [432,433] consistent with flight safety and air traffic management
rules [444—454]. Both can reduce noise exposure near airports [346—365] and their effects [366—383].
The proposed low-noise aircraft designs (Section 5) differ for ducted engines in nacelles (Figure 18)
and open rotors (Figure 19) to: (i) retain uncompromised cruise efficiency; (ii) rely only on mature
technology certifiable for the next generation of aircraft. The legends for the diagram and 20 figures
include additional details relative to the passing references in the text.
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