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Abstract
Aircraft Noise Prediction: from Trajectory to Synthesis
Thesis for the Degree of Doctor of Philosophy in Thermo and Fluid Dynamics
Evangelia Maria Thoma
Department of Mechanics and Maritime Sciences
Chalmers University of Technology

The issue of aircraft noise gained significant attention with the introduction of
turbojets in commercial flights during the early 1960s. This led to the establishment
of a series of standards and regulations that contributed to the development of quieter
aircraft and the reduction in community noise impact. Since then, the regulations
have continuously evolved, with ongoing efforts to mitigate aircraft noise focusing on
advancements in aircraft and engine design and on more efficient flight procedures.

An important factor in making effective design choices in these efforts is the
early noise impact assessment, ideally not only through conventional metrics but also
through perception-based evaluation. One of the objectives of this work was to de-
velop an aircraft noise prediction framework, capable of performing such assessments.
At its core, this framework consists of trajectory modelling with aircraft and engine
design and performance evaluation, source noise prediction, and propagation to a
receiver. Incorporating the calculation of noise contours provided a more accurate
representation of community noise impact across entire areas, facilitating the evalu-
ation of noise from various scenarios. Nevertheless, the implemented conventional
metrics could not fully capture the sound characteristics and perceived annoyance.
To address this limitation, auralization was used to synthesize the predicted noise
into audible sounds, providing a deeper understanding of the perceived noise. This
comprehensive framework, starting with trajectory modelling and concluding with
noise synthesis, facilitated a thorough assessment of different scenarios and their
noise impact.

The selected scenarios primarily focused on flight path management, but the pos-
sibility of noise reduction at the source during the early design stages of conventional
aircraft was also explored. Through a system-level analysis, new propulsion system
designs were established indicating improvement in noise and NOx emissions, for
a minimum penalty in fuel consumption. Additional mitigation possibilities were
explored through the operational aspect, aiming to establish quieter procedures,
particularly during approach, through procedure design and optimization. The
operational aspect was further investigated using experimental data to examine how
variations in flight parameters influence noise across different approach configurations.
In most of the aforementioned studies, interdependencies between noise, CO2, and
non-CO2 emissions were assessed, highlighting the importance of considering trade-
offs to avoid counteracting the benefits of noise mitigation with adverse effects on
air quality. Overall, it was demonstrated that significant reduction can be achieved
by designing feasible procedures within the current regulatory frameworks.

Keywords: aircraft noise, semi-empirical model, trajectory modelling, noise mit-
igation, interdependencies, model validation, noise mapping, auralization, noise
synthesis.
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Nomenclature

Roman symbols

a Atmospheric absorption
Argument of complex spherical-wave reflection coefficient (eq. 4.4)

acl Classical absorption (eq. 4.3)
aft Atmospheric absorption in dB per 1000ft (eq. 3.10)
ai ith prediction parameter or equivalent jet state property (eq. 3.18)
air Standard value for the ith prediction parameter (eq. 3.18)
amol Molecular absorption (eq. 4.3)
avib Absorption caused by vibrational relaxation processes (eq. 4.3)
a0 Empirical coefficient (eq. 3.6)
a1 Empirical coefficient (eq. 3.6)
a2 Empirical coefficient (eq. 3.6)
a3 Empirical coefficient (eq. 3.6)
Ai Amplitude of the ith tone (Chapter 5)
b Empirical coefficient (eq. 3.7) / Wing or tail span
B Number of blades in the turbine last rotor stage
c Speed of sound
C Coherence coefficient / Empirical parameter (eq. 3.4)
CD Drag coefficient
cL Speed of sound at the turbine exit
CL Lift coefficient
c/s Stator-rotor spacing
D Drag / Directivity index (eq. 3.16)
De Equivalent diameter of the coaxial or circular jet
Di Respective length scale for landing gear components
EEng Engine installation effects factor
f Fuel flow (Chapter 2) / Frequency (Chapter 3)
fb Fan blade passage frequency
fmax Frequency for maximum wing trailing-edge noise in airframe noise

prediction method
fr Relaxation frequency
f0 Fundamental blade passage frequency of the last stage of the turbine
F 1/3 octave band normalized power spectrum (eq. 3.16)

Ground wave function (eq. 4.5)
FC Combustor flow function
Fs Sampling frequency
F1 Empirical function (eq. 3.1 and eq. 3.4) /

Empirical function (eq. 3.12)
F2 Empirical function (eq. 3.1 and eq. 3.4) /

Empirical function (eq. 3.13)
F3 Empirical function (eq. 3.1 and eq. 3.5)
F4 Empirical function (eq. 3.2 and eq. 3.3)
g Gravitational acceleration
G Ground effects factor
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h Altitude / Filter signal in the time domain (Chapter 5)
hm Microphone height
H Transfer function (Chapter 5)
Haa Atmospheric absorption filter transfer function (eq. 5.9)
K Wave number (eq. 4.4)
k0 Empirical coefficient (eq. 3.9)
k1 Empirical coefficient (eq. 3.9) / Empirical coefficient (eq. 3.16)
k2 Empirical coefficient (eq. 3.9) / Empirical coefficient (eq. 3.16)
k3 Empirical coefficient (eq. 3.16)
K Empirical correction factor (eq. 3.14) /

Sub-band correction factor (eq. 4.4)
L Lift (Chapter 2) / Block length (Chapter 5)
LAmax Maximum A-weighted sound pressure level
Lc Peak characteristic sound pressure level for the fan
Lden Day - evening - night yearly averaged sound pressure level
Llateral Sound pressure level in the lateral aircraft direction
Lnight Yearly averaged sound pressure level for the night
Lp Sound pressure level
LpA A-weighted sound pressure level
Lunder Sound pressure level directly under the aircraft
L0 Peak sound pressure level for the turbine
m Aircraft mass
ṁ Mass flow rate
M Mach number / Filter length (Chapter 5)
Mtr Rotor tip relative Mach number
Mtrd Mtr at fan design point
N Number of samples or signal length (Chapter 5)
Nb Number of sub-bands
Nf Number of ignited fuel nozzles in the combustor
Nf,max Total Number of DAC Fuel Nozzle
Ns Number of landing gear main struts
Nt Number of landing gear tires
p Acoustic pressure
R Turn radius (Chapter 2) /

Distance between source and observer (Chapter 3) /
Magnitude of complex spherical-wave reflection coefficient (eq. 4.4)

Ro Observation radius for combustor noise prediction method
S Wing or tail area in airframe noise prediction method /

Suppression factor (eq. 3.26)
SdB Suppression in dB
St Strouhal number
Sw Aircraft reference area
t Time
T Thrust (Chapter 2) / Temperature (Chapter 3 and 4)
TL Turbine/Nozzle Acoustic Transmission Loss Parameter
V True airspeed
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Ve Nozzle exit equivalent flow velocity
VGS Ground speed
Vl Local airspeed
VT R Relative tip speed of the turbine last rotor
Vw Wind speed
Vz Vertical aircraft speed
W Aircraft weight
x Time domain signal (Chapter 5)
xi Equivalent jet flow properties
X Signal in the frequency domain (Chapter 5)
y Filtered signal (Chapter 5)
Y Filtered signal in the frequency domain (Chapter 5)

Greek symbols

α Angle of attack
γ Flight path angle
Γ Plane wave reflection coefficient
δ Boundary layer thickness
∆ Difference
∆i Empirical constants (eq. 3.22)
∆dB Empirical correction function (eq. 3.15)
∆SPL Normalized SPL for each component (eq. 3.23)
η Normalized frequency parameter for the jet
θ Pitch angle (Chapter 2) / Longitudinal directivity angle (Chapter 3)
θp Normalized longitudinal directivity angle
Λ Total lateral attenuation
ν Kinematic viscocity
ξ Angle between direction of aircraft and sound propagation path
ρ Density
ϕ Roll or bank angle (Chapter 2) / Lateral directivity angle (Chapter 3)
ϕi Initial phase for the ith tone (Chapter 5)
ϕw Wind direction
ψ Heading angle
ω Shaft rotational speed

Subscripts

0 Reference value
n Normalized value
p Peak value
s Static value
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Abbreviations

AEDT Aviation Environmental Design Tool
ANOPP Aircraft NOise Prediction Program
ANT Approach Noise Trials
BLI Boundary Layer Ingestion
BPF Blade Passing Frequency
BPR Bypass Ratio
CAA Computational Aeroacoustics
CDA Continuous Descent Approach
CFD Computational Fluid Dynamics
CP Cycle Parameter
CHOICE CHalmers nOIse CodE
CIDER CorrelatIon- and physics- based preDiction of noisE scenaRios
CSA Center for Sustainable Aviation
DAC Dual-Annular Combustor
DFT Discrete Fourier Transform
END Environmental Noise Directive
EPNL Effective Perceived Noise Level
FAA Federal Aviation Authority
FDR Flight Data Recorder
FFT Fast Fourier Transform
FIR Finite Impulse Response
FPR Fan Pressure Ratio
GESTPAN GEneral Stationary and Transient Propulsion ANalysis
ICAO International Civil Aviation Organization
IIR Infinite Impulse Response
INM Integrated Noise Model
LDLP Low Drag Low Power
LTO Landing and Take-Off
LG Landing Gear
OASPL Overall Sound Pressure Level
OASPLN Overall Sound Pressure Level Normalized
OAPWL Overall Sound Power Level
OPR Overall Pressure Ratio
PANAM Parametric Aircraft Noise Analysis Module
PNL Perceived Noise Level
RNP AR Required Navigation Performance Authorisation Required
RSL Relative Spectrum Level
RSS Rotor-Stator Spacing
SAC Single-Annular Combustor
SAF Sustainable Aviation Fuel
SEL Sound Exposure Level
SFC Specific Fuel Consumption
SPL Sound Pressure Level
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SPLN Sound Pressure Level Normalized
SQAT ound Quality Analysis Toolbox
TAS True AirSpeed
WEICO WEight and COst estimation
WHO World Health Organization
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Chapter 1
Introduction

1.1 Background

Sound is a vibration that travels through a medium and can be heard when it reaches
the ear of a person or an animal. It creates a means of communication between
people and may even be a form of entertainment. In some cases, a sound can also be
unpleasant or loud causing disturbances and annoyance. This form of unwanted or
unpleasant sound is defined as noise and it can originate from a number of different
sources, such as transportation, industry or leisure activities.

According to the World Health Organization (WHO), transportation noise is
recognized as the second most important cause impacting public health in six
European countries [1], [2]. This includes noise from road, rail and air traffic. Among
these, aircraft noise, although affecting fewer people, is considered to be the most
annoying [2]. Its impact is not limited to community annoyance, but includes several
other effects on the human health and well-being, such as sleep disturbance, cognitive
impairment in children and cardiovascular disease [1], [3], [4].

It is estimated that, in 2017, almost one million European citizens were highly
annoyed by aircraft noise and more than two hundred thousand were highly sleep
disturbed [5], [6], according to data reported by the Environmental Noise Direc-
tive (END) [7]. It is also estimated that about 0.8 % of the European population
was exposed, during the entire day, to noise level above Lden 55 dB and, during the
night time, one third of that was exposed to noise level above Lnight 50 dB, while
the recommended levels by WHO are 45 dB and 40 dB, respectively [2] (where Lden

is the yearly averaged sound pressure level determined over the day, evening and
night, with a penalty of 5 dB for the evening and 10 dB for the night, and Lnight

is the averaged sound pressure level for the night). These numbers continued to
increase steadily until 2020, when the air traffic was significantly reduced due to
the COVID 19 outbreak, and the exposed population dropped to about one third
of the previous year. The aviation industry is, however, on a recovering path and
an average annual growth of 0.9 %, as a baseline scenario, is expected in flights at
European airports, for the period from 2019 to 2050 [5]. Despite this, fleet renewal
is expected to reduce the average noise exposure in the following decades, even if the
increase in air traffic is faster [5]. Nevertheless, aircraft noise is still a major concern
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4 1.2. Aircraft noise regulations and mitigation

and if no further actions are taken the noise exposure indicators may soon increase
again.

1.2 Aircraft noise regulations and mitigation
It is apparent that aircraft noise is still, and will continue to be, an important
aspect of the environmental impact of the aviation industry and it should be dealt
with on many levels. To that end, the International Civil Aviation Organisation
(ICAO) has proposed a balanced approach to the problem of aircraft noise mitigation,
that consists of four principle elements, including: reduction of noise at the source,
land-use planning and management, noise abatement operational procedures, and
operating restrictions [8].

Perhaps the most effective element of the balanced approach is the reduction
of noise at the source. This has been realized by the setting of aircraft noise
limits through noise certification procedures and standards, which ensure that the
latest and most advanced noise reduction technologies are incorporated into the
aircraft. These standards are defined in "Annex 16 - Environmental Protection -
Volume I - Aircraft Noise" [9] and in "Doc 9501 - Environmental Technical Manual
- Volume I - Procedures for the Noise Certification of Aircraft" [10] and include
three reference certification points, namely, flyover or take-off, lateral or sideline,
and approach. The flyover point is defined directly under the aircraft flight path
and at 6.5 km from the start-of-roll; the lateral point is placed 450 m at the side
of the runway, at the point where the noise level is maximum during take-off; the
approach point is located 2 km from the runway threshold on the runway axis. From
these points, noise measured at approach is usually the highest [11], [12] which is
mainly driven by the reduced aircraft-microphone distance at this point, and the
technological advancements in engine technology that have led to increasing airframe
noise contribution. Although significant improvement can be achieved through
novel aircraft concepts [13], [14], such as the silent aircraft initiative presented in
Figure 1.1, and advanced or optimized engine designs [15]–[17], these are more long
term solutions that would require replacing existing fleets and potentially airport
infrastructure.

Figure 1.1: "Silent" aircraft concept. Reprinted from [18].

Efficient land-use planning and management is an important aspect of aircraft
noise mitigation that complements the benefits of noise reduction at the source by
introducing land-use zoning around airports. This includes airport development and
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expansion at appropriate areas and aviation compatible land-use around airports, e.g.
development of industrial areas instead of houses. These guidelines are described in
ICAO Doc 9184 [19].

The third element recommended by ICAO’s balanced approach is noise abatement
operational procedures, which can be very effective, especially if adapted to specific
aircraft, airports and conditions. Guidelines in this aspect include noise preferential
runways and routes and the use of noise abatement procedures for approach and
departure. The latter, namely, noise optimal procedures, is probably the most
efficient way to reduce noise from existing aircraft, and it has been the topic of many
research studies [20]–[25] which show that significant improvement can be achieved.
However, near airport operations, i.e. departure and approach, are usually subject to
several restrictions due to obstacles, safety considerations, crew workload, etc., and in
many airports, there are pre-defined procedures that the aircraft must follow. These
procedures are mainly designed based on the ICAO’s recommendations through a
number of flight operations manuals [26]–[31]. Nevertheless, such research efforts are
necessary and should continue as flexibility in flight procedure design is improved
with the advancement of communication and navigation equipment [32].

The final element, operating restrictions, is used to complement the benefits of
the other three. It includes limiting and even banning the operation of the noisiest
aircraft at certain airports, restrictions in night time operations, increased charges
to noisy aircraft and other restrictions with regards to the nature of the flight

From the proposed elements, research on aircraft noise mitigation is mainly
focused on the reduction of noise at the source, through investigation of novel
concepts, design optimization of existing aircraft and engine, and development of
noise reduction mechanisms, and improvements in flight procedures, mainly through
flight path optimisation. To achieve the maximum benefit, a combination of measures
would be ideal. However, independent of the scenario, interrelationships between
different aspects, e.g. between noise and emissions, noise and passenger comfort, etc.
should always be considered in order to achieve optimal and realistic results.

1.3 Noise and emissions mitigation goals and in-
terdependencies

Of all the underlying interdependencies, noise and emissions is perhaps the most
crucial. Aviation emissions, and especially CO2 emissions, have been on the spotlight
of the aviation industry’s environmental impact, in the recent years, as they account
for 4 % of the total CO2 emissions in Europe and 2 − 3 % globally [33]. That has led
to the commitment of the aviation industry in Europe to reach net-zero greenhouse
gas emissions by 2050 [33], meeting the European Union’s goal for climate neutrality
under the Paris Agreement [34], [35], while the aim in terms of noise is to achieve
a 65 % reduction in perceived noise per operation, relative to 2000 [36]. In the shorter
term, a 55% reduction in CO2 emissions is aimed by 2030 and a 30% reduction in
non-CO2 emissions by 2035, compared to 1990 [5], [33], [36]. The number of people
chronically disturbed by noise is expected to reduce by 30% by 2030, compared
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to 2017, and the number of premature deaths due to air pollution by 55%, compared
to 2005 [5]. Finally, it is intended that there will be no population growth in the
Lden 65 dB and Lnight 50 dB contours by 2035, compared to 2019, while insulation
measures will be implemented for the population residing in these areas [36].

It becomes clear that these commitments require immediate action, through
technological improvements, use of sustainable aviation fuels (SAF) and hydrogen,
improved operations and flight procedures, and economic measures. In any of these
measures, a detailed assessment of incurring trade-offs between noise, CO2 and non-
CO2 emissions should be performed, in order to avoid adverse effects in other metrics.

1.4 Thesis objectives and outline
From the previous sections, it becomes apparent that there is still potential and need
to further reduce aircraft noise. To that aim, the presented work is centered around
exploring and assessing noise mitigation scenarios and opportunities. Fundamental
for these studies is the development of an accurate prediction tool with the capability
to assess the noise impact through different metrics, such as noise contours and
auralization. In these scenarios, interdependencies with CO2 and non-CO2 emissions
are often addressed to ensure that any proposed measure is in line with the goals
set by the aviation industry. The selected scenarios follow the elements proposed by
ICAO in the balanced approach, with a focus on the reduction of noise at the source
and noise abatement operational procedures. Therefore, another objective was to
develop a model that can be used to design and optimize flight trajectories, and
assess the aircraft performance. This was coupled with an existing in-house engine
performance model. A tool-chain was, thus, created, starting from the trajectory
definition and aircraft and engine modelling, followed by the source noise prediction
and propagation to a specified location or over an entire area, and finally, enhanced
with auralization to be able to perform subjective assessment of proposed mitigation
measures for the selected scenarios. Finally, an additional outcome of the work
was the release of the aircraft source noise prediction code as an open-source tool,
enabling its use and development by other researchers in the scientific community.

Figure 1.2: Outline of Introductory Chapters.
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The thesis consists of two basic parts. The first part, referred as Introductory
Chapters, forms an extended summary of the work related to the development of
the noise prediction tool-chain, which composes the basis of the selected scenarios
and performed studies. The second part, Appended Papers, contains the studies
that were selected and performed in chronological order. The chapters included in
the first part are outlined in Figure 1.2 and organized as follows: In Chapter 2 a
detailed description of the trajectory performance model is presented, including flight
mechanics and aircraft and engine performance modelling. Chapter 3 and Chapter 4
are dedicated to the description of the implemented source noise prediction models
and the propagation methods that are used for estimating the noise on a selected
microphone location or generating noise contours. The auralization procedure is
described in Chapter 5. Finally, Chapter 6 provides a summary of the appended
papers and Chapter 7 summarizes the key findings of the work and discusses possible
aspects to be included in future research.

From the appended papers, Paper 1 focuses on the noise reduction at the source.
More specifically, a system-level study was performed on a state-of-the-art turbofan
engine to quantify the effect of early design choices on noise and NOx emissions, for a
minimum penalty in fuel burn. Paper 2 focuses on the evaluation of interdependencies
between noise and emissions for standard, more advanced and optimized noise
abatement approach procedures. In Paper 3, a comparative assessment of the source
noise level prediction with backpropagated noise measurements from flyover aircraft
was performed. The study was performed for all approach configurations, and
included a sensitivity analysis relative to variations in flight parameters and an
assessment of the predicted noise level on the ground. Paper 4 takes advantage of
the same series of flyover noise measurement tests to investigate trade-offs between
noise and emissions for the different stages of approach procedures and to identify
mitigation techniques. Lastly, in Paper 5, two Required Navigation Performance
Authorisation Required (RNP AR) approach procedures that were designed following
the two design methodologies proposed in the ICAO regulations were assessed for
their noise impact. The assessment was performed by comparing the two procedures
in terms of sound exposure level contours, amount of affected population, auralization,
and psychoacoustic metrics.





Chapter 2

Trajectory, Aircraft and Engine Mod-
elling

Aircraft trajectory modelling is the starting point of any design or simulation process
in aviation-related research. It is also an effective and one of the most direct ways
through which the noise level on the ground can, to a certain extent, be controlled.

Designing noise optimal procedures requires accurate modelling of the aircraft
and engine performance. This section is dedicated to the methods and tools that
have been developed and used to generate and evaluate procedures and predict the
aerodynamic and operational performance of the aircraft. The development was
based on approach data and procedures but the methods described are applicable
for all flight phases.

2.1 Flight dynamics

2.1.1 Equations of motion

The derivation of the dynamic equations describing the motion of the aircraft in
three dimensions can be found in many flight mechanics books such as [37]. The
general assumption is that all forces are acting on the center of mass of the aircraft
and the velocity vector is considered in the plane of symmetry of the airplane, i.e.
the sideslip angle is zero. The equations of motion for a flight over a flat earth are
then given by 

T cos (α) −D −W sin (γ) = mV̇

(T sin (α) + L) sin (ϕ) = mV cos (γ)ψ̇
(T sin (α) + L) cos (ϕ) −W cos (γ) = mV γ̇

ẋ = V cos (γ) cos (ψ)
ẏ = V cos (γ) sin (ψ)
ḣ = V sin (γ)
Ẇ = −f

(2.1)

9
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where T is the thrust for the total number of engines, α the angle of attack, D the drag,
L the lift, ψ the heading or yaw angle, h the altitude, and f the fuel consumption.
The airspeed, V and flight path angle, γ, are defined from the following equations

V = c0M

√
Ts

T0
(2.2)

γ = arcsin
(
Vz

V

)
(2.3)

with c0 = 340.29 m/s the reference speed of sound and T0 = 288.15 K the reference
temperature. M is the mach number, Ts the static temperature and Vz the vertical
speed.

The first three equations in eq. 2.1 are derived based on the (x1 − y1 − z1) axis
system and the rest based on the ground axis system (x − y − z) presented in
Figure 2.1. The attitude angles γ, ϕ and ψ are also shown in the same figure.

Figure 2.1: Coordinate system and aircraft free body diagram in three dimensions.

2.1.2 Equations of motion with wind
The movement of the aircraft and its trajectory while on the air are controlled using
the control devices on the aircraft, e.g. ruder, slats, flaps etc. However, one key factor
that can alter the aircraft’s path is the wind. Wind speed and direction can have a
significant effect on the flight, and it is important to consider them when planning
routes.

When the aircraft is flying in crosswind conditions, it tends to deviate from its
actual or desired path. This deviation is called drift and is defined as the angle
between the aircraft heading, the direction in which the nose of the aircraft is pointing,
and its track, the direction in which the aircraft is actually going. In order to maintain
the aircraft in the desired course, its heading must be corrected depending on the
wind speed and direction. The angle that the aircraft must be turned is referred as
wind correction angle. It is often assumed that the drift and the wind correction
angle are equal. While in some cases this might be true, they are not the same angle
by definition as explained by Alexander and Klose [38]. Finally, in the case that the
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wind and aircraft velocity vectors are parallel, the heading and the track coincide,
and if they are pointing in the same direction, the phenomenon is called tailwind,
while if they have opposite directions, it is called headwind.

With the inclusion of wind, there are two velocity vectors that are used to describe
the motion of the aircraft. The first is TAS (True Airspeed), which is the velocity of
the aircraft relative to the air. In this thesis, true airspeed is symbolised with V and
it can be derived directly from the Mach number according to eq. 2.2. The second
velocity vector is GS (Ground Speed), which is defined as the velocity of the aircraft
relative to the ground. Ground speed can be determined from true airspeed with a
simple vector addition with the wind velocity, as indicated by eq. 2.4.

−→
V GS = −→

V + −→
V w (2.4)

where the wind velocity is written relative to the ground axis system as
−→
V w = Vwx⃗i+ Vwy j⃗ + Vwzk⃗ (2.5)

Wind direction data are usually provided relative to true north, i.e. wind direction
equal to 0o corresponds to wind blowing from north to south. For the calculations
and for the equations that will be presented it is adjusted and refers to the angle
between the wind velocity vector and the true airspeed.

For the derivation of the three-dimensional dynamic equations of motion for the
case of flight in wind, only horizontal wind was considered, but a vertical component
can easily be incorporated. The equations of motion in this case are derived using
the absolute acceleration of the aircraft relative to the ground.

−→
F = m

−−→
V̇GS = m

(−→̇
V +

−→̇
Vw

)
(2.6)

The acceleration of the aircraft relative to the air from eq. 2.1 and Figure 2.1 is
defined as −→̇

V = V̇ i⃗1 + V cos (γ)ψ̇j⃗1 − V γ̇k⃗1 (2.7)
The acceleration of the wind, accounting only for the horizontal components, is

derived from eq. 2.5 as

−→̇
Vw = V̇wx⃗i+ V̇wy j⃗ + Vwx

d⃗i

dt
+ Vwy

d⃗j

dt
(2.8)

with Vwx = Vw cos (ψ + ϕw) and Vwy = Vw sin (ψ + ϕw)
However, the ground axis system is always fixed relative to the earth and therefore

invariable with time. Thus, eq. 2.8 becomes
−→̇
Vw = V̇wx⃗i+ V̇wy j⃗ (2.9)

Using rotational matrices eq. 2.9 can be rewritten relative to the body axis system.
−→̇
Vw =

(
V̇wx cos (ψ) + V̇wy sin (ψ)

)
cos (γ)i⃗1 +

(
−V̇wx sin (ψ) + V̇wy cos (ψ)

)
j⃗1

+
(
V̇wx cos (ψ) + V̇wy sin (ψ)

)
sin (γ)k⃗1

(2.10)
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Then, eq. 2.1 becomes

V̇ = 1
m

(T cos (α) −D −W sin (γ)) − V̇wx1

ψ̇ = 1
mV cos (γ) (T sin (α) + L) sin (ϕ) − V̇wy1

V cos (γ)

γ̇ = 1
mV

((T sin (α) + L) cos (ϕ) −W cos (γ)) − V̇wz1
V

ẋ = V cos (γ) cos (ψ) + Vw cos (ψ + ϕw)
ẏ = V cos (γ) sin (ψ) + Vw sin (ψ + ϕw)
ḣ = V sin (γ)
Ẇ = −f

(2.11)

where V̇wx′ , V̇wy′ and V̇wz′ are the components in eq. 2.10.

2.2 Trajectory modelling
In this work, trajectories are constructed as a series of points and segments. The
model starts from the definition of the horizontal flight path which can either follow
a pre-defined ground path or be constructed by defining control points. These points
are then connected with straight or curved segments with a specified turn radius. In
the latter case, the bank angle of the aircraft can be calculated as

ϕ = arctan
(
V 2

gR

)
(2.12)

where V is the aircraft speed, g is the gravitational acceleration and R is the turn
radius.

The vertical profile can, then, be built by assigning a combination of flight
parameters to each selected point. These parameters can include, for example,
altitude, speed and flight path angle or horizontal distance, speed, flight path angle
and acceleration. A sample parameterization defined in this way for an approach
trajectory is presented in Figure 2.2, where V is the speed, h the altitude, s the
horizontal distance and γ the flight path angle. The required configuration changes
(flap and slat deflection and landing gear extensions), if relevant, can also be provided
in terms of distance, altitude, speed, or time.

Depending on the selected parameterization, the speed between two consecutive
points is calculated from the provided acceleration or assuming a linear variation
with distance or time. Assuming a constant flight path angle between waypoints,
the rest of the trajectory parameters, namely altitude, distance or flight path angle,
can easily be computed, following the basic relationships introduced in Section 2.1.
Thus, all the required parameters to define the path of the aircraft are determined
and the aircraft and engine performance can be evaluated as will be presented in the
following sections.

This trajectory definition can easily be adapted and used for optimization proce-
dures where the number of free parameters of the optimization problem will depend
on the number of selected trajectory points and the chosen parameterization. In this
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Figure 2.2: Sample trajectory definition for an approach procedure.

case, some constraints should also be considered in order to obtain viable procedures.
These constraints concern safety requirements, operational limitations as well as path
constrains. For example, for an arriving aircraft, during the final approach, the flight
profile is restricted to level flight or descending segments with constant or decreasing
speed, while for safety reasons and passenger comfortness, the descent angle should
not exceed 5o. Finally, a few speed constraints should be applied depending on the
aircraft altitude and configuration.

This model has been used in Paper 2 to generate a number of noise abatement
approach procedures and to perform an optimization on a conventional approach
operation. More details, on the optimization constraints and speed limits can be
found in the appended Paper 2. The trajectory definition has also been implemented
in Paper 5 to generate the two procedures under examination.

2.3 Aircraft performance modelling and sizing
The aircraft performance is evaluated using the system of equations described by
eq. 2.11, with the lift and drag defined as

L = 1
2ρV

2CLSw (2.13)

D = 1
2ρV

2CDSw (2.14)

where ρ is the density of the atmosphere, Sw, the reference wing area, and CL and
CD, the lift and drag coefficients, respectively. The latter are functions of the angle
of attack, flight Mach number and Reynolds number, and are usually not readily
available.

Another method for the estimation of the lift and drag forces is through another
common metric for the aerodynamic efficiency, namely, the lift-to-drag ratio, L/D.
This metric varies with speed, aircraft configuration and angle of attack, and can be
obtained either from aircraft models or from the Aircraft Noise and Performance
database [39].
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In this work, the latter approach was implemented. The aircraft that was used
for the scenario studies is A321neo, mainly due to availability of data that facilitate
the validation of the models. The aircraft is a narrow-body jet-airliner produced
by Airbus that entered into service in May 2017. It is part of the A320neo family
which is a development of the A320 family. Two engine options are available, CFM
International LEAP and Pratt & Whitney PW1000G, leading to a 15% − 20%
improvement in fuel efficiency compared to the A320 family. Key data for the aircraft
are presented in Table 2.1.

Table 2.1: A321neo specifications [40], [41].

Length 44.51 m
Wingspan 35.80 m
Height 11.76 m
MTOW 97 t
Max. Payload 25.5 t
Fuel Capacity 32940 lt
Cruise Speed 0.78
Max. Speed 0.82
Typical Range 74000 km
Engines 2

For the lift-to-drag ratio, an available aircraft model was used for the A321-231,
which has the same dimensions and similar characteristics to the aircraft of interest.
It was, therefore, assumed that the lift-to-drag ratio for the two aircraft remains fairly
similar. The assumed ratio together with the aircraft configurations are presented
in Table 2.2. In the table, only the configurations that are commonly found during
approach are presented. In general, the lift-to drag ratio varies with angle of attack.
However, for the approach configurations, it was established from available FDR
(Flight Data Recorder) data that the angle of attack varies only insignificantly within
each configuration, with the maximum variation reaching 3.8 % which corresponds
to a 0.5 % variation in lift-to-drag ratio. A constant average value for the lift-to-drag
ratio was therefore assumed for every configuration.

Table 2.2: A321neo approach configuration settings [42] and lift-to-drag ratio
from available model.

Configuration Slats (o) Flaps (o) Landing gear L/D
Clean 0 0 Up 17.76
1 18 0 Up 15.38

2 22 14 Up 12.45
Down 9.35

3 22 21 Down 8.88
FULL 27 34 Down 8.32
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2.4 Engine Performance Modeling and Conceptual
Design

For the engine performance and conceptual design, already existing and verified
tools developed at Chalmers were used, namely GESTPAN (GEneral Stationary and
Transient Propulsion ANalysis) [43] and WEICO (WEight and COst estimation) [44].
GESTPAN is a generalized simulation tool that can perform design, off-design and
transient analysis of gas turbine systems, while WEICO performs conceptual design
and sizing by reading the engine performance files from GESTPAN and estimating
the weight and geometric characteristics of the engine components for the selected
design point.

During this thesis, these tools were used to develop a model for the A321neo
with LEAP-1A engine configuration. The specific aircraft and engine were selected
due to the availability of flight data and noise measurements that could be used for
model validation. The engine of interest is a two-shaft, direct drive, high-bypass
ratio turbofan. The engine includes a single stage fan, followed by a three-stage
booster, a ten-stage high-pressure compressor, a two-stage high-pressure turbine and
a seven-stage low-pressure turbine [45]. It incorporates a novel second-generation
combustor type (Twin Annular Premixing Swirler) TAPS II resulting in a significant
reduction in fuel consumption and emissions [46]. The LEAP-1A32 and LEAP-1A35A
variants were used for the studies, with key performance parameters derived mainly
from the ICAO emissions databank [47]. More details on the engine modelling and
validation can be found in the appended Paper 1.





Chapter 3
Aircraft Noise Sources

3.1 Overview of aircraft noise

The noise generated from aircraft is due to a combination of the contributions of a
number of sources of different nature. These sources can, generally, be classified as
propulsive and non-propulsive. The former refer to all the sources that are related
with the propulsion system, while the latter include all the airframe noise sources.

The relative contribution of each component depends on several factors, such
as aircraft and engine technology and operational conditions. Historically, engine
noise had been the dominant source. However, significant improvement has been
achieved in engine noise mitigation with the introduction of high bypass ratio (BPR)
engines and the incorporation of noise suppression mechanisms and noise reduction
measures [48]–[50]. On the contrary, reduction in airframe noise has been proven
more challenging, with limited changes on airframe design since the introduction of
what is considered the first modern airliner, namely the Boeing 247, in 1933, as can
be seen in Figure 3.1. This has lead to airframe noise becoming the dominant noise
source in low engine power operating conditions with deployed high-lift devices and
landing gears, e.g. during approach. This is in line with the trends that are presented
in Figure 3.2, where it can be clearly observed that the reduction in departure noise
is steeper. Another reason for this has been that the climb performance of aircraft
has improved resulting in an increase in the distance between the aircraft and the
ground and, therefore, in noise reduction [51]. For the final approach segment, this
distance has not changed over the years.

Propulsive or engine noise involves all the components of the propulsion system.
For a turbofan engine, that is, the fan, compressor, combustor, turbine and jet. An
illustration of the relative contribution and directivity of these components is shown
in Figure 3.3. The fan is the largest contributor in forward generated noise, while
the compressor is of significantly less importance. In the engine exhaust, the fan
and jet are the dominant sources with almost the same level of contribution but
different directivity patterns. The turbine and the combustor contribute in the aft
radiated noise but in a lower degree. This can, however, change as the fan and jet
noise levels are continuously reduced. At this point, it is interesting to note that
significant reduction has been achieved in jet noise level. In fact, the level shown

17
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(a) Boeing 247 (first flight in 1933) [52]. (b) Airbus A321neo (first flight in 2016) [40].

Figure 3.1: First modern airliner and state-of-the-art aircraft.

Figure 3.2: Trends in aircraft noise certification levels. Reprinted from Airports
Commission: final report [12] under the Open Government License.

in Figure 3.3 is the result of the introduction of high BPR engines. In this type of
engine, a significant portion of the inlet mass flow is diverted from the core of the
engine, resulting in reduced jet exhaust velocities. Significant reduction has also been
achieved in fan exhaust noise, mainly with the installation of acoustic lining [50].
This has also improved core noise and fan inlet noise but to a lesser degree.

Airframe noise can be defined as the noise that would be generated if the
propulsion system was inoperative [48]. It is mainly created from turbulence in the
flow over the surfaces and objects on the aircraft structure. The main sources of noise
on the airframe are the trailing edges, such as the wing and tails, the high-lift devices,
namely flaps and slats, and the landing gears. Depending on the structure, there can
be more sources contributing more or less to the total airframe noise. These can be,
for example, landing gear cavities [54] or wing cavities from the fuel over-pressure
ports [55]. Although airframe noise is not of significant importance during most
parts of the flight, due to either engine noise dominance or increased distance to the
ground, it is becoming a dominant source during the final approach and landing,
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Figure 3.3: Noise contribution and directivity of high bypass ratio turbofan engine
components. Reprinted from [53].

as the propulsive noise is continuously reduced. It also sets a potential lower noise
barrier in the sense that even if aircraft engines become quite, airframe noise will
still be present. Research and interest on airframe noise reduction has, therefore,
increased the past few decades [56]–[58], and although some progress has been made,
for example, the development of landing gear fairings, there are still obstacles that
need to be overcome so as not to worsen the aerodynamic performance or interfere
with maintenance procedures [56].

3.2 Noise prediction methods

Each of the aircraft noise sources described in the previous section generates noise
due to one or more underlying mechanisms which will be described in the sections to
follow. Several of these mechanisms can be identified on an aircraft causing sound of
varying spectral characteristics and directivity, although the resulting noise spectra
from each of these can be broadly categorized as broadband or tonal noise. The
former is a type of noise whose energy is distributed over a broad range of frequencies
and is usually caused by pressure fluctuations due to turbulent flow while the latter
is a discrete frequency noise created by the rotating parts of the engine or by cavities
and coves on or between the airframe structures. Which type of noise and source
will be dominating in the total aircraft noise depends on various factors, such as
aircraft and engine technology, operating conditions and weather conditions.

Methods and tools for predicting aircraft noise are often based on fully numerical
approaches, such as computational fluid dynamics (CFD) and computational aeroa-
coustics (CAA) codes, or CFD coupled with application of the acoustic analogy [58],
[59]. However, when the total aircraft noise is of interest, these approaches can be
very computationally expensive and their implementation in noise prediction codes
for system level studies and flight procedure evaluation is not practical. Therefore,
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faster approaches are required, which can be separated into the following three
categories [11], [58]–[60]:

• Analytical or physics-based methods: These are high fidelity methods based
on physical laws of acoustics, fluid mechanics and thermodynamics, where
the source noise is modelled as a combination of monopoles, dipoles, and
quadrupoles. They are very flexible and can predict the noise from most
scenarios with good accuracy. However, they are still computationally expensive
and require very detailed input which is often not available. Thus, they are
often combined with other approaches, such as CFD or with empirical data.
Such an implementation is SIMUL [60], which separates the major sound
sources and models the sound as a combination of physical laws and empirical
methods.

• Semi-empirical models: They rely on simplifications of the physical laws and
are developed based on databases. They require less input than the physics-
based methods and provide sufficiently accurate estimations in most cases.
Unfortunately, their accuracy is dependent on the database they were developed
from. However, if revised and updated for newer aircraft types and engines,
these methods can even be used to evaluate unconventional configurations.
The most widely known tools in this category are ANOPP (Aircraft NOise
Prediction Program) [61] and PANAM (Parametric Aircraft Noise Analysis
Module) [62] which are well documented in the literature and have been used in
many studies [63]–[66]. ANOPP has been the base for NASA’s next generation
noise prediction program, ANOPP2 [67], which combines semi-empirical with
physics-based methods.

• Integrated or best practice methods: These are based on fully empirical cor-
relations that are derived from databases and usually consider the aircraft as
a whole. They are able to provide a good estimation for long-term averages
and are used by several airports and national authorities. However, they do
not provide any information about the individual component contribution to
the total noise. The more commonly used methods and tools in this category
are the ECACdoc29 [68] and the FAA’s (Federal Aviation Authority) INM
(Integrated Noise Model) [69] and AEDT (Aviation Environmental Design
Tool) [70].

In this work, the noise estimation is based on empirical and semi-empirical noise
source models found in the public literature. Their implementation was included in
an open-source framework, CHOICE (Chalmers nOIse CodE), which is available on
GitHub [71]. The basic outline of CHOICE is presented in Figure 3.4. The prediction
starts by defining a trajectory and selecting an aircraft and engine. The inputs
required for the noise calculation are then determined using the methods described
in Chapter 2. The total SPL (Sound Pressure Level) is computed for every frequency
and longitudinal directivity as the sum of the individual components for every point
along the given trajectory. Propagation effects for a standard atmosphere are then
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included and the SPL matrix at the microphone is estimated. This can be converted
to EPNL (Effective Perceived Noise Level) in order to allow for comparison with the
standard certification procedure [9] or it can be used to generate noise contours and
auralizations.

The rest of this chapter is dedicated to the introduction of the implemented
models and the underlying noise generation mechanisms for each component. The
propagation effects will be discussed in the next chapter.

Figure 3.4: Flowchart of CHOICE.

3.2.1 Engine noise

Fan and compressor noise

The noise generated from the fan controls the total aircraft noise in most flight
conditions. It is the largest engine noise contributor during final approach and
dominates together with the jet at take-off [72]. At subsonic blade tip speeds,
broadband fan noise is generated from random unsteady fluctuations due to turbulence
in the flow passing the blades. This unsteadiness can be caused by turbulence in the
wall and blade boundary layers, in the blade wakes and vortices, or in the freestream
inlet flow [72], [73]. Tonal noise is caused by periodic lift fluctuations due to inlet
flow turbulence or interaction between rotors and stators. Tones are generated at
integer multiples of the blade-passing-frequency (BPF harmonics). At supersonic
tip speeds, shocks are created at the rotor leading edge causing the generation of
multiple pure tones, "buzz saw" noise, at multiples of the shaft rotational frequency.
This phenomenon is usually observed during take-off.
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The model used for the prediction of noise from the fan and the compressor
components is based on the method introduced by Heidmann [73] and later updated
by Kontos et al. [74]. According to this method, fan or compressor noise at the inlet
duct is a combination of broadband, discrete-tone and, possibly, multiple pure tone
noise. At the discharge duct, only fan broadband and discrete tone noise are present.
The predicted noise is in 1/3 octave band frequencies of the free field noise pattern
and the required parameters for the prediction are the mass flow rate, the total
temperature rise for a fan or compressor stage and the design and operating point
values of the rotor tip relative inlet Mach number.

The peak characteristic sound pressure level for all noise components, except the
combination tone noise, is described by the following equation

Lc = 20 log
(

∆T
∆T0

)
+ 10 log

(
ṁ

ṁ0

)
+ F1(Mtrd,Mtr) + F2(RSS) + F3(θ) (3.1)

where ∆T/∆T0 is the temperature rise across the fan or compressor stage, normalized
by a reference value, ṁ/ṁ0 is the mass flow rate through the component over a
reference mass flow rate, Mtrd and Mtr are the rotor tip relative inlet Mach number
at design and operating point, RSS is the rotor-stator spacing and θ is the angle
between the observer and the engine inlet or the directivity angle. The values for
F1, F2 and F3 are taken from graphs provided in [73] and [74] and vary for every
component.

Then, the sound pressure level spectrum for inlet and discharge broadband and
discharge discrete tone noise is obtained from

SPL(f) = Lc + F4(f/fb) (3.2)

while for inlet discrete tone noise from

SPL(f) = Lc + 10 log
(

100.1F4

(
f
fb

)
+ 100.1F5

(
f
fb

))
(3.3)

where F4 and F5 are represented by functions provided in the reports and they differ
for each component.

For the combination tone noise, the characteristic peak level at center frequencies
one-half, one-fourth and one-eighth of the fundamental blade passage frequency is
given by

Lc = 20 log
(

∆T
∆T0

)
+ 10 log

(
ṁ

ṁ0

)
+ F1(Mtr) + F2(θ) + C (3.4)

where F1 and F2 are provided in figures and C equals −5 dB for a fan with inlet
guide vanes and 0 dB for a fan without inlet guide vanes. The sound pressure level
spectrum for each of the three combination tone components is obtained from

SPL(f) = Lc + F3(f/fb) (3.5)

where F3 is provided in the relevant figure in the report.
The total combination tone noise sound pressure level spectrum is obtained by

summing the spectrum of each of the three components on an energy basis.
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Combustor noise

Although, not one of the dominant sources, the combustor has a strong contribution
to the total engine noise especially in the low- and mid-frequency region. It is created
by two distinct mechanisms, namely direct and indirect combustion noise [75]. The
direct noise is associated with the combustion process itself as it is caused by heat
fluctuations from the chemical reaction. The indirect noise is caused by pressure
waves created from the temperature and velocity fluctuations of the hot gas as it
convects the turbine stages [58], [76], [77].

The combustor noise source model was based on the model described by Gliebe
et al. [77], [78] for low-emissions combustors. Farfield noise data were collected
and analyzed for both SAC (Single-Annular Combustor) and DAC (Dual-Annular
Combustor) and two separate correlations were developed taking into account the
combustor geometry, cycle conditions, spectral frequency content and directivity.

Single-annular combustor: The spectral noise peaks for single-annular combus-
tors are observed in three frequencies and directivities: 63, 160 and 630 Hz and 150o,
130o and 130o, respectively. The procedure to calculate the overall sound pressure
level starts from computing the normalized OASPL (Overall Sound Pressure Level)
for every spectral peak.

OASPLN = a3θ
3
n + a2θ

2
n + a1θn + a0, (3.6)

where θn is the normalized directivity angle calculated from the peak angle as
θn = θ/θp and the coefficients ai are defined separately for each spectral peak [77].

The OASPL is, then, computed for every peak frequency as

OASPL(θ) = OASPLN +OASPL(θp) + b (SPL(FC) − SPL(TL)) (3.7)

where b is a coefficient depending on the spectral peak and SPL(FC) and SPL(TL)
are the combustor flow and turbine nozzle transmission-loss related effects which can
be calculated as a function of the combustor performance parameters, the combustor
dimensions, the number of ignited fuel nozzles and the turbine exit performance
parameters. All functions and coefficients can be found in [77].

The peak overall sound pressure level from eq. 3.7 is computed as

OASPL(θp) = −20 log(Ro) +HCP

(
30
Nf

)c

(3.8)

where HCP is a function of the cycle parameter, CP , [77], Ro is the observation
radius which in the report is assumed equal to 150ft, Nf is the number of ignited
nozzles and c is a coefficient depending on the spectral peak.

The spectral shapes are computed from the normalized sound pressure level which
is a function of normalized frequency and can be calculated as

SPLN(fn) = k0 + k1fn − k2f
2
n (3.9)

where ki are constants that are defined separately for each spectral peak [77].
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Finally, the spectrum is determined for every frequency and directivity as

SPL(θ, f) = OASPL(θ) + SPLN(fn) + aft
(Ro − 3.281)

1000 + 20 log
(
Ro

3.281

)
(3.10)

where aft is the air attenuation factor in dB per 1000ft. The last two terms are
included to compute the source SPL at 1 m (or 3.281 ft) radius.

Dual-annular combustor: Dual-annular combustors were found to peak at two
frequencies, 160 and 500 Hz, with one peak observer angle at 130o. The basic
equations are the same as presented in eqs. 3.6, 3.7, 3.9, 3.10 for the single annular
combustor, though the coefficients, transmission-loss effects, cycle parameter and eq.
3.8 differ. The overall sound pressure level for every peak angle, in this case, is a
function of the fuel-nozzles staging pattern and is defined as

OASPL(θp) = KNF

−20 log(Ro) +HCP

(
20 +Nf

Nf,max

)−XK
(

30
20 +Nf

)Mf
 (3.11)

where Mf varies for every peak frequency and the parameters KNF and XK vary
with spectral peak frequency and fuel nozzle firing pattern and can be obtained from
the relevant table in [77].

Turbine noise

Turbine noise is generally assumed to be a combination of broadband and discrete
tone noise, generated from mechanisms similar to those of fan noise generation [58],
[79]. More specifically, tonal noise is expected to arise from interaction between the
rotors and stators, while broadband noise is caused by random lift fluctuations on
the rotor and stator stages due to turbulent flow.

In this work, the method of Dunn and Peart [80] was implemented for predicting
the turbine noise. The resultant spectra for both the broadband and the discrete
tone noise are normalized with respect to the fundamental blade passage frequency of
the last stage of the turbine and are given in 1/3 octave band levels at the free-field,
index (R = 1m) conditions.

The broadband noise component for the peak 1/3 octave band level at a radius
of 45.7 m from the source is given by

L0 ∼= 10 log
((

VT Rc0

V0cL

)3 ṁ

ṁ0

)
+ F1(θ) − 10 (3.12)

where VT R is the relative tip speed of last rotor of the turbine (0.7 times the tip
speed is used if VT R is unknown), V0 is the reference velocity equal to 0.305 m/s, ṁ
is the primary mass flow, ṁ0 is the reference mass flow equal to 0.4536 kg/s, cL is
the speed of sound at the turbine exit, θ is the directivity angle relative to the inlet
axis and F1 is given by the empirical curve in Figure 52 of reference [80]. Note that
the convective amplification factor included in the equation in the reference [80] has
been removed, as it is included later in the prediction.
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The sound pressure level spectrum at 45.7 m from the source can be obtained
from

SPL(f) |45.7m
∼= L0 + F2(f/f0) (3.13)

where f0 = Bω/60 is the fundamental blade passage frequency of the last stage of
the turbine, B is the number of blades for the last rotor stage of the turbine, ω is
the shaft speed in rpm and F2 is provided in Figure 54 of reference [80].

Similarly, the discrete tone component at a radius of 45.7 m from the source is
calculated by

L0 ∼= 10 log
((

VT R

V0

)0.6 ( c0

cL

)3 ṁ

ṁ0

(
c

s

))
+ F1(θ) + 56 +K (3.14)

where c/s is the stator/rotor spacing and K is a correction factor for turbofans with
a primary nozzle exit plane upstream of the secondary nozzle exit plane, i.e. the
JT8D.

The tones are added to the broadband spectrum, computed by eq. 3.13, and the
spectrum at a radius of 1 m is calculated as follows

SPL(f) |1m= SPL(f) |45.7m +33.2 + ∆dB(f) (3.15)

where ∆dB(f) is obtained from Table 4 in reference [80].

Jet noise

The jet still remains one of the most significant sources in aircraft noise, even though
its contribution has decreased significantly as the BPR of the engines has increased.
The primary mechanism in jet noise generation is the mixing of the high-speed
exhaust flow with the bypass flow and the surrounding air causing turbulence and
pressure fluctuations that create acoustic waves [76], [81]. As BPR is increased, the
jet exhaust velocity is reduced resulting in a decrease in noise.

Jet noise was modeled as presented by Russel [82]. This method can be used to
estimate source noise both from circular and coaxial jets, and it is based on extensive
test data. The sound pressure levels from the test data are curve fitted, as a function
of frequency and directivity, using bicubic splines and a third order Taylor series.
The component noise levels are then defined for all frequencies and longitudinal
directivities.

The circular jet noise is calculated as a function of the jet velocity and jet
total temperature. For the coaxial jet the jet state properties for an equivalent
single stream jet with the same mass flow, energy flow and thrust as the coaxial
jet are used. These properties are the equivalent jet velocity, the equivalent jet
total temperature, the velocity ratio of the outer stream to the inner stream, the
temperature ratio and the area ratio. The 1/3 octave band sound pressure level is
calculated as the summation of four components

SPL(θ, η) = OAPWL+D(θ) + F (η) +RSL(θ, η) + k1 + k2 + k3 (3.16)
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where OAPWL is the normalized overall power level, D(θ) the directivity index, F (η)
the power spectrum level and RSL(θ, η) the relative spectrum level. The parameters
k1, k2 and k3 are constants that depend on the size of the jet, the microphone
distance, the ambient conditions and the ratio between the reference power level
and the reference mean square pressure level. The frequency parameter, η, is used
instead of the frequency and is defined as

η = 10 log
(
fDe

Ve

)
(3.17)

where De is the equivalent diameter of the coaxial or circular jet and Ve the nozzle
exit equivalent flow velocity.

The four components in eq. 3.16 are empirically defined as a function of flow
state parameters on each point of a grid, which consists of seven directivity coor-
dinate points, θc = 0o, 30o, 60o, 90o, 120o, 150o, 180o and seven frequency parameter
coordinate points, ηc = −1.5,−1.0,−0.5, 0.0, 0.5, 1.0, 1.5. More specifically, they
are computed by multiplying and summing their corresponding derivative values,
obtained from the relevant tables in reference [82], with the derivative multiplier
values, Xj. The derivative multipliers vary from 8 for the circular jet to 36 for the
coaxial jet. They are obtained from a least square fit Taylor series and can be defined
according to Table III in the same report, accounting for the exit flow parameters,
which are computed using the equivalent jet flow properties as follows

xi = log
(
ai

air

)
(3.18)

where ai is the ith prediction parameter or equivalent jet state property and air is
the standard value for the ith prediction parameter.

Finally, with the four components determined at the reference coordinate points,
cubic splines are used to obtain them in all directivities and frequencies and the
sound pressure level is calculated.

3.2.2 Airframe noise
Airframe noise is one of the dominant noise sources during approach and landing. It
is generated from the interaction of the airflow with the structures on the aircraft,
e.g. landing gear, wings, flaps, etc, and it is, therefore, highly dependent on the
aircraft speed. It is mainly of broadband nature, but as research has shown [54]–[56],
[83], tonal components may also be present. The latter are not modelled in the
presented noise prediction code. The rest of the components are separated into two
categories, namely trailing-edge and high-lift systems noise and landing gear noise.

Trailing-edge and high-lift systems noise

For an aircraft in Clean configuration, aerodynamic noise is generated from the
convection of the turbulent boundary layer past the trailing edges of the wing and
tail surfaces [58], [84], [85]. As the slats are extended, a noise increment is caused.
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This is assumed to be created by three processes; trailing-edge noise from turbulent
flow at the slat trailing edge, noise due to flow separation from actuators and tracks
exposed to the high-speed airflow, and mixing of the slat wake with the boundary
layer and turbulence of the wing upper-surface. Finally, with the extension of flaps,
the flap panels are submerged in the turbulent flow created by the wing, causing the
generation of noise from lift fluctuation.

In this work, the noise from the wings, tail surfaces and high-lift systems was
modelled according to the method proposed by Fink [84], [86]. The overall sound
pressure level for the wing and horizontal tail surfaces is calculated as

OASPL = 50 log
(

V

51.44

)
+ 10 log

(
δb

h2 cos2 (ϕ) cos2
(
θ

2

))
+ 101.3 (3.19)

where δ = 0.37(S/b)(V S/bν)−0.2 is the boundary layer thickness, V is the aircraft’s
speed, b is the wing or tail span, h the altitude, S the wing or tail area, ν the
kinematic viscocity, and ϕ and θ, the lateral and longitudinal directivity, respectively.
When calculating the noise from the vertical tail, cos2 (ϕ) is substituted with sin2 (ϕ).

The above eq. 3.19 refers to aerodynamically clean sailplanes. For jet aircraft,
6 dB should be added for the prediction of noise from the wing. The spectral shape is,
then, calculated using a semi-empirical equation for the normalized spectral density
of trailing edge from externally blown flaps. This is rewritten in terms of the 1/3
octave band sound pressure level as

SPL = OASPL+ 10 log

0.613
(

f

fmax

)4
( f

fmax

)3/2

+ 0.5
−4

+ ∆SPL (3.20)

∆SPL = −0.03
(

R

152.4

) ∣∣∣∣∣
(

f

fmax

)
− 1

∣∣∣∣∣
3/2

(3.21)

with R the distance to the observer and fmax = 0.1V/δ the frequency for maximum
wing trailing-edge noise.

Trailing-edge flap noise is modelled as an increment of the trailing edge noise and
varies directly with the flap area and the sine squared of the flap deflection angle,
inversely with the far-field distance squared and directly with the sixth power of the
airspeed. The frequency of the spectrum is scaled as a Strouhal number calculated
for the flap chord.

A simpler approach is used for the calculation of noise caused by the extension of
leading-edge high-lift devices. For leading-edge slats, it is assumed that the total
noise generated is 3 dB above the spectrum predicted for the clean wing, with an
additional peak of equal amplitude at a frequency, fmax, calculated as before but for
the slat chord.

The total noise is calculated by summing the noise from all components as
uncorrelated sources. The predicted level is 3 dB above free-field and, therefore, a
3 dB reduction is applied to the total noise.
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Landing gear noise

Landing gear noise is, typically, of broadband content and its main generation
mechanisms are turbulent flow separation caused by the various bluff-body structures
(struts, joints, tires, etc.) and the interaction of these turbulent wakes with other
structures, such as the high-lift systems [11], [56], as they flow downstream. In both
cases, the interaction causes a small part of the turbulence energy to transform into
propagating acoustic waves. Tonal components may also arise, due to coherent vortex
shedding off small structures, such as the wires and dressings, [56], [87] and cavities
on the landing gear structure [54], [87], [88]. From these mechanisms, it is only the
first phenomenon that is usually modelled in semi-empirical prediction methods [84],
[89], [90] as it is considered to be the dominant source of landing gear noise.

The selected method for landing gear noise prediction was proposed by Sen
et al. [89]. According to this method, the noise from the landing gear can be
decomposed into four main components; low-frequency component which is generated
by the struts, mid-frequency component caused by the hydraulic pipes near the break
assembly, high-frequency component from the electric wire and small pipes, and tire
noise component. The overall sound pressure level for all components is expressed
through the same functional relationship as

OASPLi = ∆i + 60 log
(
Vl

c

)
+ 20 log

(
Di sin(θ)

R

)
+ 10 log(NsNt) (3.22)

where i refers to each noise component, c to the local speed of sound, Di to a
respective length scale for each component, θ to the polar directivity, R to the
distance to the observer, and Ns and Nt, to the number of main struts and tires. The
local airspeed, Vl, can be determined as percentage of the aircraft airspeed, usually
varying between 75 % to 83 % for conventional aircraft [90]–[92]. The constant, ∆i,
is defined separately for each component and can be found in [89].

The 1/3 octave band sound pressure level spectrum is, then, determined from
the OASPL and a normalized SPL function of the Strouhal number as

SPLi = OASPLi + ∆SPL(Sti) (3.23)

with
Sti = log fDi

Vl

(3.24)

and

∆SPL(Sti) = xi0 +xi1Sti +xi2St
2
i +xi3St

3
i +xi4St

4
i +xi5St

5
i +xi6St

6
i +xi7St

7
i (3.25)

where the coefficients xi depend on the component and can be found in Tables 4.2
through 4.5 in the report [89].

3.2.3 Limitations of the models
The source prediction methods for the fan and the turbine described in the previous
sections result in a slight overprediction of the noise level in approach condition. This
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can be attributed to several factors with the most dominant one being that both
methods refer to hardwall prediction and no acoustic treatment is included. The
effect of acoustic treatment becomes even more prominent as technology advances
and since these methods were developed based on older engine models it is necessary
to account for any noise reduction mechanisms. An example of the noise reduction in
the fan and turbine components due to acoustic treatment is presented in Figure 3.5.
The original figure can be found in the report by Owens [93] and later adapted
by Groeneweg and Rice [72] in a report where a detailed discussion regarding fan
noise generation and suppression and the mechanisms involved is provided. Further
discussion on aircraft noise reduction technologies can be found in several review
articles, such as the ones presented by Casalino et al. [94], Envia [95], Leylekian
et al. [96] and Bertsch et al. [58].

Figure 3.5: Effect of acoustic treatment on engine components. Figure reproduced
from [93].

Regarding the fan noise, another possible reason for the overprediction is that
the model was developed based on measurements from static fan tests. During such
tests, ingestion of vortices or other turbulence from the test stand or other nearby
structures can interfere with the data, as described by Krejsa and Stone [97]. Despite
these shortcomings, that are common in most empirical models, the model developed
by Heidmann [73] is still the most widely used. An attempt to provide an update
for the method was performed by Krejsa and Stone [97]. However, as they state in
the report, the method was developed based on data from one fan and further tests
should be made to determine its prediction accuracy.

Prediction of turbine noise is generally less accurate than for other components.
Existing turbine noise models do not provide very accurate estimations as predicted
and measured levels tend to deviate by up to 9 dB [79]. This could partly be attributed
to the fact that the turbine never works in isolation but is always dependent on
the combustor [11], [98] and attempts in separating the two sources have not been
fully successful [99]. Thus, clean and reliable experimental data are hard to find and
prediction methods are usually developed by separating the measurement spectra in
frequency regions [80] or with the help of CFD analysis and actuator disk theory [77].
An assessment of existing models with the purpose of selecting a recommended
model and identifying turbine noise research requirements was performed by Krejsa
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and Valerino [79]. They compared several semi-empirical turbine noise prediction
methods with measurements and concluded that the most accurate prediction was
provided by the Dunn and Peart method [80], that was introduced in Section 3.2.1.
However, they found that even this method resulted in a significant deviation ranging
from −6 to 8 dB, which is in line with the prediction tolerance that Dunn and Peart
state in their report [80]. They suggested that further research is required to better
understand the turbine noise generation mechanisms and that the method should be
reevaluated and modified as more data become available. Following this comment,
no further updates or more recent correlations have been found.

Combustor noise prediction is subject to uncertainties for the same reasons
that were discussed in the previous paragraph, although, it is generally believed
to be more accurate than the turbine noise prediction. Hultgren [100] performed
a comparative assessment of existing noise models, mainly focusing on the models
developed by Stone et al. [101] and the model used in ANOPP [102], [103]. The
two models, generally, showed different spectral shapes and peak noise level and
suggested modifications were proposed by the author for the ANOPP model, while
some unclear issues of the Stone et al. model were highlighted, noting that it should
only be used for General Electric turbofan engines. The implemented model [77],
although mentioned in the study [100], was not assessed. At the present time, it
is considered the best fit for the work described in this thesis as it is the only one,
to the author’s knowledge, that provides a prediction for dual-annular combustors.
Whether the predictions are accurate or not is not possible to evaluate due to the
low combustion noise level in the examined cases, although the general trend is well
captured. However, since the relevant contribution of this component is expected to
increase, as fan and jet noise trends continue to decrease, more research should be
directed into understanding this component and developing accurate models [100]
and, if needed, the present method should be updated.

Jet noise is considered to be one of the most well understood noise components [58]
and most of the existing prediction models [82], [104], [105] seem to agree on its
spectral shape. The selected method [82] has the advantage of treating the circular
and coaxial jet together. Similarly to the case of the combustor, no issues or
uncertainties can be identified at the present moment.

Research on airframe noise began in the 1970s when it was realized that it will
determine the lower limit of total aircraft noise. Since then, a number of semi-
empirical models have been developed starting with the prediction developed by
Fink [84], which is still one of the most widely used methods and is also implemented
in this work. This method provides a fairly good estimation and is easy to implement
in noise prediction codes due to the simplified equations that do not require detailed
geometric characteristics of the components. Unfortunately, these simplification may
lead to inaccuracies in the spectral shapes and/or noise level. Slat noise, especially,
is modelled as an increment to the total trailing edge noise, despite the complex
noise generation mechanisms behind it [106]. Studies have shown that the spectral
shape of the component depends on its geometric characteristics [106], [107]. There
have been a number of more recent efforts to model the flap [89], [108]–[110] and slat
noise [89], [110]–[112], which, however could not be implemented due to unspecified
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or unclear parameters, as was also suggested by Filippone [11], or for the case of
Brooks’ and Humphreys’ method [109] and Molin’s method [110], due to the level of
details required in the input, such as for example, the chordwise pressure coefficient
distribution for the flap and wall pressure fluctuation spectrum, respectively. These
methods [109], [110] are leaning towards the physics-based category of noise prediction.
With regard to the landing gear noise, several methods were tested, [84], [89], [90],
but the one developed by Sen et al. [89] was found to be the most straightforward
and accurate (in comparison to the available noise measurement data). The drawback
of the method, as with most available methods, is that only the broadband noise
component is estimated and that there is no indication of the lateral directivity
variation. Finally, several studies have been dedicated to noise reduction measures
for airframe components [56], [81], [113]–[116], which are unfortunately hard to model
with the implemented semi-empirical models.

The total noise prediction is based on the assumption that the noise sources are
uncorrelated and are, therefore, acting independently. However, this assumption is
not entirely true as there are a number of installation and interaction effects [58], de-
pending on the operating conditions. These effects may include scattering, reflection,
shielding and changes in the flow conditions around a component and may result
in overall noise reduction, generation of additional sources or alternations in the
directivity characteristics. For a typical aircraft-engine configuration, most sources
will be affected more or less by these effects, but the sources located at the aft of the
engine, mainly the jet, will experience the largest influence due to interaction with
the wing and flaps. More specifically, the characteristics of jet noise are altered as the
high frequency noise is affected by reflection of the jet mixing noise at the wing, and
the low-frequency noise is increased due to scattering as the pressure waves pass the
wing trailing edge [117]–[119]. During approach and the initial part of take-off, there
are even more interaction effects, such as, between the jet exhaust flow and the flaps
[117], [120], [121], but also the main landing gears and the flaps [122], [123]. Both
these effects influence the flow conditions around the flaps, while in the case of the
former, a "scrubbing" noise is also generated which, however, shows similar spectral
characteristics to the trailing-edge noise and is not always distinguishable [117], [119].
Shielding effects are mainly relevant for over-the-wing engine installation [124], [125]
or future aircraft concepts, such as the blended-wing-body [126], [127], where the
propagating pressure field is disrupted by some obstacle. However, they can occur
in some, although limited, cases in conventional aircraft depending on the position
of the receiver and the state of the aircraft, e.g. shielding from the fuselage at low
altitude or from banking, for an observer located at the side of the ground path. All
these effects may alter the characteristics of the sound to a larger or lesser degree,
but, unfortunately, they are not captured by the component methods implemented
in this work.

3.2.4 Noise suppression

Considering the first two points of the previous section, namely the fan and turbine
overprediction, a simple noise suppression module has been implemented, where a
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suppression factor is set and applied for every frequency and directivity. The method
was described by Wilson [128] and can be applied to any component but is mainly
used for the fan inlet, fan discharge and turbine components. The implementation of
the factor is described by the following equations.

⟨p2⟩S = ⟨p2⟩S (3.26)

S = 10SdB/10 (3.27)

where SdB is the desired suppression (negative value) in dB, S the suppression factor
and ⟨p2⟩ and ⟨p2⟩S the unsuppressed and suppressed mean square acoustic pressure,
respectively. Indicative values for the suppression can be found in the report by
Willshire and Garber [63].

3.2.5 Lateral directivity and installation effects
The implemented semi-empirical models predict the source noise for every frequency
and longitudinal directivity which is sufficient for noise prediction from flyover
aircraft (directly above the observer). However, for generating noise contours over
an area or for predicting the noise at an observer located at the side of the ground
path, the lateral directivity is also required. For the engine components, one could
assume that the generated sound intensity is equal in all radial directions, due to
the engine symmetry, and, therefore, the lateral directivity would not lead to any
change in the noise level. However, as mentioned in Section 3.2.3, there are several
installation effects that might be present depending on the engine position and that
could influence the lateral directivity of the engine components. The prediction
of trailing-edge and high-lift systems noise includes an estimation of the lateral
directivity which indicates a decreasing noise trend as the observer is moving towards
the side of the aircraft, while no information is given for the lateral directivity of the
landing gear.

It is generally agreed that the lateral directivity of the aircraft is mainly attributed
to the engine installation effects [68], [129]–[133] and varies depending on the aircraft-
engine configuration, i.e. wing-mounted engine or fuselage mounted engine. Several
empirical correlations have been proposed to model these effects [129]–[133] which,
generally, indicate some differences. These could be attributed to the fact that for
receiver positions where the lateral directivity becomes important, there are more
uncertainties in the noise measurements as the aircraft either has to be closer to
the ground or the source-receiver distance has to be larger [132]. For the work
presented in this thesis, the method proposed in the standards SAE AIR 5662 [133]
and ECAC Doc29 [68] was chosen to model the lateral directivity as it is the most
general (not aircraft specific) and it was the most straightforward to implement. This
method was compared with other models and measurements by Krebs et al. [130] and
Wunderli et al. [132]. In some cases, mainly when the aircraft directivity pattern was
less pronounced, a relatively good agreement was observed between the SAE model
and their proposed method and measurements, while more significant deviations were
found for aircraft with stronger directivity patterns. At the moment, the proposed
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methodology from SAE AIR 5662 is considered the best fit, noting that it should be
updated if more accurate methods become available.

According to the proposed method, the sound level at the side of the aircraft can
be modelled as

Llateral = Lunder + EEng(ϕ) (3.28)

with

EEng(ϕ) =


10 log (0.1225 cos2 (ϕ) + sin2 (ϕ))0.329

, fuselage-mounted engine
10 log

(
(0.0039 cos2 (ϕ)+sin2 (ϕ))0.062

0.8786 sin2 (2ϕ)+cos2 (2ϕ)

)
, wing-mounted engine

0, propeller-driven aircraft
(3.29)

where Llateral and Lunder is the sound level at the side and under the aircraft,
respectively, EEng(ϕ) is the engine installation effect and ϕ is the depression angle.

It should be noted that the methodology described in SAE AIR 5662 models the
total lateral attenuation experienced by an observer on the ground. It, therefore,
includes more effects such as the ground surface absorption and refraction and
scattering due to wind and other meteorological. In this work, only the empirical
formula for the engine installation effects is considered and the attenuation due
to ground reflection and atmospheric effects is modelled separately through more
detailed methods that are described in the next chapter of the thesis.

3.2.6 Total aircraft noise
The total noise emitted from the aircraft is computed as the sum of all the uncorrelated
sources, assuming that the aircraft is acting as a point source. All the models predict
the noise at one meter radius and, therefore, the total noise is also calculated at a
unit sphere. The summation is performed on an energy basis as

SPLtotal = 10 log
i=Nsources∑

i=1
10SP Li/10 (3.30)

where Nsources is the number of sources and SPLi is the predicted sound pressure
level for each source.

Before summing the components, engine noise sources are corrected to account
for the number of engines on the aircraft. This is performed by summing incoherently
the predicted source noise level for every engine component according to the number
of engines.

A detailed comparison of the total source noise prediction with flyover noise
measurements for approach conditions has been performed in Paper 3.





Chapter 4
Sound Propagation

The noise received by the microphone or an observer on the ground is subject to
several effects, which can be broadly separated into kinematic or moving source effects
and atmospheric propagation effects. The former refer to effects that are dependent on
the source motion. These are the retarded time, convective amplification and Doppler
shift. As the sound travels through the atmosphere, there are several other effects
that impact its characteristics before it reaches the observer. These effects include
atmospheric absorption, spherical spreading, change in atmospheric characteristic
impedance, and ground reflection.

4.1 Source motion effects

The motion of the aircraft causes an alternation in the characteristics of the generated
noise. The sound that is heard by a static observer will be different in both frequency
and amplitude, even if no other atmospheric effects are present. The change in
frequency is known as the Doppler effect, while the amplitude variation is caused
by convective amplification. The former is a well known effect and states that the
frequency of a wave reaching an observer standing still will be shifted compared to
the emitted frequency from a moving source. The frequency received by the observer
is calculated by

fobserver = fsource

1 −M cos (θ) (4.1)

where θ is the angle between the flight velocity and the direction of sound propagation
to the observer.

Convective amplification refers to source and propagation effects associated with
the source motion. It is an important factor to consider for realistic noise prediction
of in-flight conditions as most of the empirical noise prediction methods refer to
static conditions. The mean square acoustic pressure, accounting for this effect, is
modified as follows

p2 = p2
s

(1 −M cos (θ))4 (4.2)
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where p2
s is the mean square pressure in static conditions as predicted by the empirical

models.
The convective amplification factor (denominator in eq. 4.2) depends on the

nature of the source [134], but for most noise sources found on aircraft eq. 4.2 is a
good approximation [61], [129], [135].

The motion of the aircraft causes another effect which is best illustrated with
a sketch as presented in Figure 4.1. Assuming a simple scenario where the sound
travels in a straight line path and there are no reflections, the sound emitted at a
time te from a distance Re will reach the observer at a time to when the aircraft
has moved to a distance Ro. The time required for the sound to travel between the
aircraft and the observer will be Re/c, where c is the speed of sound. Hence, the
sound will reach the observer at to = te +Re/c. The time, te that the source emitted
the observed sound is called emission or retarded time.

Figure 4.1: Retarded time effect for a moving source.

4.2 Atmospheric propagation effects

4.2.1 Spherical spreading
Spherical spreading describes the phenomenon of uniform wave propagation away
from a point source in all directions. If the emitted acoustic power from the source is
equal in all directions, its distribution must remain constant over any sphere around
the source. Therefore, the power transmitted per unit area, i.e. the acoustic intensity,
decreases proportionally with 1/R2, where R is the radius of the sphere and the area
of the sphere increases with R2. Hence, the noise received by an observer on the
ground is highly dependent on the distance between the aircraft and the observer.

4.2.2 Atmospheric absorption
An emitted sound wave from an aircraft travels through the atmosphere causing its
magnitude to decrease due to three main mechanisms. The first mechanism is the
classical absorption which is a result of energy dissipation due to viscous losses and
heat conduction. The second and third mechanism are both referred as molecular
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absorption. One is caused by rotational relaxation and the other by vibrational
relaxation processes of oxygen and nitrogen. These terms are modelled according to
the ISO 9613-1:1993 standard [136] as

α(f)
= αcl + αmol + αvib,O + αvib,N

= 8.686f 2

1.84 10−11 p0

ps

(
T

T0

)1/2

+
(
T

T0

)−5/2
0.01275 e

−2239.1
T

(
frO + f 2

frO

)−1

+0.1068 e
−3352.0

T

(
frN + f 2

frN

)−1


(4.3)

where f is the frequency, ps and T the atmospheric static pressure and temperature,
and p0 and T0 the reference ambient pressure and temperature, respectively. The
oxygen and nitrogen relaxation frequencies, frO and frN , can be determined as a
function of ambient atmospheric conditions and relative humidity.

4.2.3 Ground reflection
Ground reflection occurs when the sound waves from a source to an observer are not
travelling directly but instead are reflected on the ground and can either enhance or
diminish the observed sound intensity, depending on the phase difference between
the received waves. The amount of attenuation of the incident to the ground wave is
dependent on the ground surface type, which can vary from a soft surface, such as
snow, to a hard surface, such as asphalt. The surface characteristics can, generally,
be described through a parameter called acoustic impedance, which is an indicator
of the amount of opposition of a surface or material to an acoustic flow.

Figure 4.2: Ground reflection of sound ray.
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The concept of ground reflection for rectilinear (straight line) propagation is
presented in Figure 4.2. Modelling of this effect is based on the method presented
by Zorumski [61]. This method is based on the Chien-Soroka [137] theory which
assumes that the ground is a locally reacting uniform plane and that the aircraft
is a point source. Because the predicted noise from the semi-empirical models is in
1/3 octave band representation, a division in sub-bands is required in order to predict
the ground effect with more accuracy. Thus, each 1/3 octave band is divided into
Nb = 2m+ 1 sub-bands, where m is an integer number. The mean square acoustic
pressure, with the ground effect included, is calculated by

⟨p2⟩gr = ⟨p2⟩ffG = ⟨p2⟩ff

(
1 +R2 + 2RC cos (a+ k∆r)sin((K − 1)k∆r)

(K − 1)k∆r

)
(4.4)

where ⟨p2⟩ff is the free-field mean square acoustic pressure and G represents the
ground-effects factor. K = 21/(6Nb) is a sub-band correction factor and C is the
coherence coefficient, which indicates the portion of the initial acoustic energy in
which phase relation is maintained. k is the wave number and ∆r = 2hm cos (θ)
the path-length difference, as presented in Figure 4.2. Finally, R and α are the
magnitude and argument of the complex spherical-wave reflection coefficient, which
is computed as

Reja = Γ + (1 − Γ)F (4.5)
with F the ground wave function and Γ the plane wave reflection coefficient which is
calculated as a function of the ground impedance. The latter is predicted according
to the recommended method by Delany and Bazley [138] who developed an empirical
relationship as a function of frequency and flow resistivity. Flow resistivity is defined
as the airflow resistance of a surface. In general, the higher the resistivity, the less the
sound wave is absorbed. Typical values of the flow resistivity can be found in [139].

4.3 Noise metrics
When computing the noise from an aircraft on the ground there are several metrics
that can be used depending on the application or purpose of the prediction. For com-
parison with noise certification levels, as defined by ICAO [9], the effective perceived
noise level (EPNL) is commonly used, while for comparison with measurements
from flyover aircraft, sound pressure level (SPL or Lp) or A-weighted sound pressure
level (LpA) is usually preferred. Noise mapping is usually performed using the sound
exposure level (SEL) or in some cases the maximum A-weighted sound pressure level
(LAmax). A quick overview of these metrics is presented below. It should be noted
that these are not the only available noise metrics, but the description is limited to
the ones that have been used in the studies that are part of this thesis.

4.3.1 Effective perceived noise level
The EPNL is a metric that accounts for the human perception of the spectral
characteristics and duration of the sound. It is used for single aircraft events at a
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single measurement point, usually certification point, and it is expressed in EPNdB.
EPNL cannot be measured directly, instead it is computed from the perceived noise
level (PNL) by applying a correction for spectral irregularities (tonal components)
and the duration of the sound [140]. The latter is computed from measured or
predicted SPL by applying a frequency dependent weighting factor that can be
obtained from curves.

4.3.2 Maximum A-weighted sound pressure level
LAmax is simply the maximum A-weighted sound pressure level (in dB(A)) during
a specified period, where A-weighting is a frequency dependent curve that can be
applied on the SPL to account for the relative loudness as perceived by the human
ear. Because it only provides a measure of the instantaneous noise level and does not
account for the cumulative exposure, it is usually used together with other metrics,
such as the sound exposure level.

4.3.3 Sound exposure level
The SEL is a metric that represents the cumulative sound energy of an event, taking
into consideration both the noise level experienced and the duration of exposure. It
is expressed in dB or dB(A) and indicates the equivalent sound energy that would
be produced in one second. It is a good metric for comparison of individual aircraft
noise events with different duration. It can be calculated by integrating the sound
pressure squared over reference pressure squared for the specified period.





Chapter 5
Aircraft Noise Synthesis

5.1 The concept of auralization

Auralization is the process of generating audible sound from numerical data [141].
It can be considered as equivalent to visualization but for acoustic phenomena. A tool
like that can be very useful as it provides a means to communicate noise related
scientific findings to the general public but also a way for the general public to
contribute to research through subjective assessment of the noise impact of different
scenarios. In the aviation sector, specifically, it can be used to facilitate the decision-
making process during procedure design or during the development and design of
new engine and aircraft concepts.

The auralization process revolves around three basic elements; source prediction,
sound propagation and sound reproduction (or synthesis) through signal process-
ing [141], [142]. The order of the last two can be interchangeable with the synthesis
performed either before or after the propagation. In the former case, the propaga-
tion is performed in the time domain while in the latter in the frequency domain.
A detailed description of the two approaches was presented by Rizzi and Sahai [142].

The models required for the sound source prediction and propagation have been
described in the previous sections. This section concerns the third element in the
auralization process, namely the signal processing and synthesis. In the subsections
to follow, a short introduction to signal processing is provided where some basic
concepts and methods are explained, followed by a description of the synthesis
methodology.

5.2 Signal processing

5.2.1 Fourier transform
The Fourier Transform is one of the most useful techniques in signal processing, as
it allows to move from the time to the frequency domain, and vice versa (Inverse
Fourier Transform). It can be applied to any periodic or non-periodic signal (a
function of time), transforming it into an alternate frequency domain representation,
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written as the sum of simple sinusoidal waves of various frequencies. The Fourier
transform is defined as

X(f) =
∞∫

−∞

x(t)e−j2πftdt (5.1)

where X(f) is a two-sided complex continuous spectrum and x(t) is a time domain
signal.

The inverse operation can be used to obtain the original signal as

x(t) =
∞∫

−∞

X(f)ej2πftdf (5.2)

In digital applications, only a finite number of sample points is available. In
order to obtain an adequate representation of the signal, the sampling rate should
be at least double the frequency of the highest frequency found in the signal. This
sampling rate is called Nyquist frequency. Assuming that this condition is fulfilled, a
discretised version of the Fourier transform should be applied on the signal to obtain
the frequency domain representation. This is called the Discrete Fourier Transform
(DFT) and is defined as

X(k) =
N−1∑
n=0

x(n)e−j2πkn/N , k = 0, 1, ..., N − 1 (5.3)

where k is the frequency index, n is the signal sample number and N is the total
number of samples.

Similarly, the inverse transform, namely Inverse Discrete Fourier Transform
(IDFT), can be determined from the following equation

x(n) = 1
N

N−1∑
k=0

X(k)ej2πkn/N , n = 0, 1, ..., N − 1 (5.4)

An optimized version of the DFT is often used in acoustic signal processing,
namely the Fast Fourier Transform (FFT), which is a more efficient and faster
implementation of the DFT. There are various FFT algorithms but the oldest and
most commonly used is the Cooley and Tukey algorithm [143] that divides a DFT
of size N into N1 smaller DFTs of size N2, where N = N1N2. Finally, it is worth
noting that if it is desired to increase the frequency resolution of a signal’s spectrum,
it is possible to do that by simply zero-padding the signal (adding zeros until the
desired length is reached) before the FFT is applied [144], [145].

5.2.2 Digital filters
Filters are commonly used in signal processing to modify the characteristics of a
signal in a desired manner [143]. The basic idea behind a filter is illustrated in
Figure 5.1.

A filter is usually characterized by its transfer function, meaning a function that
describes the relation between the input and output of the system. If X(f) and Y (f)
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Figure 5.1: Block diagram of a digital filter.

are the Fourier transforms of the input signal, x(t), and output signal, y(t), the filter
transfer function for a linear time-invariant system can be defined as

H(f) = Y (f)
X(f) (5.5)

Digital filters can generally be divided into infinite impulse response (IIR) and
finite impulse response (FIR) filters. Breaking down these terms, the impulse response
of a filter is the response or output of the filter when the input is a unit impulse at
t = 0. That said, an IIR filter is one whose impulse response never reaches zero, i.e.
is of infinite duration, because the filter output depends not only on the present and
past inputs but also on recursive terms (past outputs). On the contrary, an FIR
filter is a non-recursive filter with an impulse response of finite duration.

For real time applications, the filters must be causal, meaning that the output
will only depend on present and past samples [144]. A non-causal filter will also
require future samples as input and therefore is not suitable to operate in real-time.
A causal filter can be designed from a non-causal impulse response by simply shifting
it in the time domain and truncating it to the desired length. This process causes a
delay which should be compensated in the final signal.

In this work, causal FIR filters are used to represent the sound propagation
models for atmospheric absorption and ground reflection. The transfer functions
of the filters correspond to the ratio of the received and emitted signal. Because
the propagation effects vary depending on the position of the aircraft, the filters are
varied with time.

5.2.3 Convolution
Convolution is the mathematical operation that is used to apply a filter to a signal.
It is, therefore, equivalent to filtering a signal. It is defined as the integral of the
product of two signals after one is reversed and shifted and can be written as [141]:

y(t) = x(t) ∗ h(t) =
∫ ∞

−∞
x(τ)h(t− τ) dτ (5.6)

where x(t) is the input signal that is filtered with h(t). Note that the convolution
operation is symbolized with ∗, just as addition is symbolized with +.

In digital signal processing, the signals are of finite length and the discrete form
of the convolution is more useful. Eq. 5.6 is, therefore, rewritten as follows

y(n) = x(n) ∗ h(n) =
N−1∑
m=0

x(m)h(n−m) (5.7)
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This is the operation that is illustrated by the block diagram in Figure 5.1. It
should be noted here that if a signal of length N is convolved with a filter of length M ,
the output signal will have a total length equal to N +M − 1 [145].

There are generally two ways to perform the convolution operation. The classic
procedure is done in the time domain and is represented by eq. 5.7, using FIR filters.
It is the most direct way but can be computationally inefficient if the signals are long
[144], [145]. The second more efficient way is in the frequency domain and is called
FFT convolution as it makes use of the FFT algorithm. It is based on the principal
that convolution in the time domain is equivalent to multiplication in the frequency
domain. Therefore, the input signal is transformed to the frequency domain and
multiplied with the transfer function of the filter before transformed back in the time
domain.

5.2.4 Overlap-add method
When a signal is very long, it can be more efficient to divide it into smaller blocks
of equal length and process the generated blocks using the desired operation. The
processed blocks are then recombined to form the final signal. This technique is
called overlap-add method, and is commonly used to evaluate the convolution of a
long signal with an FIR filter.

Assuming that a signal, x(n), of length N is to be filtered with a filter, h(n) of
length M , where N is much longer than M . The signal can, then, be divided into
blocks of length L as illustrated in Figure 5.2. Each block is zero-padded to the
length of the output signal, i.e. L+M − 1, followed by the application of the inverse
Fourier transform and the multiplication with the frequency response of the filter
before it is transformed back to the time domain. The final convolved signal will be
the sum of the short convolutions [141], [145].

Figure 5.2: Overlap-add method. Figure adapted from [141].
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5.3 Broadband noise synthesis
Broadband noise from CHOICE is estimated in 1/3 octave bands and can be
synthesized using an overlap-add method [142], [146]. The process starts by summing
the 1/3 octave band broadband noise spectra from all the components, at each time
step. The total spectrum at each step is then converted to a narrowband spectrum
with a frequency resolution that is dependent on the selected block size (or FFT
length). The block size is selected to be larger than the time between two consecutive
time steps which is called the hop size. The difference between the two determines the
amount of overlap. It should be noted that the time step required for the auralization
is much smaller than the one usually used for CHOICE, in order to eliminate audible
artifacts when transitioning between time steps.

The narrowband spectrum at each time step is assigned a random phase and an
inverse Fourier transform is applied to generate the time domain signal. The block
signal is multiplied with a Hanning window and added to the previous block with a
time delay that equals the hop size. In order to ensure correct acoustic energy values,
the final signal is corrected for the amount of overlaps, as well as the window energy.

5.4 Tonal noise synthesis
Tonal noise for every component is synthesised using an additive synthesis tech-
nique [142], [146]. The pressure time history of each tone is, first, modelled as a
cosine wave and the total noise is determined by summing all components as

p(t) =
N∑

i=1
Ai(t) cos(2πfi(t)t+ ϕi) (5.8)

where Ai(t) is the amplitude and fi(t) is the frequency of the ith tone, with an initial
phase ϕi. If there is no other information, the initial phase is usually assumed to be
random.

Because CHOICE predicts noise in 1/3 octave band frequencies, the Doppler-
shifted blade-passing-frequency and its harmonics, for every component (fan, com-
pressor, etc.), are used to determine the frequency and amplitude of the tones in
the predicted spectra [147]. This is performed at every time step or aircraft state
which corresponds to the beginning of a synthesis block. In the additive synthesis
technique, the synthesis block is equal to the hop size and there is no overlap needed
to ensure a smooth transition. Instead, the tonal amplitudes and frequencies are
smoothly varied between consecutive aircraft states via interpolation. The phase
at the beginning of a synthesis block is also matched to the one at the end of the
previous block, in order to avoid discontinuities between consecutive blocks.

5.5 Propagation effects
Propagation of the sound can be performed either prior to the synthesis operation or
afterwards [142]. Both approaches should, theoretically, result in the same pressure
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time history at the receiver. However, there are some benefits in using the time domain
approach, i.e. applying the propagation subsequent to the synthesis. The main
advantage is that it allows for imparting temporal variations, e.g. due to turbulence,
and that it affects naturally any source noise unsteadiness [142]. Furthermore, the
frequency domain propagation is usually performed in 1/3 octave band frequencies
and is absent of phase. This has a negative effect on the frequency characteristics of
the sound, as it disrupts the phase relationship between direct and ground reflected
rays, leading to a more artificial sound.

In this work, two scenarios were tested. The first was the frequency domain
approach as the propagation effects that were described in Section 4 are already
included in the noise prediction in CHOICE, which outputs the receiver spectra at
regular time intervals. The second scenario was a combination of the two approaches.
The spreading loss and Doppler shift were applied in the frequency domain, as
described in Section 4, while the atmospheric absorption and ground reflection, were
applied in the time domain through filtering operations. The second approach was
found to result in more realistic sounds. Therefore, any presented cases have been
performed following this approach.

5.5.1 Atmospheric absorption filter
Atmospheric absorption is modelled according to the method presented in Sec-
tion 4.2.2 and realized through an FIR filter, as described by Rietdijk [148] and
Heutschi et al. [149]. The absorption spectrum is, firstly, determined as

Haa(f) = 10−a(f)R/20 + 0j (5.9)

where a(f) is the absorption coefficient described by eq. 5.9 and R is the source
receiver distance.

An Inverse Fourier transform was, then, applied to the spectrum to obtain the
impulse response, which was circularly shifted in the time domain to obtain a causal
filter with constant group delay. FFT convolution and the overlap-add method were
used to apply the filter on the signal. To account for the delay caused by the filter,
the first M/2 samples were dropped, where M is the length of the filter [148], [150].

5.5.2 Ground reflection filter
The ground reflection was considered through a reflection factor and a time delay
applied on the direct path to obtain the reflected path. The fact that the same path
was used for the direct and reflected wave is a fair approximation as the receiver
height (typically between 1 and 2 m in this work) is much smaller than the source
altitude. Hence, the difference in the directivity of the source will be small and can
be ignored without impacting the result in a realizable manner.

As before, an FIR filter was created from the reflection coefficient described
in eq. 4.5 of Section 4.2.3, by applying the inverse Fourier transform and shifting
the impulse response by M/2 samples [150]. The reflected wave was calculated by
convolving the filter with the direct path and dropping the first M/2 samples. This
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was then added to the direct unfiltered wave with a delay of round(Fs∆r/c) samples
to obtain the final signal. Here, Fs is the sampling frequency, ∆r the path-length
difference, shown in Figure 4.2, and c the speed of sound.

In order to create a more realistic sound, turbulence was included in the ground
reflection simulation. This was modelled according to the method proposed by
Arntzen [146] where a turbulence-induced coherence loss factor was included in the
ground reflection coefficient. Due to the fact that there were no available data on
wind and temperature fluctuations, a weak turbulence was assumed. This factor only
altered the ground interference pattern, making it less pronounced and improving
the agreement with the measurements. However, for amplitude modulations due to
atmospheric turbulence and wind, further assumptions and filters would need to be
implemented which is not performed as part of the present work.

5.6 Comparative assessment of approach flyovers

In this section, a comparative assessment of synthesized spectrograms with recordings
from flyover aircraft is performed. Three cases are presented corresponding to three
of the flyovers that were performed as part of the ANT (Approach Noise Trials)
project [151] at the CSA. The flights were performed using two Novair A321neo
with LEAP-1A engines and all the measurements were taken during the morning
of April 8th, 2021, at Arlanda airport, in Stockholm. These flights were conducted
purely for noise measurement purposes and each aircraft performed 10 approach
flyovers. 31 microphones were placed along a 15 nm approach path, mainly aligned
with runway 26. The sampling frequency was 48 kHz with a frequency update of
125 ms. A detailed description of the measurement set up is presented by Åbom et
al. [151], while details can also be found in Paper 4. FDR and noise measurement
data for all flyovers and a number of recordings from selected microphone locations
were available.

Figures 5.3-5.5 show the spectrograms for three synthesized and recorded approach
flyovers. Figure 5.3 and Figure 5.4 correspond to a microphone located 4.7 nm from
the runway threshold, at which point configuration 2 is selected and the landing gear
is either extended before or during the pass-by of the aircraft above the microphone,
while Figure 5.5 corresponds to a microphone 8 nm from the threshold, where
configuration 2 is set. Although, the shapes of the synthesized spectrograms indicate
a good agreement with the recorded ones, some notable differences can be noticed,
for all three cases. The signal power in the low frequency region is somewhat
overpredicted, especially in the first two cases, which could be attributed to the low
frequency contribution from the landing gear component, as was shown in Paper 3.
Furthermore, in the recorded spectrograms, some vertical lines can be observed
which correspond to temporal variations at the source and temperature and wind
fluctuations that affect the propagation [53], [146]–[148]. These are not present in
the synthesized cases which are based on time-averaged models that do not include
short term variations or atmospheric turbulence effects. The jumps that can be
seen in the synthesized cases correspond to changes in the aircraft state, such as
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change in configuration in Figure 5.3a and sudden increase or decrease in thrust
in Figure 5.4a and Figure 5.5a. Another noticeable difference in all three cases is
caused by the background noise in the recording (songbird, vegetation motion from
the wind, etc.) which is seen as a higher frequency noise before and after the peak of
the flyover aircraft noise. Finally, a difference in tonal components can be observed.
In all three cases, some variable tones can be seen in the synthesis, which are related
to harmonics of the BPF. These tones are slightly overpredicted, something that
could be attributed to the simple noise suppression model and the fan prediction
model which was developed based on an older engine. On the contrary, in the
spectrograms of the recordings, some constant frequency tones can be noticed, that
is if the frequency shift caused by the Doppler effect is overlooked. More specifically,
in Figure 5.3b a constant frequency tone is observed at a frequency around 650 Hz
at the beginning of the recording and in Figure 5.5b two constant frequency tones
are seen at 350 Hz and 650 Hz. These are possibly attributed to cavities on the
airframe such as the fuel vent opening on the wing [55], [56]. Another constant
frequency tone can be noticed towards the end of the recording in Figure 5.3b, at a
frequency around 1600 Hz. This seems to be close to the harmonic of the BPF but
does not indicate any variation as is seen in Figure 5.3a. It is, therefore, likely to be
caused by a cavity in the nose landing gear [54], [56].

The A-weighted sound pressure level as predicted by the synthesis for each of
the three presented cases are compared with the measurements in Figure 5.6, and
in Table 5.1, in terms of A-weighted sound exposure level and maximum noise
level. It can be noticed that the agreement is good when the aircraft is close to the
microphone while the two lines start to deviate when the aircraft is further away.
From Figure 5.6a, Figure 5.6b and Table 5.1, it can be observed that the synthesized
noise reaches slightly higher levels than the measured around the overhead point,
while from Figure 5.6c it can be noticed that the forward radiated noise is somewhat
overpredicted. As the aircraft moves away from the microphone, the synthesized noise
level drops below the measured, for all three cases. This could partly be attributed
to the presence of background noise in the measurements. Overall, these findings are
in line with a previously published validation study of ANOPP [152]. It should be
noted that since A-weighting has been used to compute the SPL, the low-frequency
overprediction is somewhat suppressed in this comparison (the A-weighting curve
reaches very low negative values in the low frequency region, as the human ear is
less sensitive in this frequency region).

This comparison is a necessary first step towards the validation of the auralization
model. However, further validation would require a subjective assessment via listening
tests in order to determine the degree of realism of the synthesized sounds and to
identify significant differences in the perception of the two sounds. Unfortunately, this
could not be performed in the frame of the present project, as it was not originally
planned. With regard to the comparisons, although there are some differences, mainly
due to the limitations of the semi-empirical models, it is believed that the tool can be
used for the relative assessment of different scenarios. Further improvement can also
be achieved by implementing methods for propagation in non-standard atmosphere.
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Table 5.1: A-weighted SEL and LAmax for the synthesized and recorded flyover.

SEL [dB(A)] LAmax [dB(A)]
Case Synth. Meas. Synth. Meas.
1 81.16 79.20 71.99 70.45
2 81.81 79.92 72.63 71.93
3 72.54 72.80 61.14 64.43

(a) Synthesized

(b) Measured

Figure 5.3: Spectrograms of synthesized (a) and measured (b) aircraft flyover
noise for case 1.



50 5.6. Comparative assessment of approach flyovers

(a) Synthesized

(b) Measured

Figure 5.4: Spectrograms of synthesized (a) and measured (b) aircraft flyover
noise for case 2.
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(a) Synthesized

(b) Measured

Figure 5.5: Spectrograms of synthesized (a) and measured (b) aircraft flyover
noise for case 3.
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(a) Case 1

(b) Case 2

(c) Case 3

Figure 5.6: A-weighted sound pressure level for the synthesized and measured
flyover noise.
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Summary of Papers

6.1 Paper 1
Thoma, E. M., Grönstedt, T., and Zhao, X., “Quantifying the Environmental Design
Trades for a State-of-the-Art Turbofan Engine,” Aerospace, Vol. 7, No. 10, 2020.

6.1.1 Division of work
All authors contributed to the development of the methodology and preparation of the
manuscript. The author of the thesis performed the simulations, post-processed the
results and wrote the original draft of the paper. Tomas Grönstedt contributed to the
conceptualization and provided feedback on the manuscript. Xin Zhao contributed
to the conceptualization, set up the optimization framework, validated the aircraft
model, and provided feedback on the manuscript.

6.1.2 Aim
In Paper 1, a system-level study was performed in order to assess the environmental
impact of early design choices for an ultra-high bypass ratio turbofan engine. The
aim was to quantify the effect of engine cycle parameter variation on noise and NOx

emissions within a range close to the optimal engine condition where only a small
penalty in fuel burn would be incurred.

6.1.3 Methodology description
For this study, a model was set up for a state-of-the-art single aisle thrust class
turbofan engine. Component efficiencies, cooling technology, component weight and
architecture were based on the Leap-1A engine. The aircraft system was modelled
to match A321-200.

A Python-based framework combining several in-house codes was used to perform
the simulations. The engine performance and design were evaluated using GEST-
PAN and WEICO. GESTPAN was also used to simulate the aircraft performance
and establish trajectories by integrating the two dimensional flight dynamics equa-
tions. The computed trajectories concerned the LTO cycle and followed the noise
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certification procedure guidelines. The engine cycle was optimized for minimum
installed SFC (Specific Fuel Consumption), by allowing variation in OPR, FPR
and BPR, while keeping the aircraft characteristics and the trajectories fixed. For
the optimization, OpenMDAO was used, which is an open-source framework for
multidisciplinary optimization, introduced by Gray et al. [153]. Around the optimum
point, two case studies were defined, one for varying OPR and one for varying FPR
and BPR. Trades were, then, evaluated between noise at the certification points
and LTO emissions. Noise predictions were carried out using CHOICE and the
methods presented in Chapter 3 and Chapter 4. NOx emissions were computed using
CHEESE (CHalmers Engine Emissions Simulation Environment) which is based on
semi-empirical modeling methods [154].

6.1.4 Discussion
For the optimization, an installed SFC metric was selected as the objective function.
This was expected to be a better metric than pure SFC as it accounts for the effect
of the nacelle drag and engine weight. For both scenario studies, it was observed
that with only a modest increase in the installed SFC metric, a large variation in
cycle parameters could be achieved. This variation in engine parameters proved to
be significant regarding the noise and emissions. Even though the OPR variation did
not have a notable effect on noise, the decrease in total NOx mass was significant,
amounting to 12% reduction from the optimum installed SFC case. On the other
hand, varying the fan diameter within a range not leading to a substantial increase
in installed SFC resulted in an improvement in engine noise equal to 1.7 dB, and
additionally giving a slight benefit in estimated NOx emissions.

6.2 Paper 2
Thoma, E. M., Grönstedt, T., Otero, E., and Zhao, X., “Environmental Assessment
of Noise Abatement Approach Trajectories,” 33rd Congress of the International
Council of the Aeronautical Sciences, 2022.

6.2.1 Division of work
The author of the thesis formed and set up the scenario study, developed the trajectory
model, the flight dynamics model and the optimization methodology, performed the
simulations, post-processed the results and wrote the original draft of the paper.
All co-authors provided support in the analysis and discussion and reviewed the
manuscript.

6.2.2 Aim
In Paper 2, interdependencies between noise and emissions were evaluated for aircraft
operational procedures. Focusing on approach procedures, the aim was to assess the
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environmental impact of standard, more advanced and optimized noise abatement
trajectories.

6.2.3 Methodology description

The trajectories were constructed based on available FDR data and theory found
in operating manuals and similar studies. The ground path was kept constant for
all study cases and only the vertical profile was varied according to the studied
procedure. The aircraft performance was evaluated using the models developed in
Chapter 2, followed by GESTPAN simulations to evaluate the engine performance
and by CHOICE and CHEESE simulations for the prediction of noise and NOx

emissions. For this study, the noise mapping tool SAFT [155] was used in connection
with CHOICE in order to generate SEL contours under the aircraft flight path.

An optimization study was performed using a multiobjective Genetic Algorithm.
The objective was to minimize the noise impact for a community located underneath
the flight path and the total mission NOx emissions. The process started from a
conventional approach trajectory and the objectives were normalized according to
this procedure.

All cases were presented for an aircraft/engine model based on the A321neo with
Leap-1A engine at Arlanda airport in Stockholm.

6.2.4 Discussion

Several approach procedures were evaluated for their environmental impact. The
analysis started from noise abatement procedures, namely the CDA and LDLP, and
other standard trajectories, such as the conventional and the multi-level approach.
Based on these, more advanced trajectories were explored such as a CDA with a
steeper descent angle, a segmented CDA and an LDLP with a shorter intermediate
level segment. It was shown that there is no single better trajectory but the selection
of the appropriate procedure is highly dependent on the airport, flight conditions,
atmospheric conditions and aircraft type. From the results it was observed that, in
general, if a procedure leads to noise reduction in proximity to the airport this is
traded with increased noise level further away. The more advanced procedures seemed
to result in increased NOx emissions while the effect on the fuel consumption was
not that evident. This can be explained by the fact that contrary to CO2 and SOx

emissions, NOx emissions also depend on the climate and local weather conditions.
As expected, the optimization resulted in the best solution from the studied

trajectories and for the selected scenario. Even though noise was minimized for
a specific location, an overall improvement was observed. NOx emissions were
significantly improved but a slight increase in the fuel consumption was observed, as
it was not accounted for in the optimization. The increase in CO2 and SOx emissions
was rather small and was considered acceptable for the achieved noise and NOx

emissions reduction.
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6.3 Paper 3

Thoma, E. M., Grönstedt, T., Otero, E., and Zhao, X., “Assessment of an Open-
Source Aircraft Noise Prediction Model Using Approach Phase Measurements,”
Journal of Aircraft, Articles in Advance, 2023.

6.3.1 Division of work

The author of the thesis contributed to the development of the code, established the
validation process, performed the simulations, post-processed the results and wrote
the original draft of the paper. Tomas Grönstedt contributed to the development
of the original code, reviewed the manuscript and provided support in the analysis.
Evelyn Otero provided support in the analysis and discussion and reviewed the
work. Xin Zhao contributed to the development of the code, provided support in the
analysis and feedback on the manuscript.

6.3.2 Aim

In Paper 3, a comparative assessment of an open-source aircraft noise prediction
tool with flyover noise measurements for approach procedures was performed. The
assessment was focused on the source noise level and was performed for every approach
configuration separately, providing simulation details of noise generation of whole
aircraft and key components breakdown. This way of validation provides an insight
on the effect that variations in flight parameters and configuration settings have on
noise.

6.3.3 Methodology description

The study was performed using flight data and ground-based noise measurements
from 18 approach flights and 17 recording stations, positioned along the approach
flight path. The flights were performed during one morning using two A321neo
aircraft with Leap-1A engines at Arlanda Airport in Stockholm, with the purpose of
collecting noise measurement data.

The source noise was calculated using the models that were described in Chapter 3.
FDR data were used for the trajectory details and to predict the engine and aircraft
performance parameters that are required for the noise prediction. The source noise
prediction was then compared with the backpropagated noise measurements at the
overhead point above each microphone. The assessment was performed for every
high-lift device and landing gear setting, separately. For completeness, an assessment
of the predicted ground noise level over time was also included. Finally, a sensitivity
analysis was performed to study the effect of flight parameters variations on the
source noise prediction.
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6.3.4 Discussion

The predicted and measured sound spectra indicated an overall good agreement for
the various configurations, especially in the mid-frequency region. Some deviations
occurred in the low-frequency region, which is generally considered a region of high
uncertainty. Configurations with a greater number of high-lift devices compared better
with the measurements while the early configurations showed greater deviations. This
was partly attributed to uncertainties caused by the increased aircraft-microphone
distance for the latter. In general, it was shown that the source noise level can be
predicted within 3 dB from the measurements, for most cases. The dependence on
speed was found to be stronger for the source noise models which could be explained
by the lack of installation effects in the modelling. Deviations could also occur due to
the fact that the development of the models was based on older aircraft and engines,
which lack noise suppression technologies. Despite the above limitations, the study
showed that the models can be used to evaluate the noise form current aircraft with
good accuracy.

6.4 Paper 4

Thoma, E. M., Johansson, A., Lin, X., Otero, E., “Flight Configuration-Based
Analysis of Emissions and Noise Interdependencies” Manuscript under review in
Journal of Aircraft, 2023.

6.4.1 Division of work

All authors contributed to the conceptualization, the development of the methodology
and the analysis. The author of the thesis set up the code for the interdependencies’
analysis, performed the simulations, post-processed the results and wrote the original
draft of the paper. Anders Johansson performed the noise measurements and provided
the post-processed data and contributed to writing of the original draft of the paper.
Xiaoyi Lin set up the emissions simulations and performed an initial analysis on
the emissions predictions. Evelyn Otero developed the emissions predictions model,
coordinated the work and reviewed the manuscript.

6.4.2 Aim

In Paper 4, noise measurements and FDR data were used to examine the impact of
variations in flight parameters on both noise level and emissions. The analysis was
performed separately for every approach configuration, aiming to develop a better
understanding of the complex interdependencies that arise between noise, CO2 and
non-CO2 emissions.
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6.4.3 Methodology description
The data used in this study are part of a noise measurement campaign (also used in
Paper 3) that was developed during the pandemic with the aim to cover variations
in speed, landing gear deployment, and approach altitude that are usually observed
during normal approach procedures. FDR data from 18 test flights and noise
measurements from all 31 recording stations were available for the analysis. The
emissions were assessed based on fuel flow data derived from the FDR records and
an emission prediction model, the Boeing Fuel Flow Method 2.

In the performed flight schedule, two altitude and four speed profiles are observed.
The analysis was, thus, performed by separating the data into configurations, omitting
transitional states, and, then, grouping the data according to their profiles. The
noise was assessed based on the maximum A-weighted noise level on the ground
and CO2, H2O, SOx, CO, HC and NOx emissions were calculated in terms of total
produced amount, in kg, for each configuration segment.

6.4.4 Discussion
It was demonstrated that in early configurations, prior to landing gear deployment,
there is a significant trade-off between CO2, H2O, SOx and NOx on one side and
CO and HC on the other side, as the latter increase exponentially when low fuel
flow levels are reached. On the contrary, ground noise level at this phase is primarily
influenced by the aircraft-microphone distance and the atmospheric propagation
effects. Therefore, minimum environmental impact can be reached by starting the
approach from a higher altitude, followed by an idle power descent with careful
consideration of the latter to prevent entering areas of critically low fuel flow. This
can be avoided by, setting a minimum thrust threshold depending on the approach
phase and flight configuration.

For the configurations that follow, the trade-off mainly lies between CO2, H2O,
SOx and NOx emissions and noise as the drag increases causing an increase both in
fuel consumption and noise level. With the extension of the landing gear, a significant
dependency of the noise level on the aircraft speed is observed, amounting to an
average increase of 1 dB for a 10 kn increase in speed. Hence, an obvious mitigation
measure in this case is to reduce the flight speed, with a slight penalty in CO and
HC emissions.

Overall, the study revealed that efforts aimed at reducing fuel consumption
typically result in increased levels of CO and HC emissions, while trade-offs with
regard to noise were more complex and highly dependent on the aircraft configuration.

6.5 Paper 5
Thoma, E. M., Merino-Martínez, R., Grönstedt, T., Zhao, X., “Noise from Flight Pro-
cedure Designed with Statistical Wind: Auralization and Psychoacoustic Evaluation”
Accepted and to be presented on the 30th AIAA/CEAS Aeroacoustics Conference
and subsequently to be submitted to an AIAA journal for consideration, 2024.
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6.5.1 Division of work
The author of the thesis contributed to the conceptualization, developed the noise
prediction and auralization code, performed the simulations, post-processed the
results and wrote the original draft of the paper. Roberto Merino-Martinez supervised
the work on the development of the auralization code, provided the prediction method
and results for the sound quality metrics, wrote part of the paper and provided
feedback. Tomas Grönstedt supported the analysis and reviewed the paper. Xin
Zhao contributed to the conceptualization, provided the study case, contributed to
the development of the framework, supported the discussion and provided feedback.

6.5.2 Aim
In Paper 5, two approach procedures that were designed following different design
methodologies were assessed for their noise impact on the near-airport communities.
The assessment included an analytic comparison with both conventional and sound
quality metrics. The aim was to evaluate the potential noise benefits of the new
design, not only through quantitative metrics but also through the evaluation of the
perceived annoyance.

6.5.3 Methodology description
The study focused on two Required Navigation Performance Authorization Required
(RNP AR) approach procedures designed following the ICAO regulations. According
to these regulations, the design can be based on standardized meteorological con-
ditions or historical data specific to the procedure location, with the former being
the more common approach. The two designs inevitably resulted in different lateral
profiles which were expected to lead to variations in community noise impact.

These differences were evaluated using the methods outlined in this thesis. Ini-
tially, a quantitative analysis was conducted by generating sound exposure contours
and estimating the difference in the amount of highly affected population. This
was followed by a perception-based evaluation for the residents of selected locations,
utilizing auralization and psychoacoustic assessment to determine the level of an-
noyance experienced by individuals in these areas. The psychoacoustic assessment
was performed with the help of sound quality metrics that were calculated using the
open-source MATLAB toolbox SQAT (Sound Quality Analysis Toolbox) v1.0 [156].

6.5.4 Discussion
It was demonstrated that with the reconstruction of the lateral profile of the procedure
a notable decrease in the number of noise-affected people could be achieved, amounting
to about 1/3 of the initially affected population. However, this adjustment, caused
by the reduction in aircraft turn radius, resulted in the displacement of the noise
contour towards urban areas that were previously less-severely affected. This gave
rise to the question of whether it is ethical to change the existing procedure. The
perception-based analysis was performed with the aim of providing more details and
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facilitating the decision-making process involving this question. The auralizations
and the calculation of the psychoacoustic metrics were performed at three selected
points and revealed minor differences in audible noise levels and annoyance, with
the new procedure suggesting slightly lower levels at the most severely affected
locations. Although, this came at the expense of a notable increase in annoyance for
the residents of the previously less-severely affected area.



Chapter 7

Concluding Remarks

7.1 Summary

The present work has focused on different aspects involved in aircraft noise mitigation.
These included the development of a comprehensive aircraft noise prediction tool, the
investigation of noise mitigation strategies through experimental data and available
models, and the evaluation of noise reduction scenarios at the source or through
flight path management.

The source noise prediction was described in Chapter 3 and was based on empirical
and semi-empirical models, which can be found in the public literature. These models
require detailed input with regard to the engine and aircraft performance which
was provided from the developed trajectory model and the in-house performance
tools that were presented in Chapter 2. This consisted the first part of the aircraft
noise prediction tool-chain which, despite the limitations of the models (discussed in
Section 3.2.3), was shown, from the study in Paper 3, to provide a good estimation
of the noise generated from current aircraft and to capture the effect of variations
in flight parameters and configuration well. For the propagation of the sound a
standard atmosphere with no wind was assumed and accounting for the effects
described in Chapter 4 the noise on the ground was predicted, either at a selected
microphone location or by generating noise exposure contours. The propagation
method was assessed as part of Paper 1 and Paper 3 and showed a good agreement
with certification data and measurements, respectively.

Using the described methods, two scenario studies were performed. The first
study, presented in Paper 1, was focused on noise reduction at the source and, more
specifically, how it can be achieved at an early design stage of current state-of-the-art
engines for a minimum impact in fuel burn. It was demonstrated that for only a
modest effect on the fuel burn, a relatively large variation in engine cycle parameters
is allowed, which can result in reduction in noise, as well as, NOx emissions.

The second scenario study, included in Paper 2, was focused on the operational
aspect and on the environmental impact of modifications in approach trajectories and
procedures, involving the evaluation of interdependencies between noise, CO2, and
non-CO2 emission. Through the various procedure designs and the multidisciplinary
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optimization, it was shown that, if the design is adapted to specific airport and
conditions, significant improvement can be achieved in both noise and emissions.

The operational aspect was further investigated, somewhat indirectly in Paper 3,
and with the help of experimental data, in Paper 4. In the former, through the
configuration-based validation and the source noise breakdown, it was possible to
evaluate not only the impact of each configuration change on noise level, but also how
variations in flight parameters, such as speed and thrust, affect noise within the same
configuration. The assessment was performed both with experimental data and with
predictions from the semi-empirical models, and clearly demonstrated the increasing
impact of speed as higher configurations are used, while the effect of thrust was
only found relevant for the Clean configuration. Similar findings were observed in
Paper 4. In particular, using noise measurement data from a flight schedule that was
developed to cover variations in speed, altitude and landing gear deployment position
within the range typically found in a normal approach, it was possible to closely
study the trade-offs between noise and emissions. This assessment showed that in
early configurations prior to landing gear deployment, there’s a significant trade-off
between CO2, H2O, SOx, and NOx emissions versus CO and HC emissions, while
ground noise levels are primarily influenced by aircraft-microphone distance and
atmospheric propagation effects. In subsequent configurations, the trade-off shifts to
primarily between CO2, H2O, SOx, and NOx emissions and noise, with increased
drag leading to higher fuel consumption and noise levels.

For all previous studies, conventional metrics were used for the assessment, which,
although, very important and necessary, do not provide much information on the
human perception of the noise. Thus, the noise prediction was further improved
through the integration of auralization, which was described in Chapter 5. When
auralizations of real flyovers were compared with the corresponding recordings, a few
audible differences could be noted, despite that the noise metrics for each flyover
were generally well predicted. The most distinct differences, apart from the lack of
background noise in the synthesis, was the absence of amplitude modulations caused
by temporal variations at the source and turbulence effects in the propagation, as well
as differences in the tonal components. Including more complex propagation effects,
such as wind and turbulence, could potentially improve the agreement between the
auralizations and the recordings, although, the former will always be limited by
the assumptions and the level of detail included in the semi-empirical source noise
prediction. As the noise prediction is performed in 1/3 octave band frequencies,
some frequency information is inevitably lost, thus, affecting the auralization that
requires narrowband information. Despite the noted differences and limitations, it is
believed that the tool can be used for the relative assessment of different scenarios.

Using the whole tool-chain, another scenario study with a focus on the operational
aspect was performed in Paper 5. The assessment involved two RNP AR approach
procedures that were designed following the ICAO regulations for procedure design.
These were compared in terms of sound exposure level, amount of affected population,
auralizations and perceived-annoyance. It was shown that this kind of assessment
could provide valuable input during the procedure design and facilitate the decision-
making process for standardizing a procedure.
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7.2 Future work
During this work, some challenges and opportunities for further research were
identified. These include both modelling and prediction related challenges and oppor-
tunities for noise mitigation related research. Based on these, some recommendations
are made which are separated according to the relevant topic and presented below.

Source noise prediction: Performing a similar validation study for conditions
where the engine noise is dominant, e.g. during take-off, could contribute in identifying
limitations and further improving the implemented engine models. This improvement,
could be achieved by developing more analytical models for the acoustic treatment
mechanisms and including a more detailed description of installation and interaction
effects. For this purpose, experimental data from departure procedures or from test
facilities would facilitate the work.

Noise propagation: For real life applications, it would be useful to further develop
the noise propagation methodology to account for a non-standard atmosphere by
including the effect of wind and changes in atmospheric temperature and pressure,
while the accuracy of the noise contours could be further improved by incorporating
terrain information.

Auralization: The recommendations for advancing the noise propagation would
also contribute in more realistic synthesized sounds, which could be further improved
by including temporal variations at the source. In addition, a very useful assessment
and a next step would be to conduct listening experiments in order to evaluate the
degree of realism of the auralizations and to develop an understanding of the human
response to different sounds.

Scenario studies: Although the implemented semi-empirical models have limited
capabilities in assessing advanced future aircraft concepts, with some modifications
they are able to predict the noise from other future technologies, such as boundary
layer ingestion (BLI) propulsion and propeller driven electric aircraft. Electric
aircraft, especially, have gained a lot of interest in Sweden, and an assessment of their
noise impact could be performed, ideally in collaboration with external partners.
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Appendix A
Audio files

In Section 5.6, auralizations and recordings of flyover aircraft in approach condi-
tions were presented and discussed. The comparison was performed in terms of
spectrograms, sound exposure level, maximum noise level and sound pressure level
time history. The corresponding sound files can be downloaded by searching for the
electronic version of the thesis in the Chalmers Research website [157].

The sound files are named based on the respective figure where their spectrograms
are presented. The duration of each sound file is 20 seconds, with a starting time
approximately 10 seconds before the synthesized maximum A-weighted sound pressure
level is reached. The starting time for each audio file is also indicated in the name.
Furthermore, the word "synthesized" or "measured" can be found in the name of each
file, indicating whether it corresponds to a synthesized case or a recording. A list of
the available sound files is presented in Table A.1. It should be noted that during the
recordings the microphones were not calibrated at the typical 94 dB SPL level, but
100.2 dB was used. Therefore, both the recorded and synthesized audio files assume
100.2 dB SPL for the full-scale amplitude. The results presented in Section 5.6 have
been re-calibrated to 94 dB. It is, generally, recommended to listen to the files in an
environment with relatively low background noise and to use headphones.

When listening to the auralized and recorded audio files, the observations that
were made in Section 5.6 become evident. The amplitude modulations caused by the
atmospheric turbulence are clearly audible in the recording, as are the differences in
tonal components. Another distinct difference that is noticed when listening to the
files is the binaural effect in the recording which is not included in the auralization.

Table A.1: Audio files.

Filename Description
fig5.3_synthesized_7.50.23.wav Synthesized flyover presented in Figure 5.3a
fig5.3_measured_7.50.23.wav Recorded flyover presented in Figure 5.3b
fig5.4_synthesized_8.48.00.wav Synthesized flyover presented in Figure 5.4a
fig5.4_measured_8.48.00.wav Recorded flyover presented in Figure 5.4b
fig5.5_synthesized_8.3.47.wav Synthesized flyover presented in Figure 5.5a
fig5.5_measured_8.3.47.wav Recorded flyover presented in Figure 5.5b
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