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Abstract
Physics-based Modelling for Aircraft Noise and Emission Predictions
Evangelia Maria Thoma
Department of Mechanics and Maritime Sciences
Division of Fluid Dynamics
Chalmers University of Technology

Starting from semi-empirical noise source models for the aircraft and 4D trajec-
tory computations, this work focuses on the environmental assessment of scenario
studies regarding technology evaluation and procedural planning. Extensive work
was performed on improving and validating the existing tools. The physics based
dynamic modelling for straight inflight was extended to account for a third space
dimension and the inclusion of non-zero wind. Real flight data were used for model
verification. Ground noise measurements were used to validate the physics-based
prediction of source noise for varying operating conditions and to adapt the model
to a state-of-the-art aircraft and engine. In this thesis, a summary of the developed
physics-based methods and their validation are presented and the selected case
studies are described.

An important part of the presented research focused on sustainability aspects and
the evaluation of interdependencies between noise, NOx and CO2 emissions. New
propulsion system designs were generated for a state-of-the-art ultra-high bypass
ratio turbofan engine by allowing variation in the OPR (Overall Pressure Ratio),
FPR (Fan Pressure Ratio) and BPR (Bypass Ratio). By varying these parameters,
the engine was optimized for minimum installed specific fuel consumption. Allowing
minimum fuel burn variation around this optimal point, different engine designs and
operational characteristics were established and trades between LTO (Landing and
Take-off) NOx emissions and cumulative noise were examined.

Another aspect focusing on the sustainability of air transport concerns the op-
erational level, where the aim is to establish improved procedures and trajectories
through the use of the existing technology. Several noise abatement procedures
already exist and are implemented to reduce pollution around airports. Focusing
on approach procedures, these standard operations were evaluated for noise and
emissions. More advanced procedures were designed and assessed for their environ-
mental impact and optimization was carried out to establish the optimal procedure
for specific cases. It was demonstrated that quantifying these trade-offs and adapting
the design to specific conditions is essential when new flight procedures are designed.

Keywords: aircraft noise, emissions, physics-based modelling, FDR, measurements,
interdependencies, turbofan engine, trajectories.
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G Over-ground attenuation / Ground effects factor
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ICAO International Civil Aviation Organization
INM Integrated Noise Model
L Lift (Chapter 2) / Sound level (Chapter 3)
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P Pressure
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RSL Relative Spectrum Level
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S Suppression factor
SdB Suppression in dB
SEL Sound Exposure Level
SFC Specific Fuel Consumption
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SPL Sound Pressure Level
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TAS True AirSpeed
TRA Technology Reference Aircraft
T0 Reference temperature
TS Static temperature
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V True airspeed
Ve Nozzle exit equivalent flow velocity
VGS Ground speed
VT R Relative tip speed of last rotor of the turbine
Vw Wind speed
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W Aircraft weight
W3 Combustor inlet flow
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Greek Symbols
α Angle of attack (Chapter 2) / Absorption (Chapter 3)
β Landing gear radiation efficiency
γ Flight path angle
∆r Path-length difference
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Λ Total lateral attenuation
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ρ Density
ϕ Roll or bank angle (Chapter 2) / Lateral directivity angle (Chapter 3)
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Chapter 1

Introduction

1.1 Background

One of the major detrimental effects of the aviation industry is noise pollution
around the airports. Although it is, generally, linked with community annoyance,
the most significant effect is its impact on human health which has been a topic of
extensive discussion and research [3, 8, 15, 53]. Aircraft noise has been associated with
sleep disturbance [36], increased risk for cardiovascular disease [11] and cognitive
impairment [35], especially for children. It is also related to increased levels of
stress and anxiety, which lead to mental health problems and poor productivity and
performance [10].

According to the European Aviation Environmental Report 2019 [18], the total
population exposed to Lden (day – night yearly averaged sound pressure level) above
55 dB, from aircraft at 47 major European airports, amounted to 2.58 million people
in 2017. With the growth of air traffic, the exposure of people to aircraft noise is
expected to increase. Despite the reduction in the number of flights due to Covid-19,
it is expected that air traffic will reach the levels of 2019 by 2024 and grow by another
6% by 2027 [16]. Therefore, aircraft noise is still a major concern and efforts to
reduce it have mostly been driven by ICAO guidelines [32].

The balanced approach proposed by ICAO recognizes four levels of aircraft
noise mitigation [32]. These include noise reduction at the source (engine and
airframe components), effective land-use planning and management, noise abatement
operational procedures and restrictions of operations. Actions taken within any
of these levels should be evaluated for their environmental impact. Even though
noise does not have a direct impact on the climate, variations in procedures or in
engine/aircraft design influence the production of CO2 and NOx emissions. It is
therefore important to consider these interdependencies when low-noise solutions are
examined.

3



4 1.2. Noise mitigation and interdependencies

1.2 Noise mitigation and interdependencies

Aircraft noise is a complex problem that can be analysed on many levels. Research
on noise mitigation concepts has mostly focused either on the reduction at the
source or on flight procedures improvement. The former concerns more long-term
solutions but would require replacing existing fleets and potentially redesigning
airport infrastructure. That would, for example, be the case for the BWB (Blended
Wing Body) concept and possibly for the Box-Wing concept, both of which are
described by Knobloch et al. [37], together with other novel designs. The latter,
i.e. flight procedures improvement, can be directly applied to existing aircraft.
Although advanced procedure design is a complex matter that requires accounting
for operational constraints, safety limitations and balancing the needs of different
stakeholders, such as airlines, airports, ATM (Air Traffic Management) operators and
people affected by aircraft noise, it can lead to significant improvement, especially if
adapted to specific conditions.

Reducing aircraft noise at the source requires identifying the dominating noise
components. For take-off, the major noise source is the aircraft engine, with the fan
and jet consisting of the dominant noise contributors. For approach and landing, the
importance of the airframe noise increases while the fan still remains an important
contributor. Engine noise has significantly improved with the introduction of high
bypass ratio engines and the use of acoustic lining. An overview of the developed
noise reduction technologies and the progress achieved in this area is presented by
Liu et al. [44]. Further improvement can be achieved through engine design and cycle
operation optimization [12, 22]. Cumpsty et al. have performed an extensive review
on the environmental impact of aviation summarized in [12]. The review concerned
four classes of subsonic aircraft and discussed the progress that has been achieved in
terms of fuel efficiency and noise and emission reduction, relative to the goals being set
by ICAO. Potential scenarios that could yield further improvement are assessed and
new goals are proposed. Different aspects of air travel are considered and examined
either separately or in relation to each other. A case where the engine OPR is varied is
presented and the corresponding effect on LTO NOx emissions is evaluated, indicating
that NOx emissions are highly dependent on combustor exit temperature and OPR.
Fuel burn and noise are treated together and an optimization study is performed for
several engine and aircraft parameters and for the four aircraft classes. The resulting
Pareto fronts for the single aisle aircraft are presented in Figure 1.1. The TRA
(Technology Reference Aircraft) is a 2017 model and 2027 and 2037 technologies are
examined for three (high, nominal, low) confidence levels with respect to successful
technology introduction. It is demonstrated that the optimal noise solution would
result in the worst fuel burn scenario while the most fuel-efficient solution would
cause high levels of noise. Hence a balanced approach with 50% weighting factor for
each objective could be followed. Gliebe and Janardan [22] performed a system level
study aiming in a 5 to 10 EPNdB community noise reduction. Four engine designs
were evaluated for a large twin-engine civil aircraft. The same core technology was
assumed for all the designs but FPR and BPR were allowed to vary. Additionally,
two counter-rotating fan engine configurations were examined. They concluded that
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Figure 1.1: Pareto fronts for single aisle aircraft [12].

for FPR 1.5 or less, significant noise improvement can be achieved, while the counter-
rotating fan engines also resulted in important noise reduction. A similar study was
performed as part of the presented work and the relevant publication is appended
at the end of the present thesis. A more detailed description regarding the study is
presented in Section 4.1.

Regarding the airframe noise, the major contributors are the high-lift devices
and the landing gear. Research in this area is mainly focused on developing new
design concepts for these components, the whole aircraft or using noise reduction
mechanisms such as acoustic liners and fairings. A review of the major findings in
airframe noise reductions is presented by Yong et al. [60]. The review is mostly focused
on passive control methods, such as fairings, slat cover, edge replacements and other
noise suppression technology but more advanced low-noise aircraft design concepts
are also discussed. It is indicated that these concepts require careful assessment to
account for safety and in order to avoid significantly affecting the performance of
the aircraft.

The other aspect of noise reduction is concerned with noise abatement procedures
and trajectory optimization. Both for the case of departure and approach, there are
some standard operations that can be implemented to reduce noise, namely the noise
abatement procedures. For departure, there are mainly two procedures: NADP 1 and
NADP 2 (NADP: Noise Abatement Departure Procedure), introduced by ICAO [34].
NADP 1 is designed to reduce noise directly underneath the flight path and close to
the airport, while NADP 2 mitigates noise further out along the flight path. The
main actions involved in these procedures are power reduction and variation in the
flap/slat retraction altitude. For approach, the most common procedures are the CDA
(Continuous Descent Approach) [33] and the LDLP (Low Drag Low Power) [9]. These
include actions such as increased flight altitude for the former and lower power
requirement and delayed configuration changes for the latter. Other possibilities
to manage approach noise include steeper approach angle and displaced landing
threshold [20]. Most studies in this area focus on trajectory optimization. Zhang
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et al. [63] performed state parametrization using Bézier approximation curve and
optimized the 4D departure trajectory for noise minimization and CO2 emissions,
using Genetic Algorithm and Particle Swarm Optimization. It was shown that a
lower target speed for the initial acceleration part and constant speed climb to
3000 ft could result in noise reduction, while for altitude higher than 3000 ft the
lower speed impact on noise is not so significant but could contribute to lower
emission production. Another conclusion was that a detour, with the appropriate
speed and within a specified flying range, could be implemented in some cases to
avoid high ground noise level. Visser et al. [57] proposed a generalized tool for
the assessment and development of noise abatement procedures with a focus on
departure procedures. The tool was tested for a departure route to generate fuel
minimum and noise minimum trajectories. It was shown that noise reduction in
the proximity of the runway is traded with increased noise level further away. The
fuel optimal trajectory implemented a full thrust low altitude horizontal turn which
caused an increase in noise level. It was indicated that the thrust cutback was the
main action in order to reduce noise in specific areas. Finally, it was shown that
allowing more freedom to the design parameters resulted in further improvement
in fuel consumption but not so much in noise reduction. Koenig and Macke [38]
evaluated several noise abatement approach procedures with respect to noise and
pilot workload. They concluded that the introduced more advanced procedures lead
to a greater noise reduction than the reference LDLP trajectory. However, there are
other aspects to consider such as feasibility and economical aspects. The best option
seemed to be a segmented CDA, even though it caused increased pilot workload and
raised some safety concerns. It is stated that further work should be performed in
this area. Zhang and Filippone [62] performed a segmented optimization for arrival
flight for minimum environmental impact, looking both at a single aircraft and at
a fleet of four aircraft. They determined that the lowest noise level solution does
not always correspond to the lowest number of awakenings and that the optimal
CO2 solution is not necessarily associated with the shortest operation. It becomes
apparent that research in this area is rather active. In Section 4.2, a study where
several approach trajectories are assessed for their environmental impact is also
presented.

1.3 Noise prediction
Aircraft noise prediction methods can generally be classified into two categories:
the integrated or best practice methods and the simulation based or theoretical
methods. The more commonly used methods and tools, i.e. the ECACdoc29 [17]
and the FAA’s (Federal Aviation Authority) INM (Integrated Noise Model) [5] and
AEDT (Aviation Environmental Design Tool) [19], fall into the first category. These
methods are based on databases and 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 second category of noise
prediction tools includes the physics-based and the correlation-based prediction. For
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the correlation-based prediction, a noise source model is developed from back-
propagated ground noise measurements and real flight data for a given aircraft
type. Such a model was presented by Zellmann et al. [61]. The physics-based prediction
assumes that the total aircraft source noise can be estimated by modelling and
summing all the individual noise components at the same frequency. It is common to
refer to noise source models developed in this way as semi-empirical. The most widely
known tools in this category are ANOPP (Aircraft NOise Prediction Program) [64]
and PANAM (Parametric Aircraft Noise Analysis Module) [4]. The drawback of
these tools is that they are not publicly available. A detailed description on the
existing tools and methods in aircraft noise prediction can be found in the extensive
review regarding aircraft noise prediction presented by Filippone [20].

In this work, an aircraft noise prediction tool that falls in the category of
physics-based methods will be presented. It was developed based on empirical and
semi-empirical sound source models found in public literature. Most of these models
are common to the ones implemented in ANOPP or ANOPP2. 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 a given trajectory. Flight
effects such as atmospheric attenuation, spherical spreading, Doppler shift, ground
reflection, lateral attenuation and retarded time, are then included and the SPL
matrix at the microphone is estimated. This is then converted to EPNL (Effective
Perceived Noise Level) in order to allow for comparison with the standard certification
procedure. A basic outline of the model is presented in Figure 1.2 and a more detailed
description is provided in Chapter 3.

Figure 1.2: Outline of the physics-based model.

1.4 CIDER project
The work presented in this thesis is part of the CIDER (CorrelatIon- and physics-
based preDiction of noisE scenaRios) project [7], which is run within the CSA (Centre
for Sustainable Aviation). The project outline is depicted in Figure 1.3. It is run
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Figure 1.3: CIDER project scope.

in two parallel efforts, the physics–based prediction of noise, which is the focus of
this work, and the correlation–based prediction. Both processes start from data
collection and processing which are then used to develop and validate the models.
These data include FDR (Flight Data Recorder) data provided by Novair [46] and
corresponding ground noise measurements from the ULLA (Undersökningar medelst
Ljudmätningar vid Landningar på Arlanda) project [55], as well as meteorological
data. The developed models are then applied to study different scenarios, such
as evaluation of different engine designs and trajectory optimization for low noise
solutions.

1.5 Thesis outline and objectives
The progress that has been achieved within the first modelling effort will be presented
in the following chapters. Starting from the aircraft performance, the 3D (two space
dimensions and time) flight dynamics model was extended to allow for computing
curved flights (4D) and the inclusion of non-zero wind. FDR data from selected flights
were used for the model validation. A detailed description of the model development
and validation is provided in Chapter 2. 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) [27] and WEICO
(WEight and COst estimation) [28]. Work was only performed to develop a model for
the A321neo with Leap-1A engine. The noise source models were already in place in
the noise prediction tool CHOICE (Chalmers nOIse Code) [14]. Its basic outline was
already depicted in Figure 1.2. Some modifications were made to the original code
which was then validated using the available noise measurements. A connection with
the noise mapping tool SAFT (Simulation of Atmosphere and air traFfic for a more
silenT environment) [51] was also established in order to generate contours of the
ground noise level underneath a given trajectory. The aim of the present work and
project is to define and perform scenario studies using the developed models. Two of
the selected studies are presented in this thesis.



Chapter 2

4D Trajectory Model

The prediction of the environmental impact of any scenario starts from the trajectory
and performance modelling of the aircraft. The development of an accurate trajectory
model is, therefore, a necessary first step. For this reason, the physics-based flight
dynamics model was extended to allow for the simulation of curved flights and to
account for the effect of the wind. The extended model includes another degree of
freedom for the relative wind and two additional states in the integration method of
the key aircraft performance equations. Development and verification of the model
was performed using FDR data for the A321neo but the dynamic equations are
applicable for any aircraft. The focus of the analysis will mainly be on the approach
phase of the flight as this was the key focus of the CIDER project.

2.1 Data availability and processing
The models developed in this work concern the A321neo with the Leap-1A engine.
The aircraft is a narrow-body jet-airliner produced by Airbus that entered into
service in May 2017. The engine is a two shaft direct drive turbofan with high BPR.

The available FDR data were provided by Novair. They included the entire
mission for a hundred flights during the period from 2019-05-04 to 2019-09-15 with
Arlanda airport in Stockholm as the destination. From the data only the approach
phase of the flight was selected and a down-selection of the available parameters
was used for the model development and verification. These parameters included
trajectory details (aircraft position and altitude), Mach number, vertical speed,
static temperature, flap and slat setting, pitch and roll angle, wind speed and wind
direction. It was then possible to determine the true airspeed, the flight path angle
and the angle of attack using the following equations

V = c0M

√
Ts

T0
(2.1)

γ = arcsin
(
Vy

V

)
(2.2)

α = θ − γ (2.3)

9



10 2.2. Curved flight

where c0 is the reference speed of sound and T0 the reference temperature, equal
to 340.29 m/s and 288.15 K, respectively. M is the mach number, T0 the static
temperature, Vy the vertical speed and θ the pitch angle.

Regarding the aerodynamic characteristics of the aircraft, there were no available
data in the FDR data set. Thus, a model for the A321-231 had to be set up to
estimate the lift-to-drag ratio for the different configurations (flap and slat setting)
and landing gear positions assuming that the ratio between the two aircraft types
remains the same. The configuration settings and the respective lift-to-drag ratio are
presented in Table 2.1. Two columns are shown for the ratio values corresponding to
landing gear retracted (w.o. LG - without landing gear) and extended (w. LG - with
landing gear). Landing is usually performed with configuration 3 or FULL, while
configuration 1+F is mainly used during take-off.

Configuration Slats (o) Flaps (o) L/D w.o. LG L/D w. LG
0 0 0 17.76 -
1 18 0 15.38 -

1+F 18 10 13.17 -
2 22 14 12.45 9.35
3 22 21 10.96 8.88

FULL 27 35 - 8.32

Table 2.1: Configurations and estimated lift-to-drag ratio for A321neo.

2.2 Curved flight

2.2.1 Turning performance
Turning the aircraft is achieved in the same way as climbing, i.e. by using the lift
force. Lift is mainly generated by the wings and in a straight flight it is pointing
upwards, perpendicular to the flight path. In order for the aircraft to turn, it needs
to be banked, generating a horizontal component of lift towards the center of the
turn. This horizontal component is also referred as the centripetal force, Figure 2.1.

The simplest case is that of an aircraft in level turn, as presented in Figure 2.1,
during which the aircraft is turning while in level flight. In this case the vertical
component of lift must be equal to the weight of the aircraft, W , since no other force
is acting perpendicular to the flight path in the vertical plane, assuming a zero angle
of attack. Hence, the following equations applyL cos (ϕ) = W

L sin (ϕ) = mV 2

R

(2.4)

where ϕ is the bank or roll angle, R is the turn radius and V 2/R = ac is the centripetal
acceleration, which is directed radially towards the center of rotation – the center
of the instantaneous circle. From the above equations, one can easily compute the
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Figure 2.1: Free body diagram of an aircraft in banked turn.

radius of turn from eq. 2.5. This is a good approximation that can also be found in
pilots’ handbooks. However, it concerns the ideal case of level turn. This is rarely the
case as usually the pilot has to perform a climbing or descending turn in non-zero
wind conditions. These cases will be analysed in the next section.

R = m
V 2

g tanϕ (2.5)

2.2.2 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 [45]. 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) cos (ϕ) −W cos (γ) = mV γ̇

(T sin (α) + L) sin (ϕ) = mV cos (γ)ψ̇
ẋ = V cos (γ) cos (ψ)
ẏ = V sin (γ)
ẋ = V cos (γ) sin (ψ)
Ẇ = −f

(2.6)

where T is the thrust for the total number of engines, α the angle of attack, D the
drag, ψ the heading or yaw angle and f the fuel consumption.

The first three equations in eq. 2.6 are derived based on the body axis system (x’-
y’-z’) and the rest based on the ground system (x-y-z) presented in Figure 2.2. These
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definitions are slightly different from the ones used by Miele [45]. The attitude angles
γ, ϕ and ψ are also shown in the same figure.

Figure 2.2: Coordinate system and aircraft free body diagram in three dimensions.

2.2.3 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 [2]. Finally, in the case that
wind and aircraft have the same direction, the heading and the track coincide. This
phenomenon is called tailwind, while the opposite 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, generally, be derived from the Mach number according to eq. 2.1. 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. 2.7.

−→
V GS = −→

V + −→
V w (2.7)
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where the wind velocity is written relative to the ground axis system as
−→
V w = Vwx⃗i+ Vwz j⃗ + Vwyk⃗ (2.8)

Wind speed and direction are provided in the FDR data. The provided wind
direction is measured from 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

)
(2.9)

The acceleration of the aircraft relative to the air from eq. 2.6 and Figure 2.2 is
defined as −→̇

V = V̇ i⃗′ +mV γ̇j⃗′ +mV cos (γ)ψ̇k⃗′ (2.10)
The acceleration of the wind, accounting only for the horizontal components, is

derived from eq. 2.8 as
−→̇
Vw = V̇wx⃗i+ V̇wz j⃗ + Vwx

d⃗i

dt
+ Vwz

d⃗j

dt
(2.11)

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

invariable with time. Thus, eq. 2.11 becomes
−→̇
Vw = V̇wx⃗i+ V̇wz j⃗ (2.12)

Using rotational matrices eq. 2.12 can be rewritten relative to the body axis
system.

−→̇
Vw =

(
V̇wx cos (ψ) + V̇wz sin (ψ)

)
cos (γ)i⃗′ −

(
V̇wx cos (ψ) + V̇wz sin (ψ)

)
sin (γ)j⃗′(

−V̇wx sin (ψ) + V̇wz cos (ψ)
)
k⃗′

(2.13)
Then, eq. 2.6 becomes

V̇ = 1
m

(T cos (α) −D −W sin (γ)) − V̇wx′

γ̇ = 1
mV

((T sin (α) + L) cos (ϕ) −W cos (γ)) − V̇wy′

V

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

V cos (γ)

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

(2.14)

where V̇wx′ , V̇wy′ and V̇wz′ are the components in eq. 2.13.
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2.3 Model validation
Due to the lack of aerodynamic and engine performance data in the FDR the full
model could not be directly validated. That means that it was not possible from the
available data to integrate all the equations in eq. 2.14 and compute the flight path.
Instead, the estimation of individual parameters was examined. Several flights from
the data were used for the validation process but for brevity only one example is
presented in the thesis.

The first two equations from eq. 2.14 were used, together with the lift-to-drag
ratio values from Table 2.1, to estimate the lift, the drag and the thrust. The thrust
estimation was compared with the engine rotational speed as indicated in Figure 2.3.
As it would be expected, it is shown that the thrust correlates well with the engine
rotational speed, i.e. when the engine throttles up the thrust goes up. This is a good
indicator that both the lift-to-drag ratio and the thrust prediction can be used with
rather good accuracy.

Figure 2.3: Thrust estimation compared to engine rotational speed data.

The thrust and lift estimation were used to estimate the rate of change of heading
from the third equation in eq. 2.14. Then, ψ̇, ẋ, ẏ, ż and Ẇ were integrated to
compute the heading and flight path of the aircraft which were then compared
with the data. A summary of the required input parameters and the outputs from
the model is presented in Table 2.2. The ground path Cartesian coordinates were
converted to geographical coordinates using the Haversine formula which can be
found in [56].

The heading angle from the integration is compared with the recorded in Figure 2.4.
It is apparent that the two parameters match well. The difference between the two
curves remains below 3o for all the points. One thing that should be noted is that
the heading angle in the data is recorded with respect to the magnetic north. That
means that it varies from the true heading depending on the location of the aircraft
and it should, therefore, be corrected accordingly. Since all the available flights have
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the Arlanda airport in Stockholm as the destination and only the final approach
phase is studied here, the heading can be corrected by accounting for the magnetic
variation of Arlanda which is equal to 6o to the East [52].

Inputs Source Outputs
V eq. 2.1 with M , Ts from FDR T
γ eq. 2.2 with Vy from FDR D
α eq. 2.3 with θ from FDR L
Vw FDR ψ
ϕw FDR x
L/D Model y
f FDR z

W

Table 2.2: Summary of inputs and outputs to the model.

The estimated path from the integration is presented in Figure 2.5 and Figure 2.6,
in three and two dimensions, respectively. The computed path is very close to the
real one, with a final point deviation of 0.1 km in horizontal distance and only
1.2 m in altitude. The maximum deviation that occurs along the ground path is
0.5 km, while the maximum deviation in altitude amounts to 10 m. These values
are considered acceptable. Apart from the model, some deviations may occur due to
inaccuracies in the data. The attitude indicator is one of the most common sources
of inaccuracies in FDR data. For example, it is not unusual that when the aircraft
returns to straight flight after a steep turn the attitude indicator will show a slight
turn towards the opposite direction of the performed turn. This can result in errors
of about 3o to 5o that are corrected by internal mechanisms within a few seconds.
Finally, one should also consider possible errors from the geographical coordinates
conversion formula which can yield up to 0.3 % deviation [56].

Figure 2.4: Heading angle comparison.
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Figure 2.5: 3D flight path comparison.

Figure 2.6: Horizontal and vertical flight path comparison.

Even though the full set of the state equations, eq. 2.14, could not be integrated,
accounting for all of the above results and comments, it is believed that the model is
sufficiently accurate to simulate realistic trajectories and be used in further studies.



Chapter 3

Noise Modelling Methods

This section is dedicated to the description of the methods included in the noise
models. More specifically, a brief description of the noise source models together
with a validation example are provided. The propagation and atmosphere models
implemented in CHOICE are also described. Typically, the required inputs for the
noise source models, implemented in CHOICE, are generated by GESTPAN and
WEICO. GESTPAN generates performance data and WEICO provides conceptual
design data for the engine. The noise models implemented in CHOICE need input
from both models.

3.1 Sound source models
The noise estimation is based on empirical and semi-empirical noise source models
found in public literature. Each component is modelled separately, and the total
aircraft noise is calculated as the sum of all the individual components. This section
is dedicated to the introduction of all implemented models for every component.

3.1.1 Fan and compressor noise
The model used for the prediction of noise from the fan and the compressor com-
ponents is based on the method introduced by Heidmann [30] and later updated
by Kontos et al. [39]. The predicted noise is in 1/3 octave band frequencies of the
free field noise pattern, which for the fan and the compressor inlet consists of broad-
band, discrete tone and combination tone noise and for the fan discharge consists
of broadband and discrete tone noise. The parameters required to predict basic
noise spectrum levels 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.

Broadband noise is generally attributed to random unsteadiness or turbulence in
the flow passing the blade. 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. Another possible cause of broadband noise is the modulation of a tone
generating mechanism.

17
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Discrete tones are observed at integer multiples of the fundamental blade passage
frequency. They appear in either subsonic or supersonic tip speeds and are caused by
lift fluctuations on rotor or stator blades. The main sources of lift fluctuations are the
inlet flow turbulence or distortion, inlet guide vanes trailing wakes and rotor blades
trailing wakes. 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 directivity angle. The values for F1, F2
and F3 are taken from graphs provided in [30] and [39] and vary for every component.

Then, the sound pressure level spectrum for inlet broadband and discharge
broadband and 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 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.

3.1.2 Core noise
The combustor noise source model is based on the model described by Gliebe et
al. [21] for low-emissions combustors. Farfield noise data were collected and analyzed
for both SAC (Single-Annular Combustor) and DAC (Dual-Annular Combustor) and
two correlations were developed taking into account the combustor geometry, cycle
conditions, spectral frequency content and directivity.
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Single-annular combustor

The spectral noise peaks for single-annular combustors are observed in three frequen-
cies 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 =


−67.8θ2

n + 141.7θn − 66.84, fp = 63Hz
−26.019θ3

n − 5.2974θ2
n + 93.43θn − 67.75, fp = 160Hz

−156.5θ2
n + 322.34θn − 164.89, fp = 630Hz

(3.6)

where θn is the normalized given directivity angle with the peak angle defined as
θn = θ/θp.

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

OASPL(θ) =



OASPLN +OASPL(θp) + 0.40 (SPL(FC) − SPL(TL)) ,
fp = 63Hz
OASPLN +OASPL(θp) + 0.10 (SPL(FC) − SPL(TL)) ,
fp = 160Hz
OASPLN +OASPL(θp) + 0.30 (SPL(FC) − SPL(TL)) ,
fp = 630Hz

(3.7)

where SPL(FC) and SPL(TL) are the combustor flow and turbine nozzle transmission-
loss related effects, given by

SPL(FC) = 20 log(FC) (3.8)

SPL(TL) = 20 log(TL) (3.9)

and

FC = W3
√
T4 − T3

P3A2
EC

√
Nf

(3.10)

TL = (1 + FT )2

(4LCFT )/(πh) (3.11)

FT =
(
P4

P7

)(
T7

T4

)(1/2)
(3.12)

where W3 is the combustor inlet flow in lbm/s, T4 the combustor exit temperature
in oR, T3 the combustor inlet temperature in oR, P3 the combustor inlet pressure
in psia, AEC the combustor exit area in ft2, Nf the number of ignited fuel nozzles,
LC the combustor nominal length in ft, h the annulus height at combustor exit
in ft, P4 the combustor exit pressure in psia, P7 the pressure of the turbine last
stage in psia and T7 the temperature of the turbine last stage in oR. The pressure
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and temperature refer to their total values. The peak overall sound pressure level is
computed as

OASPL(θp) =


−20 log(R) +HCP (30/Nf )−0.225 , fp = 63Hz
−20 log(R) +HCP (30/Nf )0.050 , fp = 160Hz
−20 log(R) +HCP (30/Nf )0.020 , fp = 630Hz

(3.13)

HCP =


76.45 + 14.256 log(CP ), fp = 63Hz
108.5 + 3.31 log(CP ), fp = 160Hz
106.38 + 6.938 log(CP ), fp = 630Hz

(3.14)

CP = W3
√
T3

P3

T4 − T3

T4

P3

P0

(
Dh

De

)0.50
(3.15)

where R is the observation radius which is assumed equal to 150ft, P0 is the reference
ambient pressure in psia, Dh and De are the exhaust nozzle exit plane effective and
hydraulic diameters in ft.

The normalized sound pressure level as a function of normalized frequency is
calculated as

SPLN(fn) =


−152.70 + 295.46fn − 145.61f 2

n, fp = 63Hz
−170.07 + 331.33fn − 163.34f 2

n, fp = 160Hz
−147.50 + 286.40fn − 142.31f 2

n, fp = 630Hz
(3.16)

Finally, the spectrum is determined for every frequency and directivity as

SPL(θ, f) = OASPL(θ) + SPLN(fn) + AA
R0

1000 (3.17)

where AA is the air attenuation factor in dB per 1000ft.

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 normalized overall sound pressure level is,
in this case, computed as

OASPLN =

−116.95θ2
n + 235.23θn − 120.65, fp = 160Hz

−137.59θ2
n + 283.40θn − 147.73, fp = 500Hz

(3.18)

The overall sound pressure level is given by

OASPL(θ) =


OASPLN +OASPL(θp) + 0.45 (SPL(FC) − SPL(TL)) ,
fp = 160Hz
OASPLN +OASPL(θp) − 0.10 (SPL(FC) − SPL(TL)) ,
fp = 500Hz

(3.19)
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where SPL(FC) and SPL(TL) are the combustor flow and turbine-related corrections,
given by eq. 3.8 and eq. 3.9, but with

FC = W3
√
T4 − T3

P3A2
EC

√
20 +Nf

(3.20)

where Nf is now the number of inner-row fuel nozzles ignited.
The overall sound pressure level for every peak angle is a function of the fuel-

nozzles staging and is defined as

OASPL(θp) = KNF

−20 log(R) +HCP

(
20 +Nf

Nf,max

)−XK
(

30
20 +Nf

)Mf
 (3.21)

where Mf = 0.020 for fp = 160Hz and Mf = 0.180 for fp = 500Hz. The parameters
KNF and XK vary with spectral peak frequency and fuel nozzle firing pattern and
can be obtained from the relevant table in [21]. The coefficient HCP is given by

HCP =

76.45 + 14.256 log(CP ), fp = 160Hz
110.62 + 2.997 log(CP ), fp = 500Hz

(3.22)

CP =


W3

√
T3

P3
T4−T3

T4
P3
P0

(
Dh

De

)2
, fp = 160Hz

W3
√

T3
P3

T4−T3
T4

P3
P0

(
Dh

De

)1.20
, fp = 500Hz

(3.23)

Finally, the spectra are calculated from eq. 3.17 with the normalized sound
pressure level computed as

SPLN(fn) =

−170.07 + 331.33fn − 163.34f 2
n, fp = 160Hz

−137.21 + 268.99fn − 135.81f 2
n, fp = 500Hz

(3.24)

3.1.3 Turbine noise
The method implemented for turbine noise is described by Dunn and Peart [13] and
consists of broadband and discrete tone noise components which are related to the
last stage relative tip velocity, the primary mass flow and local speed of sound at the
turbine exit. The discrete tone noise is also dependent on the stator/rotor spacing.
The spectra for both components 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 (dB re 20 µPa) 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
(1 −M cos (ξ))−4

)
+ F1(θ) − 10 (3.25)

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,
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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 (CL = a

√
TT 7) with a = 19.8m/s per

(oK)0.5, if it is unknown), C0 is the reference speed of sound equal to 340.3 m/s, M
is the aircraft Mach number, ξ is the angle between direction of aircraft and sound
propagation path, θ is the directivity angle relative to the inlet axis and F1 is given
by the empirical curve in Figure 52 of reference [13].

The sound pressure level spectrum at 45.7 m from the source can be obtained
from

SPL(f) |45.7m
∼= L0 + F2(f/f0) (3.26)

where f0 = Bθ̇/ (60 (1 −M cos (ξ))) 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, θ̇ is the shaft speed in rpm and F2 is provided in Figure 54 of reference [13].

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

)
(1 −M cos (ξ))−4

)
+F1(θ) + 56 +K (3.27)

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. K is equal to −10 dB for the JT8D and 0 dB for dual exhaust systems with
co-planar exits or turbojets.

The tones are added to the broadband spectrum, computed by eq. 3.26, and
a correction is applied for the use of multiple engines and free-field conditions, as
follows

SPL(f) |1m= SPL(f) |45.7m +33.2 + ∆dB(f) (3.28)
where ∆dB(f) is obtained from Table 4 in reference [13].

3.1.4 Jet noise
Jet noise is modeled as presented by Russel [48]. 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 directivities.

The coaxial jet noise is calculated as a function of the jet state properties for
a single stream equivalent jet with the same mass flow, energy flow and thrust
as the coaxial jet. These properties are the normalized equivalent jet velocity, the
normalized 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 (3.29)

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
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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

)
(3.30)

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. 3.29 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 [48], 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

)
(3.31)

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.

3.1.5 Airframe noise
For the airframe noise prediction a combination of methods found in the public
literature is implemented. This can be supported by the assumption that the dominant
airframe noise sources are the trailing-edge diffracted quadrupole sound, generated
principally at the wing and flap trailing edges and the point dipole sources, caused
by the landing gear.

Trailing-edge noise

The trailing-edge noise is modelled according to the method proposed by Hersh et
al. [31] which is based on the trailing-edge diffraction theory of Ffowcs Williams and
Hall. In this theory, they concluded that the sound caused by a diffracting edge is
proportional to the fifth power of the free-stream velocity. The maximum overall
sound pressure level is then computed from

OASPLw = 10 log
(
KwCDwρ

2V 4.8Sw cos2 (θ/2) sin (ϕ) cos2 (ψ)
p0aR2(c/ν)0.2

)
(3.32)
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where V is the aircraft speed in m/s, Sw the aircraft reference area in m2, θ and
ϕ the longitudinal and lateral directivity, respectively, ψ the wing sweep angle, p0
the reference sound pressure equal to 20 µPa, a the local speed of sound, R is the
distance between the observer and the source (1 m for free-field conditions), c the
wing aerodynamic chord in m and ν the kinematic viscocity in m2/sec. Kw is a
constant that represents the average of the variation of the edge-scattering noise along
the aircraft wing. If other configuration than clean is used, this constant is substituted
with Kwf . The values for these constants can be found in the report by Lasagna et
al. [42]. Finally, CDw is the wing drag coefficient which is estimated as suggested by
Raymer [47], as the sum of the wing zero-lift drag (for clean configuration), the drag
due to lift and any drag increase caused by the flap deflection.

The 1/3 octave band sound pressure level is then calculated using the following
equation which is taken from the airframe sub-component model developed by Golub
et al. [23]

SPL(f) = a6X
6 + a5X

5 + a4X
4 + a3X

3 + a2X
2 + a1X + a0X +OASPLw (3.33)

X = log (fξltf/V ) (3.34)

where ξl is the length scale factor, tf the outboard flap edge chord and the constants
a0 through a6 can be found in [23].

Landing gear noise

The landing gear noise is modelled empirically as proposed by Guo [29]. According
to this method, the noise from the landing gear can be decomposed into three main
spectral components, low-, mid- and high- frequency. The first one is generated by
the wheels, the second by the main struts and the third by small details. The total
noise is the summation of the three components and can be expressed as

⟨p2⟩ = (ρ0c
2
0)2M6e−aRD0(θ)

R2(1 −M cos θ)4 {PL + PM + PH} (3.35)

where e−aR refers to the atmospheric absorption, D0(θ) is a directivity factor to ac-
count for the installation effects and each component is represented by the parameter
P which is defined by

P = βSlD(θ)F (St) (3.36)

with β the radiation efficiency, Sl the aggregated surface of the landing gear parts
in each group, D(θ) the directivity factor for isolated landing gears and F (St) the
normalized spectrum. The values and equations for these parameters for each of the
three frequency components can be found in [29].

The sound pressure level can then be computed from

SPL(f) = 20 log
(
p

p0

)
(3.37)
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3.1.6 Noise suppression
The source prediction methods for the fan and the turbine described in the previous
sections result in a slight overprediction of the noise level. This 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 3.1. In the same
figure, the contribution of the individual components on the total noise level for the
approach and take-off segments is also indicated. The original figure can be found in
the report by Groeneweg and Rice [26], 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 bibliographic review presented by Casalino et al. [6] and in the
overview presented by Leylekian et al. [43].

Figure 3.1: Effect of acoustic treatment on engine components. Figure reproduced
from [26].

Regarding the fan noise, another possible reason for the overprediction is that
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 [40].

Krejsa and Valerino [41] 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 [13], that was introduced in Section 3.1.3.
However, they found that even this method resulted in a significant deviation ranging
from -6 to 8 dB. They suggested 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.

Considering the above, a simple noise suppression module has been implemented,
where a suppression factor is set and applied for every frequency and directivity.
The method was described by Wilson [59] and can be applied to any component
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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 (3.38)

S = 10SdB/10 (3.39)
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 [58].

3.2 Propagation effects
The noise received by the microphone or an observer on the ground is subject to
several propagation and attenuation effects. These include lateral attenuation, ground
reflection, Doppler-shift effect, spherical spreading and atmospheric absorption. These
effects are briefly presented in this section.

3.2.1 Lateral attenuation
Lateral attenuation refers to the difference between the sound level in a location under
the aircraft and the level in a location at the side of the aircraft. This difference
usually occurs due to engine-installation effects, ground surface absorption and
refraction and scattering due to wind and other meteorological effects. The sound
level at the side of the aircraft is usually less than under it and can, therefore, be
modelled as [49]

Llateral = Lunder + Λ (3.40)
where Llateral and Lunder is the sound level at the side and under the aircraft,
respectively, and Λ is the total lateral attenuation which is computed from the
following equation

Λ(β, l, ϕ) = EEng(ϕ) − G(l)AGrd+RS(β)
10.86 (3.41)

with EEng the engine installation effect, ϕ the depression angle (o), G(l) the over-
ground attenuation, l the lateral distance, AGrd+RS the ground and refraction-
scattering effects and β the elevation angle (o). These effects are modelled according
to the following equations.

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
(3.42)

G(l) = 11.83
(
1 − e−2.74×10−3l

)
(3.43)

AGrd+RS(β) =

1.137 − 0.0229β + 9.72e−0.142β, 0o ≤ β ≤ 50o

0, 50o < β ≤ 90o
(3.44)
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3.2.2 Ground reflection
Ground reflection occurs when the sound waves from a source to an observer are
not travelling directly but instead they are reflected on the ground and can either
increase or reduce the sound intensity. Modelling of this effect is based on the method
presented by Zorumski [64]. This method is based on the Chien-Soroka theory which
assumes that the ground is a locally reacting uniform plane and that the aircraft is a
point source. The mean square acoustic pressure, with the ground effect included, is
calculated by

⟨p2⟩gr = ⟨p2⟩ff

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

(K − 1)k∆r

)
= ⟨p2⟩ffG (3.45)

where ⟨p2⟩ff is the free-field mean square acoustic pressure, R and α are the magnitude
and argument of complex spherical-wave reflection coefficient, respectively, and
K = 21/(6Nb), with Nb the number of sub-bands per 1/3 octave band. The term in
the parenthesis is symbolised with G and represents the ground-effects factor. C is
the coherence coefficient computed from the following equation

C = e−(ak∆r)2 (3.46)

with k the wave number and ∆r the path-length difference, as presented in Figure 2
in [64], equal to

∆r = 2h cos (θ) (3.47)

3.2.3 Doppler effect
This effect is well known 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.
This has direct application in any moving vehicle and should, therefore, be accounted
for in aircraft pass-by noise. The frequency received by the observer is calculated by

fobserver = fsource

1 −M cos (θ) (3.48)

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

3.2.4 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.
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3.2.5 Atmospheric absorption

An emitted sound wave from an aircraft travels through the atmosphere causing its
magnitude to decrease due to two main mechanisms. The first mechanism is the
classical absorption which is a result of energy dissipation due to viscous losses and
heat conduction and depends on the temperature and the frequency. The second
mechanism is the molecular absorption which is a function of frequency, temperature
and humidity and is caused by rotational and vibrational relaxation processes of
oxygen and nitrogen. These two terms are modelled according to the SAE ARP 866A
report [50] as

α(f) = αclassical + αmol (3.49)

αclassical = 10(2.05 log ( f
1000)+1.1394×10−3T −1.916984) (3.50)

αmol = αmolmax × αnormalized (3.51)

αmolmax = 10(log (f)+8.42994×10−3T −2.755624) (3.52)

3.3 Noise source model validation

An extensive validation study regarding the source noise prediction has been per-
formed based on FDR and noise measurement data. In the present thesis, only a
brief description of the validation process and some example results will be presented,
as this concerns on-going work that is planned to be published soon, together with
an open-access version of the noise prediction code (CHOICE).

3.3.1 Data availability and processing

The available data were collected as part of the ANT (Approach Noise Trials)
project [1] at the CSA. The flights were performed by two Novair A321neo with
Leap-1A engines and all the measurements were taken during the morning of April
8th, 2021. The flights were conducted purely for noise measurement purposes and
each aircraft performed 10 approach flyovers. Around 25 microphones were placed
along a 15 nm approach path and at a height of 1.2 m above ground. This was
done on runway 26 at Arlanda. A detailed description of the measurements set up is
presented by Åbom et al. [1].

The ground noise data were A-weighted and given in 1/3 octave band frequencies in
1 sec resolution. The post processing was performed by Tengzelius and Johansson [54]
and through a back-propagation process the source level was estimated. The FDR
data were in the same format as the set that was used for the 4D trajectory model
development and verification and the model described in Chapter 2 was used to
calculate all the required parameters for the noise prediction.



Chapter 3. Noise Modelling Methods 29

3.3.2 Noise source prediction
The first step for the noise source prediction is the trajectory performance. Since
FDR data were available, the trajectory model was applied to estimate any missing
parameters required for the noise prediction, such as the thrust and wing drag
coefficient. The engine performance was simulated using the in-house code GESTPAN,
which has been setup to require thrust, airspeed, altitude and ambient conditions to
generate several performance files for each of the engine’s components. The engine
mechanical design data are, then, generated by WEICO. CHOICE takes the engine
and aircraft performance and dimensions files and a trajectory file and the noise
is calculated for every point along the trajectory. The output from CHOICE is a
frequency and directivity dependent SPL matrix for every trajectory point.

3.3.3 Sample results
In order to compare the prediction with the back-propagated measurements, the
results were divided according to the aircraft configurations presented in Table 2.1.
For every configuration the SIL (Sound Intensity Level) spectra at the source and
directly underneath the aircraft (longitudinal and lateral directivity equal to 90o) are
compared. As an example, the comparison for configuration FULL is presented in
Figure 3.2. The mean spectra for every microphone and the overall mean is presented,
considering only the microphones that were directly overflown, i.e. measurements
with lateral directivity smaller than 80o were disregarded. The average speed that
the aircraft had when over-passing each microphone is also visible in the figure.

Figure 3.2: Measured and estimated SIL, at the source, for configuration FULL.

For the presented sample case in Figure 3.2, both the level and the shape of the
spectra match well. The estimated mean spectrum for each microphone does not
show any significant variation as the aircraft speed and engine operating conditions
were similar. The shapes of the two spectra are slightly different in the low-frequency
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region. The back-propagated source level indicates a gradual increase for frequencies
below 100 Hz. One possible explanation is that a stronger flow separation occurs due
to the higher flap angle. On the contrary, geometric characteristics are not considered
in detail in the implemented airframe model, for trailing-edge source noise, and
effects like this cannot be well represented. Despite the aforementioned deviations, it
is believed that the source noise level for configuration FULL is well predicted from
the model.



Chapter 4

Summary of Papers

4.1 Paper 1

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.

4.1.1 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. The
engine performance and design were evaluated using GESTPAN and WEICO. GEST-
PAN was also used to simulate the aircraft performance and establish trajectories
by integrating the two dimensional flight dynamics equations. The computed tra-
jectories concerned the LTO cycle and followed the noise 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. [24]. 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 predic-
tions were carried out using CHOICE and the methods presented in Chapter 3. NOx

emissions were computed using CHEESE (CHalmers Engine Emissions Simulation
Environment) which is based on semi-empirical modeling methods [25].
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4.1.2 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 a considerable improvement in engine noise equal to 1.7
dB, and additionally giving a slight benefit in estimated NOx emissions.

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

4.2.1 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 [51] 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.

4.2.2 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
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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.





Chapter 5

Concluding Remarks

5.1 Summary

A physics based method for computing 4D single flight trajectories has been developed
and verified using FDR data. It was demonstrated that the model can accurately
predict aerodynamic parameters and aircraft position and simulate realistic flight
trajectories. This was a necessary first step for studies regarding the noise and
emissions prediction, especially in connection with the evaluation of operational
procedures.

The noise prediction methods have been described in detail. Most of the methods
were already implemented in CHOICE, but some modifications have been made in
connection with the validation study, a brief description of which was presented in
Section 3.3.

Using the described tools, two studies were performed, focusing on the evaluation
of intedependencies between noise and emissions. The first study was concerned
with the engine technology evaluation and how fuel burn can be traded for noise
and emissions reductions. It was demonstrated that significant improvement can be
achieved for only a modest effect on the fuel burn. The second study focused on the
procedural aspect and on the environmental impact of modifications in approach
trajectories and procedures. It was concluded that this is an important measure
towards noise and emissions reduction around airports, but it requires adaptation
for different airports and conditions.

A conclusion that can be derived from both studies is that when looking to
reduce noise pollution from aircraft, it is necessary to treat the combined problem
of noise and emissions. Even though noise does not directly affect the environment,
it was clearly shown that any low noise solution influences both CO2 and NOx

emissions. It is, therefore, important to consider interdependencies when new designs
or procedures are proposed.
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5.2 Future work
From this point forward, it is intended that the work on the validation of the noise
source models will continue and a detailed analysis of the process is intended for
journal publication. The article will be accompanied with a link to an open-access
Python version of the physics-based noise prediction code, CHOICE. This is expected
to happen in the near future as the Python implementation of the code has already
been made and the validation process is completed.

Following this, more scenario studies, where intedependencies are to be evaluated,
will be defined and performed. Among the candidate study cases are optimizations
of the 4D flight path and evaluation of future aircraft technologies, such as electric
aircraft. For the former, all the necessary tools to perform the study are already in
place. This study would consist a continuation of the current work. On this basis,
a more generalized and user friendly tool could be created, able to generate and
optimize 4D approach trajectories for their environmental impact. For the latter,
a propeller noise source model would need to be implemented. The study would
start from the assessment of the noise impact of electric aircraft and could go into
deeper evaluation of future aircraft technology concepts, such as comparing the
environmental impact of electric, turboprop and hydrogen aircraft and identifying
the most import design parameters in terms of noise generation. The selection of
studies will depend on data availability and collaboration with other projects and
external partners.
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