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MONTANA: a high-level noise prediction framework for Future Novel
Aircraft

by Daniel Constantinos Amargianitakis

The motivation behind the research presented in this thesis is to establish noise
considerations and assessment in the design process of air vehicles, as early as the
preliminary design stage. This will allow noise emissions to have a driving role in the
design choices. To enable such contributions, adequate models must be developed to
deal with the significant data constraints, rapid iterative design procedures and turn
around times, of the early design stages.

This thesis describes the development of MONTANA (Modular Novel Transport
Aircraft Noise Assessor) a high level noise framework for the assessment of novel
aircraft, from their technologies, to operational considerations. MONTANA focuses the
concept of a lumped source model that represents any given air vehicle, in terms of the
individual noise source mechanisms. The lumped source model is then used in a
multitude of ways to estimate cetification point levels, Noise-Power-Distance curves and
airport community noise levels.

On the noise source level, focus is given on the development and validation of scaling
laws for propeller/rotor tonal noise, for the prediction of changes in noise as a function
of variation in design and operation. The procedure is then implemented within a total
aircraft noise source to estimate Noise-Power-Distance curves for novel aircraft designs.

The second problem deals with the airport/community aspect of aircraft noise. The
ISVR code RANE (Rapid Aviation Noise Evaluator) is updated to include, amongst
others, the definition of three-dimensional aircraft directivity in the generation of noise
surfaces, and consequently noise exposure footprints and contours. Modifications to the
flight path generation model were included, to allow for novel VTOL (Vertical Takeoff
and Landing) operations to be easily modelled and studied. Conical quadric surfaces
were introduced as means of modelling quasi-static power setting variation. Finally, a
source rotation model was implemented for a preliminary study into the transition phase
of VTOL capable fixed wing aircraft.
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Through a multi-level benchmarking process, in addition to two presented use-cases for
assessment of regional hydrogen aircraft and fully-electric Advanced Air Mobility
vehicles, MONTANA demonstrated the potential and usefulness in contributing towards
identifying important trade-offs, quantifying the impact of design parameters and
driving effective planning and decision-making.
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Chapter 1

Introduction

Aircraft manufacturers and research engineers have reached a point in the acoustical
treatment of aircraft components where reductions of tenths of a decibel are considered
great accomplishments. These reductions, as important as they are, will not be enough
to accommodate the ambitious aircraft noise reduction goals set by several organisations.
The idea that aircraft have to be designed from the bottom up with their acoustical
impact as one of the main driving design parameters is dominating. Simultaneously, the
rapid development of the Advanced Air Mobility (AAM) sector, a market that promises
great benefits to the community but also great threats in terms of operation and noise
immissions, also requires the design of air vehicles that consider noise as a priority.

In an effort to drive low emission design of air vehicles worldwide, manufactures,
aviation agencies and councils are collectively setting new industry standards. Part of
this effort, is directed towards noise immissions, and is reflected by the ambitious goals
and regulations set by ACARE [1], NASA [2, 3], EASA [4] and ICAO [5, 6]. Table 1.1
summarises the noise goals set by the ICAO for various classifications of aircraft.
Technological improvements, fleet renewal and increased operational efficiency have been
able to partially counterbalance the impact of recent growth in flight numbers and
therefore noise output. However, integration of new categories of aircraft must be done
with care to avoid undermining progress in mitigating environmental and noise impacts.

As a clarification, in the context of noise, the terminology immissions is adopted
throughout this thesis, meaning the total aircraft noise levels as perceived at
ground-based observers, whereas emissions describe the aircraft noise levels as generated
at the source.

The growth in the aviation industry [7], [8] is closely followed by numerous global
organisations and research institutions for its environmental impact. Global climate
change is driving industries to adopt net-zero carbon emissions strategies by
implementing renewable energy alternatives and forcing advancements in fuel use
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Table 1.1: Noise Goals Expressed as EPNdB below Chapter 14 levels. ICAO Environ-
mental Report 2019.

Noise goals (∆ dB)
EIS Date Business Jet Regional Jet Single Aisle Twin Aisle
2027 10.0 14.5 15.5 19.5
2037 15.0 17.0 24.0 26.5

efficiencies. In the UK aviation world, projects such as the ATI’s (Aerospace Technology
Institute) FlyZero [9] or the UKRI (UK Research and Innovation) future flight challenge,
are striving to develop the strategies, the technologies and the computational tool
capabilities to meet the stringent noise and emissions reduction goals set by ACARE,
NASA and ICAO. In summer of 2022, the UK Department for Transport (DfT)
published the Jet Zero Strategy [10] on how the UK aims to neutralise the impact of
aviation on the planet. Jet Zero addressed technologies such as SAF (sustainable
aviation fuel) with short term implementation strategies, all the way to hydrogen and
electric flight demonstrators and publicly funded research and developments projects to
accelerate the transition.

The introduction of future novel aircraft therefore depends on a few key factors:

• Efficient and Quiet Vehicles: Research and development of technologies and
configurations that optimise performance and speed and minimise noise and cost.

• Increased design freedom: design aircraft that effectively take advantage of the
benefits of fully electric and hybrid electric technologies.

To achieve this, NASA in their “Strategic Implementation Plan” document [2] notes as a
significant priority the development of computational, experimental, and analytical tools
and methods to allow rapid design, and validation of a broad range of innovative vertical
lift air vehicles.

Current design practices often disregard noise considerations early in the conceptual
phase. Aircraft costumer requirements and economic viability drive the design, whereas
noise may often wrongly be considered as a secondary parameter. This leads to noise
being considered late in the design process, and for it to be assessed as a consequence of
achieving other design goals. Concepts therefore are not optimised for noise with the
same rigour as performance.

The second reason for noise consideration being omitted at the early design stages lies in
the nature of aerodynamically generated noise. Noise may be regarded as an unwanted
consequence of meeting other design deliverables. Characterising it as a “consequence”
entails knowledge of the mechanisms and geometry responsible for the noise are required
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before it may be studied. Noise tools, to do so, may be characterised into two main
categories, noise source prediction tools and community/airport noise tools.

Current state-of-the-art noise source tools trade complexity and high computational and
time requirements in exchange for increased accuracy. Hybrid models combine numerical
aerodynamic simulations with analytic, semi-empirical or even further numerical models
for the acoustics in order to capture the exact physics leading to noise. Although
accurate and insightful, the application of such tools at the conceptual level is practically
impossible. Additionally, airport noise tools used throughout industry and academia
require large datasets of aircraft noise level variation with operation/performance, as
well as detailed flight trajectory data. The total source to ground (observer) calculation
procedure requires steps consisting of large computational time and data, both causing
restrictions or even being unattainable at the conceptual phase of design.

Introducing noise to the conceptual and preliminary design stages requires the following
important considerations:

• Tools able to perform high-level fast calculations match the rate of design
iterations.

• Tools that require limited input data for when exact geometry and operation have
not yet converged or frozen in the design.

• Tools with the capacity to explore a wide range of design possibilities including the
introduction and use of novel / cutting edge technologies. These tools are required
to have the capability of capturing the effect of novel acoustic behaviour such as:

- new sources of noise, or new combinations of sources.

- the directive nature of the noise radiated by the source and the effect on the
ground.

- the spectral content

- the effect of novel operations (eg. transition from vertical to horizontal flight of
a tilt-wing) on individual sources, on the whole aircraft as a noise source, and on
the noise on the ground.

• Tools with the ability to assess community exposure and fleet scale operations
around airports, and are not limited to examining the affect of individual source
variation as a function of design.

• Tools that consider aircraft operations (conventional and novel) at the high-level
and effect on the ground noise.
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1.1 Current state-of-the-art gaps and problems

In order to design a tool that meets the above objectives, an assessment of current tools
and gaps is necessary. There are a number of problems with the current tools that
demand attention. These may be separated as follows:

• Aeroacoustic and aircraft noise assessment tools are often focused on individual
noise source mechanisms, and not part of a whole air vehicle framework, to assess
the impact in realistic operational scenario. A framework that unifies such
individual methods is necessary.

• Adoption of standard tool interfaces and compatibility. Conducting studies from
the individual source level, to NPD generation, to noise exposure generation,
requires the juggling of inputs and output formats that is time-consuming and
requires additional effort beyond the acoustical assumptions and model setup.
MONTANA addresses the interfaces between internal components such as the
steps between the individual source level, to NPD generation, to noise exposure
generation. Considerations for future adoption of an industry standard such as
CPACS (Common Parametric Aircraft Configuration Schema) [11] are also
required.

• Capability is limited to conventional fixed wing turbofan aircraft, with new
techniques and requirements extremely difficult to implement.

From the acoustic capability perspective, current limitations are identified as:

• Noise sources: Flexibility is required in the acoustic modeling of air vehicles,
allowing the definition of multiple individual constituent noise sources, that are
not limited to conventional tubofans, with the potability of easily extending the
types and number of available sources.

• Directivity: current considerations allow for directivity variation only in the polar
direction. This assumption becomes limiting when trying to estimate the lateral
certification point specified by Chapter 14. It also limits the calculation of noise
exposure contours to only directly under the flightpath, with additional corrections
required to account for lateral directivity at all other locations on the ground.
Lacking azimuthal directivity entails reliance on less than perfect lateral
attenuation models that may be very inaccurate for novel aircraft.

• Spectra/frequency content: the adopted standard of the 24 one-third-octave band
spectral shapes often proves to be limiting. Further flexibility is required to allow
for source methods with higher fidelity data, larger frequency ranges and (ideal)
discrete tonal data to be included within the whole aircraft model, and framework.
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• Novel operations: current aircraft operations considered are takeoff and landing of
conventional fixed-wing aircraft. This is to accommodate the calculation of
certification points and noise contours according to Annex 16 and Doc29
specifications. This limits the applicability to VTOL enabled air vehicles such as
conventional helicopter and possible future AAM class rotorcraft.

• Transient performance: current practice relies on a segmentation methodology that
assumes constant (steady-state) performance and operation along each individual
segment. Although this assumption may be reasonable for conventional operations,
VTOL operations are characterised time-varying behaviour during landing, takeoff,
acceleration, deceleration and transition phases. In addition, conventional takeoff
cut-back procedures for noise abatement (see NADP 1 and 2, in Section 2.5) also
form a transient manoeuvre that is not accurately modelled by a segment method.
Features that would allow the modelling of transient performance in the context of
a lumped source model as the one used in MONTANA are:

- Effect of sound power level variation with time. Sound power emission by each
individual source to be dictated by the transient performance of such manoeuvres.

- Effect of directivity variation with time/power setting. Orientation of the
aircraft is neglected, therefore the manoeuvres such pitch control and banking
during turn are not accounted for. In addition to orientation, power setting
directly affect the directivity of the whole aircraft, as the balance between each
individual source directivity changes according to operating conditions.

- Effect of spectral content variation with time/power setting.

- Effect of acceleration and deceleration noise exposure on the ground.
Acceleration and deceleration are functions of power setting and therefore directly
correlated to transient performance. The direct effect on noise exposure levels is
manifested through exposure time, however, flight effects, and particularly the
management and balance of flight affected individual sources (how they vary with
accelerated flight, and whether additional sources are introduced and/or removed)
are generally not considered.

1.2 The MONTANA model

This thesis presents MONTANA (Modular Novel Transport Aircraft Noise Assessor), a
high-level framework for the analysis and exploration of air vehicle design space in terms
of noise output and community noise exposure. MONTANA addresses the current gap
in noise prediction tools and is accordingly used as an academic research tool to provide
acoustic consultations for projects that aim to design the future zero emission aviation
market.
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MONTANA builds on the ISVR whole aircraft noise prediction tools and allows the
integration of the various components such as Sy.No.PoD [12] and Rapid Aviation Noise
Evaluator (RANE) [13]. In addition to the already existing capability, the aim of this
thesis is to develop and update the models and frameworks within MONTANA to allow
for the evaluation of noise immission of propeller powered air vehicles, fixed wing and
rotorcraft with inherent three-dimensional directivity properties.

The MONTANA model consists of the following main components: the individual source
models/methods, the lumped source model, the calculation of the Noise-Power-Distance
curves, and finally the airport noise modelling or creation of noise exposure contour
maps. Each step of the process, in that order, requires a set of inputs and generates a
set of outputs, subsequently picked up by the next step of that process. Figure 1.1 shows
an analytic flow diagram of the framework, clearly depicting the inputs and outputs of
each component.

The individual source models/methods are used to generate sets of deltas which when
combined with baseline (known) absolute noise levels in an appropriate source balance,
compose the lumped source model reflecting the acoustic emission of the concept air
vehicle. The lumped source is then numerically flown to produce the NPD curves. These
topics are explored in Chapter 4.

The NPD outputs are then used with additional flightpath (trajectory and aircraft
performance) data in the airport noise model RANE. Chapter 5 discusses the RANE
modelling techniques in detail. The outputs of RANE are noise footprints and contours
for aircraft operating in communities around airports. Noise levels are predicted in a
variety of subjective and non-subjective metrics, discussed in Chapter 2.

The contributions of this thesis are clearly illustrated in Figure 1.1 amongst the
“established” methods from literature that are also included in the overall process. These
are explicitly discussed in Section 1.4.

Noise predictions are done on a source level and combined to form a total (lumped)
representation of the aircraft as a noise source. MONTANA is designed to be
independent of the specific noise prediction methods/algorithms for the various sources,
as well as sound propagation techniques. This allows for future applications of
MONTANA to be modified to the specific needs of the prediction problem, whether
higher or lower fidelity in prediction is required for example.

The modular aspect of MONTANA forms the most significant requirement for the
development procedure. As MONTANA aims to be applied to a wide range of air
vehicles, from fixed wings to rotorcraft of various sizes and configurations it will need to
provide a flexible means by which its feature-set can be extended. This is necessary to
permit the implementation and addition of features as new methods and approaches for
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Figure 1.1: Detailed flow diagram of the MONTANA framework.

predicting engine, aircraft and installation/interaction noise become available and
regulations and requirements change over time.
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1.3 Research Aims

Following are some key features addressed through the present research:

• Improve and develop an efficient and fast computing noise modelling framework to
aid the design of novel aircraft, able to perform large number of case study
calculations in limited time in order to help explore the design space of novel
aircraft in terms of noise immissions.

• Extend the modelling capabilities to include a wide variety of air vehicles, from
fixed-wing regional, narrow-body and wide-body aircraft, to traditional single
rotor helicopters and novel VTOL rotorcraft.

• Introduce a simple and flexible way of modelling noise source three-dimensional
directivity.

• Develop simple scaling relations for propeller/rotor noise sources applicable to
propeller power fixed-wing aircraft and AAM rotorcraft and implement them into
the framework to compute whole aircraft noise levels on the ground.

1.4 List of Original Contributions

With reference to Figure 1.1 the detailed original contributions described in this thesis
are as follows:

A. An asymptotic approximation to the Hanson frequency domain model for propeller
harmonic noise was developed. The resulting propeller harmonic noise scalling
laws were used to connect overall sound power emission of a single propeller
system to design and operational parameters.

B. The delta methodology [12] was generalised to account for changes in spectral
content (tonal and broadband) and changes in three-dimensional directivity, as
well as sound power level (PWL).

C. The delta lumped source model was generalised for the use with any individual
noise source prediction method for which the Jacobian of the method may be
estimated (or approximated).

D. A model of noise source three-dimensional directivity using a spherical harmonic
expansion that allows input in analytical and numerical format.

E. A closed-form analytical model (with full derivations) was developed for the
generation of noise exposure contours of novel aircraft around airport and helipads.
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The capabilities applicable to novel aircraft are: (a) directive noise sources, (b)
independently rotating noise sources, (c) power variation with time and d. novel
operations including but not limited to vertical takeoff and landing, hovering and
flight condition transition.

F. Case Study: Noise certification point and noise exposure contour assessments was
performed on a series of regional hydrogen powered aircraft.

G. Case Study: A simple model of an AAM network operating in London UK was
created. Three AAM concepts were conceptually designed and sized, with different
propulsion architectures. The impact of the different propulsion systems and
overall noise directivity was assessed through the generation of noise exposure
contours.

1.5 List of Publications

The research within this thesis has led to the following publications.

Accepted for publication in scientific journals:

• Amargianitakis, D.C., Self, R.H., Proença, A.R., Synodinos, A.R. and Torija, A.J.,
Towards estimating Noise-Power-Distance curves for propeller powered zero
emission hydrogen aircraft. Accepted for publication, Journal of Aircraft 2023.

– Corresponds to Chapter 4

• Amargianitakis, D.C., Self, R.H., Torija, A.J., Proenca, A. and Synodinos, A.P.,
Closed-form analytical approach for calculating noise contours of directive aircraft
noise sources. Accepted for publication, AIAA Journal 2023.

– Corresponds to Chapter 5

Presented at conferences:

• Amargianitakis, D.C., Self, R., Proenca, A., Torija Martinez, A. and Synodinos,
A., 2022. Generation of noise exposure contours for eVTOL aircraft including
transition. In 28th AIAA/CEAS Aeroacoustics 2022 Conference (p. 3088).

– Corresponds to Chapter 6

• Amargianitakis, D.C., Self, R., Proenca, A., Boyd, C., Westcott, O., Ferraro, M.,
Erbil, M.A. and Entwistle, R., 2022. Measurement and Modelling of
Noise-Power-Distance Curves of a Fixed-Wing UAV. In 28th AIAA/CEAS
Aeroacoustics 2022 Conference (p. 3037).
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• Amargianitakis, D.C., Self, R.H., Torija, A.J. and Synodinos, A.P., 2019,
September. Influence of sound reflection on aircraft directivity and lateral
attenuation on the ground. In INTER-NOISE and NOISE-CON Congress and
Conference Proceedings (Vol. 259, No. 3, pp. 6740-6751). Institute of Noise
Control Engineering.

• Amargianitakis, D.C., Self, R.H., Torija, A.J., Proenca, A. and Synodinos, A.P.,
2021. Closed-form analytical approach for calculating noise contours of directive
aircraft noise sources. In AIAA AVIATION 2021 FORUM (p. 2175).

• Amargianitakis, D., Self, R.H., Proença, A.R., Synodinos, A.R. and Torija, A.J.,
2021, August. Towards predicting noise-power-distance curves for propeller and
rotor powered aircraft. In INTER-NOISE and NOISE-CON Congress and
Conference Proceedings (Vol. 263, No. 3, pp. 3909-3920). Institute of Noise
Control Engineering.

Technical reports/articles:

• Self, R.H., Humphreys, V. and Amargianitakis, D.C., 2022, FlyZero Noise Report.
ATI: Aerospace Technology Institute.

• Self, R.H. and Amargianitakis, D.C., 2022, Project NAPKIN Noise: An assessment
of the noise impact of zero emission regional hydrogen aircraft and their operation.
UK Research and Innovation.

1.6 Thesis Structure

Chapter 2 introduces the concepts of whole aircraft noise modelling and airport noise.
Starting from basic acoustic theory definitions an understanding on how it is applied to
the field of aircraft noise and more specifically airport and community noise. Industry
standard noise metrics and methodologies are explained along with the noise
certification procedure and regulations regarding aircraft operations in the vicinity of
urban communities. Present dominant turbo-fan and turbo-prop noise sources are
discussed, and how these will be affected with a transition to electric flight, along with
key noise source features that are relevant to this study. Finally, brief reviews of
aviation/airport noise tools and aeroacoustic noise source models are presented.

Chapter 3 provides some background theory on the design considerations of future
zero-emission aircraft, with a focus on hydrogen powered and electric aircraft. The
engineering reasons for an industry transition into electrically propelled aircraft are
presented in addition to the limitations. Significant aircraft design parameters are
discussed in context to power requirement, total energy requirements and noise.
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Chapter 4 represents the aeroacoustics contribution of this thesis. Linear and
asymptotic approximations for propeller noise models are presented with the goal of
defining effective scaling laws to serve as inputs to computationally generated NPD
curves, and therefore also MONTANA’s airport noise module.

Chapter 5 represents the airport noise contribution of this thesis. It explains the
closed-form analytical model (MONTANA’s airport noise module referred to as RANE
v2) developed in order to generate noise exposure contours around airports. Key
features such as three-dimensional source directivity, source spectral content etc. are
discussed in detail along with the applicability to novel aircraft.

Chapter 6 presents a preliminary model and study on the effect of independent source
rotation, aimed at capturing the effects of propulsion system and/or vehicle orientation
relative to the ground during takeoff and landing operations.

Chapter 7 presents the bench-marking of the propeller noise approximation method
and the additional capabilities added to the airport noise tool. Published NPD curves
for existing propeller powered vehicles are compared to the computationally estimated
ones in Chapter 5. Noise exposure contours generated in Chapter 4 are compared
against an in-house developed grid method and the industry standard tool AEDT for a
variety of source characteristics and aircraft operations. Finally, limitations of the
proposed models as well as an error analysis are discussed.

Chapters 8 and 9 demonstrate the capabilities of the MONTANA with studies of
novel regional hydrogen powered fixed wing aircraft and fully-electric AAM rotorcraft.
Noise exposure contours of different design iterations and variants are compared and the
effects of dominant parameters are discussed.

Chapter 10 presents the authors conclusions and considers potential future work.
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Chapter 2

Aircraft and Airport Noise

In this Chapter the theoretical background of aircraft and airport noise is established.
Although extensive, this Chapter serves as an introduction to the Whole Aircraft Noise
field and prediction. Definitions of acoustic parameters are given and put in to context
relating to aircraft and aircraft specific noise sources. Current definitions of noise
metrics, their applications and differences in measuring aircraft noise are described, as
well as their role in aircraft noise certification. The relation of aircraft
operations/performance to noise is established and connected to the concept of
Noise-Power-Distance (NPD) curves. Finally, a summary of the state-of-the-art
airport/aircraft noise prediction models is used to identify the gaps in the current model
landscape.

2.1 Whole Aircraft noise modelling

2.1.1 Aircraft noise definitions

Aircraft noise can be defined as the noise generated by aircraft (or generally air vehicles),
their propulsion systems and other components. More specifically, aircraft noise is
predominantly driven by the field of aeroacoustics, as the noise generated is
overwhelmingly fluid/air-induced along with the interaction of fluids with solid
boundaries of various types.

The basic definitions and relationships presented follow the analysis and notation
presented by Blake [14, 15], unless otherwise stated. Fluid mechanics and acoustics
texts, to the like of Morse and Ingard [16], Pierce [17], Fahey [18], and Kinsler [19] may
also be referred to.



14 Chapter 2. Aircraft and Airport Noise

2.1.2 Noise Levels

Noise consists of pressure waves over a wide range of amplitudes and frequencies. For a
source radiating acoustic sound power Prad, a corresponding sound power level Lw is
defined as,

Lw := 10 log

⎡⎣Prad

Pref

⎤⎦, [Lw] = dB (decibel) (2.1)

where
Pref := 10−12 W (2.2)

The acoustic energy radiated by any source is manifested through the square of the
spatial average mean-square sound pressure. Because of the large range of rms-values
which are resolved by the human ear, a logarithmic scale is used for the most important
acoustic quantities. The sound pressure level Lp or SPL due to an acoustic source at any
arbitrary location in space is defined as,

Lp := 10 log

⎡⎣p2
rms

p2
ref

⎤⎦, [Lp] = dB (decibel) (2.3)

where prms is the root-mean-square of the acoustic pressure signal (wave) at that
location and,

pref := 2 · 10−5 Pa (2.4)

is the international reference pressure, and threshold of hearing. PWL and SPL are
measured in units of decibel (dB).

2.1.3 Lumped source model: far-field acoustics

The above definitions concern a single point in space, and the total acoustic field (signal)
received at it. Generally, acoustic sources radiate in all of three-dimensional space. In
addition, the total acoustic field at any observer location may be attributed to multiple
sources of sound.

In airport noise, observers are located at distances which are multiple orders of
magnitude larger than the noise generating components of the aircraft. At these
observers positions, the specific locations of individual noise sources with respect to the
aircraft airframe are less important, and it may be assumed that the far-field acoustic
radiation from an acoustic centre of the overall aircraft. This is the definition of a
lumped source model. However, this simplification comes with caveats, which will
become apparent throughout this thesis.
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A lumped source is a modelling technique that allows the combination of multiple
individual sources, originating in the same space with respect to the far-field, to be
described by the total radiated sound power Prad.

Considering for example an aircraft, the total noise emission is made up of the
contributions from individual noise sources with a total sound power of Prad. Assuming
s is the total number of sources contributing to the observed sound field, the total sound
power is then,

Prad =
s∑︂

i=1
Pi,rad (2.5)

where i indexes through the individual sources. Each individual source has
characteristics such as directivity, spectral content, amplitude etc. that contribute to the
overall sound power radiated by the source.

Therefore, assuming a far-field problem, where the range is much greater than both the
size of the source (region) and the acoustic wavelength, the average power radiated over
a spherical surface surrounding the source (see Figure 2.1),

Prad =
∫︂∫︂

S0

p2
rms(x)
ρ0c0

r2 sinφdφdθ (2.6)

where S0 represents a spherical surface surrounding the source region and is always
perpendicular to the direction of propagation, x the spatial position vector and p2

rms

represents the mean square, of the instantaneous fluctuating sound pressure.

The average acoustic energy radiated is given by the integrals the instantaneous power
flux over a period of time T and boundary area S over which the transmission occurred.
The instantaneous power flux (power per unit area) is called acoustic intensity and may
be denoted, I. As by definition the acoustic intensity is a function of spacial position and
time. Therefore, the average acoustic energy emitted by a source may now be written as,

Ea =

T∫︂
0

∫︂∫︂
S

I(x, t) ■ dS(x)dt (2.7)

where dS(x) is the infinitesimally small surface vector, and x is the acoustic field
position vector, see Figure 2.1.

Through the solution of the one dimensional wave equation [19, 16], i.e. assuming
propagation is only along the radius from the source, the intensity of the acoustic field
may be calculated through the acoustic pressure. Using the far-field acoustics
assumption while also assuming a nearly stationary medium, the instantaneous acoustic
intensity is defined as,
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Figure 2.1: Diagram of point source radiating noise in three-dimensional acoustic field.
Adapted from Blake [14].

I(x) = p2
rms(x)ρ0c0 (2.8)

where ρ0c0 are the ambient air density and speed of sound, respectively; with their
product defined in acoustics as the specific acoustic impedance of the fluid. The relation
therefore between the overall acoustic sound power radiated and the acoustic pressure
field as,

Prad =
∫︂∫︂

S0

p2
rms(x)
ρ0c0

dSr(x) (2.9)

It is useful to define the notion of a spatial average intensity Ī, as it is critical in the
later definition of the lumped source directivity. The average intensity of a lumped
source is defined as the time and spacial integral over a sphere surrounding the source,

I =
1
T

T∫︂
0

∫︂∫︂
S0

I(x, t) dφ dθ dt (2.10)

The relation of the overall sound power as a function of the average intensity Ī is
therefore trivially,

Prad = 4πr2Ī (2.11)

Three-dimensional directivity

The tendency of a noise source to radiate varying amount of acoustic energy into
different directions is what is described as a source’s directional behaviour. The
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directional properties of individual and lumped noise sources are described using what is
known as the directivity factor D. It is defined as,

D(θ,φ) = I(θ,φ)
I

(2.12)

The purpose of the directivity factor is to isolate (decouple) the directional properties of
the source from the total generated acoustic energy. The terms “directivity sphere” or
“directivity hemi-sphere” are often used in literature when the three-dimensional
radiation pattern is of interest; as opposed to singular angles in the polar direction for
example. It may take various forms, often analytical or numerically (most often the case
as experimental data in normalised and stored in tabulated data form, see ANOPP [20]
for example). In this thesis, the term directivity function will be used interchangeably
with directivity factor, as mainly analytical functions are used to describe the directional
properties of sources. A directivity index may also be defined as,

DI(θ,φ) = 10 logD(θ,φ) (2.13)

with units of dB.

The definition of the directivity function as the ratio of the sound intensity in a specific
direction to the mean intensity ensures the overall acoustic power is normalised. This
condition is satisfied if the integration over the entire spherical surface surrounding the
source returns the power of the source,∫︂

S0

PradD

4π dS = Prad(j) (2.14)

where j denotes the power setting. Or in terms of the directivity function, D(θ,φ),∫︂
S
D(θ,φ) dS = 1 (2.15)

Assuming a lumped source model for an aircraft, the total directivity D may be given in
terms of the directivities of the individual source comprising it. The total directivity is
given in the form a weighted energy sum as,

D(θ,φ) =

n∑︁
s=1

PsDs(θ,φ)
n∑︁

s=1
Ps

(2.16)

with s and n being the source index and total number of individual sources respectively,
while Ps and Ds are the sound power radiated and directivity of source s.
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The definitions of the emission angles θ and φ and reference frames in this Section follow
that of the diagram in Figure 2.1 for consistency with the previous definitions and those
used by Blake [14]. However, Chapter 5 introduces a new definition, most commonly
adopted in the aircraft noise discipline and Noise-Power-Distance generation.

Frequency content considerations

Many factors influence the behaviour and characteristics of noise waves, with a
significant one being frequency content. Noise sources are typically either broadband or
tonal in nature. Simple pressure waves may be defined by fluctuations of a single
frequency, known as tones. However, real noise sources emit random pressure
fluctuations composed of signals of infinitely many frequencies, broadband noise. In
order to decompose any random sound pressure signal into its frequency components it
is usual practice to use a Fourier transform. The Fourier transform of a randomly
fluctuating time dependent acoustic pressure signal is,

Pa(x,ω) =
+∞∫︂

−∞

pa(x, t)e+iωt dt (2.17)

and its inverse,

pa(x, t) = 1
2π

+∞∫︂
−∞

Pa(x,ω)e−iωt dω (2.18)

where f = ω/2π is the frequency and i =
√

−1. Equation 2.18 clearly states that the
time domain (real space) pressure fluctuation in nothing but the summation of all of its
frequency components Pa(x,ω). pa is the spatially and temporally dependent acoustic
pressure signal, while Pa are Fourier series coefficients.

Broadband components are typically associated with random turbulence or mixing that
occur over a wide range of frequencies (such as turbulence generated by the airframe
components extending into the airflow) while tonal components are associated with
periodic steady state movements that excite certain frequencies (such as rotating engine
components).

This indicates that energy is spread across the frequency spectrum. Using the definitions
of average power radiated from earlier, we may use the Fourier transform to estimate the
distribution of power into the frequency components composing the original signal. The
average power radiated may be written as,

Prad = lim
T →∞

1
T

+∞∫︂
−∞

∫︂∫︂
S0

|Pa(ω)|2 dS(x) dω (2.19)
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with the integrand of the time integral being defined as the power spectral density,
Spp(ω).

In aircraft noise, the characterisation of sounds and their frequency components is
usually done with what is known as the one-third octave band spectrum [21]. The power
spectral density is divided into intervals or bands. Each band level is defined as,

Li
p = 20 log

⎡⎣pi,rms(f c
i )

pref

⎤⎦ (2.20)

where the index i, in this case, denotes individual bands; each frequency band is
characterised by the centre frequency f c

i and the bandwidth ∆fi = fu
i − f l

i (the
subscripts denote the upper and lower frequencies). Specifically for the one-third octave
band the bandwidth is not constant across all bands but proportional to the centre
frequency, ∆fi = (21/6 − 2−1/6)f c

i and f c
i = 2i/3f c

0 , whereby international standard the
reference centre frequency is f c

0 = 1 kHz.

Lumped noise source definition

Combining the definition of the SPL in Equation 2.3 along with Equations 2.5, 2.8 and
2.11 we can define a single total noise source representative of the aircraft as a whole, a
lumped acoustic source. The SPL radiated by a lumped source at a far-field observer
location is,

Lp(θ,φ, r, f) = 10 log

⎡⎣PradD(θ,φ)S̄pp(f)

r2 C

⎤⎦ (2.21)

where C = ρ0c0/(4πp2
ref ) is a constant, and r is the distance between the observer and

the lumped source. Noise emitted from a source decays with the distance between the
source and observer due to spherical spreading. The power spectral density, S̄pp(f), is
normalised to the overall power radiated by the source and describes the distribution of
acoustic power in to the frequency components generated by the source. Finally, D(θ,φ)
describes the directionality characteristics of the source.

Individual noise source addition

Combining individual sources of noise to create a lumped source representation of the
aircraft as a whole is not as simple as adding the acoustic energy of the individual
components. Considerations need to be made due to the nature of acoustic waves.

The resulting acoustic field at any observer in space due to the combination or addition
of acoustic waves, is strongly dependent on the acoustic parameters, i.e frequency
content, amplitude, phase and directivity as well as the relative position of the
individual sources contributing to the total field. Interaction of the waveforms may lead
to constructive and destructive interference, if noise originates from the same source or
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different sources but have the same frequency and waveform. In this case, the noise
sources are called coherent. Such mechanisms can alter the noise field in the region of
source (near-field), but also the final acoustic energy that propagates to the far-field. A
simple example of coherent sounds are two identical tones.

All the individual contributions from each of the sources make up a distributed region of
sources that define the acoustic field which is propagated outward to a point in free
space. Individual contributions support or interfere in the physical summing process
based on the instantaneous phase relationships among the various sources. In more
complex/realistic physical scenarios the acoustic radiation is calculated as a weighted
integral of the source distribution. The integral must consider both the entire
propagation process to the far-field and the acoustic phase interactions between the
components of the source distribution.

Let pa(x, t) be the acoustic pressure due to single noise source, expressed in the complex
domain. Then, the acoustic power Prad(x) at the observer position x is
Prad(x) = |pa(x, t)|2 = p∗

a(x, t)pa(x, t) where * indicates complex conjugation. Acoustic
interference, as a result of coherent noise waves concerns the issue of the acoustic energy
when the noise field is due to a sum two (or more) waves. Now assume pa is the result of
two individual waves pa,A and pa,B then,

pa(x, t) = pa,A(x, t) + pa,B(x, t) (2.22)

with the subsequent acoustic power being,

Prad(x) = |pa(x, t)|2 = |pa,A(x, t)|2 + |pa,B(x, t)|2

+ (p∗
a,A(x, t)pa,B(x, t) + pa,A(x, t)p∗

a,B(x, t))
(2.23)

The interpretation of the above equation is that, the acoustic power at observer x is the
acoustic power at x due to the noise source A plus the acoustic power at x due to the
noise source B plus an extra term. This extra term, which is the interference term, can
add (constructive) or subtract (destructive) energy at the observer location.

For incoherent sounds, such as broadband noise components, have randomly interacting
wave fronts and it can be presumed that p∗

a,A(x, t)pa,B(x, t) + pa,A(x, t)p∗
a,B(x, t) = 0.

Direct incoherent addition of sound pressure levels is expressed as,

Lp = 10 log
s∑︂

i=1
10Lp,i/10 (2.24)

where Lp is the final noise level and Lp,i the levels of the individual sources.
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Specifically, in the case of MONTANA, individual sources are assumed to be incoherent.
The reasoning for this assumption can be summarised as follows:

• Imperfect manufacturing and aeroelastic behaviour of components lead to
discrepancies in noise mechanisms that would otherwise be expected to generate
the same waveforms under the same operating conditions. A characteristic
example are tone generating mechanisms for rotating turbomachinery components
such as fans, axial compressors and turbines.

• Regarding turbomachinery components, engine performance and operation
generally dictates that generated tones are of different frequencies; between
components of the same engine and different ones.

• Atmospheric effects and turbulence [22][23] generally impose random disturbances
on signals causing decorrelation effects. This results in incoherent noise signals
reaching the observer locations.

• Flight effects (such as Doppler frequency shifts) and propagation distance
variation can also contribute to signal decorrelation [24].

2.1.4 Aircraft Noise metrics

In order to limit and slowly reduce the number of people exposed to significant amounts
of aircraft noise, aircraft certification agencies, such as the ICAO and FAA, impose noise
limits on manufactures in order for them to gain airworthiness certification. These noise
limits are given in terms of noise metrics.

Generally, noise metrics fulfil two purposes: quantifying the amount of acoustic energy
generated by aircraft that reaches any given observer location, and quantifying the
impact of that acoustic energy on humans specifically. For the prior, the term noise
emission is used, and considers noise generated at the source (ICAO Balanced Approach
to Aircraft Noise Management [25] : Reduction of Noise at Source). The latter, is coined
the term noise immission, and takes into account the human response and perception
due to aircraft noise.

2.1.4.1 Noise certification metrics overview

The aircraft certification process and specifically the aircraft noise certification process
requires the aircraft OEM (original equipment manufacturer) seeking certification for a
particular product to provide a suit of experimental (measured) and predicted data as
evidence that the noise certification limits that apply to aircraft in questions are not
exceeded. Depending on the type of aircraft, the certification rules that apply, and the
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authority giving the certification the noise metrics vary. A review on aviation noise
metrics by Feng et al. [26], summarises the use, benefits and drawbacks of metrics in use
worldwide.

The ICAO Annex 16 [27] define the Standards and Recommended Practices for aircraft
noise certification to be used by any regulation authority. Additionally, it covers
international specifications relating to aircraft noise measurement and evaluation
methods, such as metric evaluation and the static to flight projection process.

Annex 16 classifies aircraft (air vehicles) into Chapters, depending on air vehicle type,
propulsion system architecture and MTOW. Different chapters specify the noise level
limits, as well as the operating procedures under which the limits must be measured
and/or calculated. The metrics used in each Chapter may very. Below are listed the
main Chapters of Annex 16 with the aircraft type they apply to and the metric used:

• Chapter 3 & 14 - Subsonic jet aeroplanes and Large propeller aeroplanes: EPNL

• Chapter 6 - Propeller-driven not exceeding 8,618 kg (before 1988): Maximum
A-weighted noise level, LASmax

• Chapter 8 - Helicopters: EPNL

• Chapter 10 - Propeller-driven not exceeding 8,618 kg: Maximum A-weighted noise
level, LASmax

• Chapter 11 - Helicopters not exceeding 3,175 kg: SEL

• Chapter 13 - Tilt-Rotors: EPNL

The calculation process for the Effective Perceived Noise Level (EPNL) from measured
data is defined in Appendix 1 (before 1977) & Appendix 2 (after 1977), while the
process for maximum A-weighted noise level (LASmax) is in Appendix 6.

Regardless of which chapter of the Annex any air vehicle must comply to, with the
respective required metrics, additional noise data is typically made available to the
certificating authority for use beyond noise type certification, e.g. land-use planning
purposes. Such additional data may be in EPNL, SEL, LASmax and one-third octave
SPLs.

2.1.4.2 Available MONTANA output metrics

MONTANA is primarily concerned with quantifying the noise emission and immission
changes of novel air vehicles relative to baseline scenario during single flyover events.
Noise emission changes concern noise at the source, specifically how the radiation
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pattern, spectral content and absolute levels vary as a function of implementing new
designs, technology and operating conditions.

The first point of interest for MONTANA is the impartial (based on the acoustic energy
received, proportional to prms2) quantification of aircraft noise received at the observer
locations. The prediction of such levels and metrics, mirrors the experimental data
gathering and analysis portion of the noise certification process. As a next step, human
perception is accounted for, with the introduction of subjective metrics.

For this reason the primary metrics used throughout this thesis are acoustic energy
based, SPL or OASPL as an instantaneous metric, while SEL is extensively used as the
predominant event exposure metric. These metrics allow the quantification of how the
total acoustic energy generated by an air vehicle is distributed in three-dimensional
space and across frequencies, and finally, what proportion of that energy reaches
observers on the ground during operation. In addition, SEL is the choice of metric for
helicopters not exceeding 3,175 kg, a category of air vehicles closely resembling that of
AAM and UAM vehicles; under careful consideration such helicopters and their
certification noise levels and NPD curves can be used as baselines for the prediction of
AAM noise. Finally, although Chapter 6 and Chapter 10 certify aircraft using LASmax,
the ANP database provide NPD curves for SEL levels, allowing for the comparative
studies of noise exposure of such regional aircraft.

However, as the objective of MONTANA is to provide meaningful technical insight to
novel air vehicle noise certification and community noise impact, specific human
subjective units/metrics are also considered and provided as outputs.

2.1.4.3 Subjective and Non-subjective Metric Definitions

In the case of subjective metrics, humans perception and reaction to noise does not only
respond to changes in pressure level. Other variables such as,

• frequency content and more specifically the tonality of the noise,

• amplitude of the noise (sound wave)

• overall time exposed to the noise,

• time pattern (continuity, fluctuation, impulsiveness and intermittency of the noise
signal)

• the period over which the noise is observed (nighttime, day time etc.)

impact the final perceived noise by humans. Therefore, to appropriately capture and
quantify these effects engineers and psychoacousticians have defined a variety of metrics
to measure and describe noise originating from aircraft.
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One further classification, of relative importance to the noise surface method presented
in this Thesis, as well as to the concept of EPNL, is that of exposure levels, or otherwise
integrated. Such levels require a time history of noise levels to be calculated and
therefore become relevant within the concept of a “noise event”. Following are the
definitions and calculation processes of available noise metrics in MONTANA.

Instantaneous sound level metrics

Instantaneous sound level metrics, as captured by the name, consider the noise at one
instance in time. These metrics can be classified into: frequency weighted metrics and
calculated metrics.

The sensitivity of the human ear is strongly dependent on the frequency of the perceived
noise. The so-called noise weightings are the simplest way of capturing this sensitivity.
Different weightings are applied to frequency band levels to create a bias towards low,
high or mid-frequencies (depending on the application) in the Overall Sound Pressure
Level (OASPL). The A-weighting is the most widely used and applicable weighting
among the 4 internationally agreed weightings (A-, B-, C- and D-weighting), which
attempts to alter the values of the measured sound in different frequencies so that the
result would better reflect what we actually hear (equal loudness contours ISO 226:2023).
Such weightings are based on the concept of equal loudness and derived contours by
Fletcher and Munson [28].

The Perceived Noise Level (PNL) is a metric designed to capture the complex signature
of aircraft noise more completely than simple weighted sound levels. PNL is a loudness
[29] based metric calculated by converting the loudness corrected sound pressure levels in
each third-octave band to noy values [30]. The “noy” is the unit of a series of increments
resulting from the divided decibel scale. The noy values are then summed in a particular
manner to give the final PNL metric. PNL is measured in the units of PNdB.

Tone-corrected Perceived Noise Level (PNLT) applies a correction to the PNL metric to
account for tonality of the noise signal. The tone correction factors are dependent on the
frequency of the tone and its excess level over the level of the noise present in the
adjacent third-octave frequency bands. PNLT is measured in units of TPNdB. PNL and
PNLT are referred to as calculated metrics.

Single event metrics

Single event metrics are based on a time history of the instantaneous level generated by
a single operation of an aircraft, Figure 2.2. This effectively introduces an event
duration, from the time the noise if first perceived to when it is no longer audible.

The Maximum sound level, Lmax is the instantaneous peak noise level recorded at an
observer location in the duration of the noise event. Most commonly the A-weighting is
used and is referred to as LA,max with unit of dB(A).
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Figure 2.2: Diagram representing a single aircraft noise event and the associated noise
metrics.

The sound exposure level (SEL or LE) is the first metric out of a series of average
energy level metric. The SEL may be described as the sound level of duration equal to
one second (1s) that contains the same total acoustic energy as the whole event (the
area of the vertical bar in Figure 2.2 is equal to the red area under the time history; the
width of the bar is equal to 1 s). In the context of the SEL the event is defined using the
10-dB down rule, meaning the event time interval, [t1, t2] is defined during which the
level is 10 dB down from the maximum sound pressure level (Lmax). Mathematically it
is calculated as,

SEL = 10 log
t2∫︂

t1

p2(t)

p2
ref

dt (2.25)

Un-weighted, A or C-weighted Sound Exposure Level (SELA or SELC) can be
calculated. The SEL is measured in units of dB.

The average Sound Level (Leq,T ) also known as the equivalent continuous noise level, is
the sound level of duration equal to the period T = t2 − t1 of the event (same definition
as SEL) that contains the same energy as the total event,

Leq,T = 10 log 1
T

t2∫︂
t1

p2(t)

p2
ref

dt = 10 log

⎡⎣ 1
T

n∑︂
i=1

10Lp,i/10 ∆t

⎤⎦ (2.26)

where Lp,i are discrete SPLs taken at time intervals ∆t. As with the SEL, A-weighted
levels may be used instead of SPL, then we may refer to the metric as Average
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A-weighted Sound Level, LAeqT . Both LeqT and LAeqT have units of dB and dB(A)
respectively.

EPNL

Effective Perceived Noise Level (EPNL) is probably the most commonly used metric in
aircraft and airport noise. The ICAO defines the complex calculation process of EPNL
in Annex 16 Appendix 2 [27], relevant for air vehicles certified under Chapters 3, 4, 8, 13
and 14. The FAA’s FAR Part 36 Appendix A [31] provides the same definition (Section
A36.4 Calculation of Effective Perceived Noise Level From Measured Data).

The process of calculating the EPNL levels (ICAO Annex 16 section 4 of Appendix 2) is
closely coupled with the noise level measurement process on the ground, and the noise
certification test operations/procedures (details are presented in Section 2.1.5).

EPNL is a single number measure of an aircraft noise event taking into account the
subjective effects of aircraft noise on humans. The following considerations were made
when designing the EPNL metric as an effective way of measuring human response to
aircraft noise:

• perceived noisiness, instantaneous perceived noise level, PNL

• subjective response to the presence of spectral irregularities

• tone correction, PNLT

• noise (event) duration, PNLTM, 10 dB down period

• effective perceived noise level, integrated event exposure level

The final expression for the EPNL of an aircraft event, calculated using a discrete series
of PNLT(k) is,

EPNL = 10 log 1
t0

kL∑︂
kF

100.1P NLT (k) ∆t (2.27)

or in many cases simplified for t0 = 10 and ∆t = 0.5 as,

EPNL = 10 log
kL∑︂
kF

100.1P NLT (k) − 13 (2.28)

where 10 log 0.5/10 = −13 is a constant relating to the one-half second values of
PNLT(k) to the 10-seconds reference duration t0. The variables kF and kL denote the
first and last 10 dB-down points, respectively; whereas kM would denote the point of
PNLTM occurrence. EPNL is measured in units of EPNdB.
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Multiple event metrics

Variations on the previously defined metrics allow for consideration of multiple events or
multiple aircraft operations over larger periods of time. These metrics account for the
overall aircraft movements at an airport during periods of 16-hours or 24-hours for
example.

The Day-Night Level,Ldn (also referred to as DNL) for example, is an equivalent
continuous A-weighted sound pressure level with an addition of 10 dB during the
night-time. This metric penalises aircraft that operate during night hours (as effectively
being noisier) due to the fact that the majority of the population is asleep.

Noise exposure footprint and contours

Although noise exposure contours are inherently not a metric, they represent a great
way of visualising other metrics at observer locations around airports. They are used by
airport management teams and other organisations around the world to drive airport
plan decision-making and to help inform manufacturers and governing agencies on the
scale of the effect aircraft have on the community they operate in. Noise exposure
contours and how to efficiently generate them form a great part of the research within
this thesis and the main topic of Chapter 4.

A distinction is made between noise exposure footprints and contours. Noise exposure
footprints are the result of single event operations. Footprints are visual method of
interpreting individual aircraft noise immissions relative to certification limits. For
example, the top part of Figure 2.3 (A) illustrates the evolution on footprint area and
shape when determined my the limits set by the various noise Chapters of Annex 16.

On the other hand, contours are the result of aircraft fleet operation. These present a
realistic measure of the noise exposure experience by communities surrounding airports.
Figure 2.3 (B) shows such a contour for London Heathrow Airport in the year 2015.
Contours take into account fleet composition, operation models, realistic aircraft flight
trajectories and performance and are usually the result of high-fidelity modelling,
measurements or a combination of the two.

Note on the use of 1/3rd octave bands

MONTANA follows the standard practices with respect to the spectrum type used for
the calculation of the previously mentioned metrics. The IEC standard (61260-1:2014
[33]) specification for one-third-octave bands is used, for the standard 24 frequency
bands from band number 17 to 40 (centre frequencies 50 Hz to 10,000 Hz). This is
predominantly driven by the ANP database data format, which provides the baseline
spectra for the MONTANA studies presented herein. Equivalent definitions are provided
by the ANSI S1.11-2004 standard. A square band-pass filter is used across the whole
framework (summation of tonal/discrete spectrum to SPL/Hz band spectrum).
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(A)

(B)

Figure 2.3: (A) Illustration of departure and approach noise contours and contour
area as a function of the limits presented in the noise Chapters of Annex 16 [27]. (B)
Example noise exposure, Leq,T , contour for London Heathrow Airport for the year 2015

[32].

2.1.5 Noise Certification and regulations

The noise limits are different for aircraft according to their, a. air vehicle type (fixed
wing, helicopter, tilt-rotor etc.), b. age, c. weight (maximum takeoff mass, MTOM and
maximum landing mass, MLM) and d. propulsion system type. Depending on the type
of aircraft, the limits are measured at specific reference locations in the vicinity of
airports, called certification points.

Small aircraft

In the context of this thesis “small aircraft” are defined as: propeller-driven aeroplanes
not exceeding 8,618 kg, as per Chapter 10 of the ICAO Annex 16. Aircraft certified
under this Chapter must limit LA,max levels at one certification point, the takeoff
reference noise measurement point. The takeoff reference is located on the extended
centre line of the runway at a distance of 2,500 m from the start of takeoff roll, while the
mass of the aircraft must be the MTOM at which certification is requested.

Large transport aircraft Large transport aircraft include subsonic jet aircraft and
propeller-driven aircraft over 5,700 kg or 8,618 kg, depending on their age. These
aircraft are certified in accordance with Chapters 3, 4 and 14 of the ICAO Annex 16.
The certification points in this class of aircraft are three: a. lateral full-power, b. flyover
and c. approach. In many cases the lateral and flyover point are referred to together as
takeoff certification point, where a cumulative noise level is defined as the sum of the
two individual noise levels. The location of three points can be seen in Figure 2.4
relative to the runway. Note the lateral certification point is different for jet-powered
aircraft and propeller-driven. The metric used is the EPNL, with specific limits imposed
as function of MTOM/MTOW.
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Figure 2.4: Large aircraft certification reference points [34].

Helicopters

Helicopters are certified under Chapters 8 and 11 of the ICAO Annex 16 (Chapter 11
applying only to helicopters not exceeding 3,175 kg maximum certificated takeoff mass),
while a separate Chapter and procedure is allocated to tilt-rotors (Chapter 13). The
reference noise measurement points defer slightly to their fixed wing aircraft
counterparts. The takeoff and approach procedures require limits to be met at three
locations each. In addition, three more reference points are required in an overflight
(term flyover is used within this thesis) operation. The metric used, again is the EPNL.

2.2 Aircraft Noise Sources

Aircraft capitalise on the interaction between the air and the aircraft airframe in order
to generate lift and propulsive thrust. This multitude of interactions are different in
scale and properties. They are also responsible for the vast variety of noise sources
present on air vehicles.

Aircraft aeroacoustics deals with aerodynamic noise generated as a result of the relative
motion of solid body components of the aircraft frame or streams of fluid and the
surrounding fluid. Aerodynamic noise in acoustic terms may be separated into two main
categories: discrete (tonal) noise and broadband noise. Discrete tonal noise signals may
be further categorised into pure tones, tones and complex tones [35]. Two further types
of aerodynamic noise may be observed from aircraft, that is impulse noise and “bangs”
[36, 37, 38, 39, 40, 41] (for example sonic booms) but are not dealt with in this thesis.

Within aircraft aeroacoustics a noise source is typically defined as particular mechanism
or process (e.g. vortex interaction, buffeting, reflection) or may be defined as noise
originating from some particular component (e.g. propeller, landing gear, fan, jet etc
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noise sources). All of these sources may contain discrete and broadband noise
components.

2.2.1 Conventional fixed wing noise sources and models

Fixed wing aircraft typically belong to one of two families, airliners and general aviation
(GA) aircraft. Without it being a defining rule, the main reason for differentiating these
two families of aircraft is the type of propulsion system and size. Modern airliners
typically use turbofan or turboprop engines to generate thrust. General aviation vehicles
due to their size and power requirement use propellers powered by reciprocating engines.
As the majority of the noise generated by an aircraft emanates from the propulsion
system, the types of noise sources present on each family of aircraft varies significantly.
Following is a brief breakdown of the dominant noise sources present on conventional
fixed wing.

The dominant sources present on modern airliners may be seen in Figure 2.5.

Noise gear
wheels
brake system
doors
cavities

fan 
compessor
combustion chamber
turbine

jet
rear-arc fan

jet

main gear 
wheel assemblymain gear doors

cavities

jet-flap 
interference

gear wake interference

wing/pylon 
interference

flaps
slats

propeller 

propeller-wing/flap

interference

Figure 2.5: Depiction of most relevant noise sources on-board of conventional turboprop
and turbofan aircraft.

Although for most flight regimes engine noise sources dominate, this is not the case with
approach and landing operations. Due to minimal thrust requirement and the addition
of high flap and slat settings and extended landing gear, airframe noise significantly
contributes the overall aircraft noise as received on the ground. This is also
supplemented by the fact that ever-increasing bypass ratios (BPR) reducing the acoustic
strength of the engines sources. A generic source breakdown at approach and takeoff
condition can be seen in Figure 2.7. The relative dominance of individual noise sources
has evolved throughout the years, as engine bypass ratios have been growing (resulting
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in fan and jet velocities reductions), current Ultra-High Bypass ratio engines have
significantly different noise signatures to earlier turbojets (Figure 2.6).

TURBOJET
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INLET AXIS JET AXIS JET AXISINLET AXIS
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PRESSOR

COMPRESSOR

(forwards)

COMPRESSOR

(rearwards)

FAN

(forwards)

JET

Figure 2.6: Evolution of engine noise strength from Low BPR all the way to modern
Ultra-high BPR engines.

The variation of PWL of the various source components, results in large changes in the
frequency content and directivity of the aircraft as a whole; with previously masked
components, now contributing significantly to the noise at particular angles. An obvious
example is that of the rearward fan component, which was previously less dominant and
covered by the jet source.

2.2.1.1 Airframe

Airframe noise is the global term used for the noise generated by components of the
aircraft airframe as it moves through the air. The interaction of the airflow with the
aircraft (wing, fuselage, landing gear etc.) causes the formation of turbulent structures
within the flow. The size and properties of these structures is strongly dependent on the
component geometry and the flow driving mechanisms (pressure gradients, friction).
The frequency content of the noise is correlated to the size of the turbulent structures
and is regarded as broadband.

Specific noise-generating mechanisms (Figure 2.5), include flap and wing trailing edges,
flap side edges, undercarriage gear sources, cavity mechanisms, and sources associated
with the fuselage and wing turbulent boundary layers. Additional noise is associated
with high-lift devices and configurations, as well as their involvement in interaction
sources between the airframe and the propulsion system, such jet-flap interaction.

The general signature of airframe noise is a complex combination of broadband and
tonal noise. Trailing-edge, flap side-edge and undercarriage noise, all contribute to the
broadband component of airframe noise. Unsteady separated flow (vortex shedding) and
wake interactions between due to airframe geometry of varying sizes, gives rise to
broadband sound over a wide frequency range. A great number of discrete frequencies
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are seen, typically in the low frequency range, between 50 Hz and 500 Hz, due to
resonance mechanisms, often cavity related [36].

Large variation in intensity and spectral shape is observed across airframe architectures
and designs. Correlations from full-scale aircraft data often scale the OASPL with the
fifth and/or sixth power of the aircraft velocity and with directional dependence of a
single compact dipole (with vertical axis); however the formulas are simply convenient
approximate fits to data in which a number of mechanisms are probably comparably
important, and are not blanket theorems to be applied to all cases.

As a typical example, the airframe noise of the standard Boeing 747-100 and 747-200 is
substantially different from that of the 747SP, the latter having a much simpler
single-flap system instead of the triple-flap system fitted to the standard 747 [36].
Additionally, experimental data of a Boeing 747 [42] showed a total “clean to dirty”
PNL increase of 10 to 12 dB.

Airframe noise becomes significatly more important at the approach condition for
conventioanl fixed-wing, for the following reasons. First, the low power requiement of
the approach operation means the source balance tips in to the favour of airframe noise,
as the propulsion system will be operating in relatively favourable low noise operating
conditions. Second, the required “dirty” configuration of the airframe (extended high-lift
devices and landing gear) at approach, will contribute to the increase in intesity of
airframe noise. Finally, the combination of the final approach glide-scope of 3 degrees,
and low airspeed, means that the aircraft is significantly closer to the ground for longer;
increasing the noise exposure on communities beneath the approach flightpath.

Airframe model

In the context of whole aircraft noise prediction, MONTANA requires the contribution
of airframe noise components for completeness of lumped source model. MONTANA
uses the implementation of the Fink [43, 44] model by Synodinos [12] to generate noise
level deltas as a function of variation in aircraft airspeed and flap deflection. At the time
of its development, the Fink model provided a combination of a wide range of full-scale
and model data representative of the dominant theoretical ideas widely accepted as
correct. Since, other comprehensive models have been developed, based on additional
experimental and computational data as well as analytical developments; such a model
is the once presented by Guo [45, 46].

2.2.1.2 Engine/Propulsion

The main two propulsion system architectures of interest are turbofan and turboprops.
An illustration of the dominant sources present on such engines is presented in Figure
2.8.
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In current generation turbofans fan and jet noise sources dominate the spectrum and
field shape. In the case of turboprops the propeller tonal self noise (steady and
unsteady) typical dominates. Smaller contributions from other internal components are
audible at different phases of flight [21, 36].

Engine jet noise is regarded as the turbulence mixing noise produced by the high
temperature and velocity exhaust jet. Noise is generated my the mixing of the core
exhaust jet, the bypass jet with the free-stream flow (shear layers). The well known
eighth power law relates the intensity of the jet noise source to the eight power of the
exhaust velocity (Ijet ≈ U8

j ). This result was first introduced by Lighthill [47]as the
Lighthill’s acoustic analogy, in which the unsteady fluid flow is replaced by a volume
distribution of equivalent acoustic sources throughout the entire flow field. He essentially
proved that any approximations in attempting to solve for the fluctuating acoustic
density (starting from the exact flow equations, conservation of mass, momentum and
energy) would result in huge errors due to the fact that the energy radiated in terms of
noise is almost a negligible fraction compared to kinetic energy of the jet.
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Figure 2.7: Component noise source levels during flyover for conventional turbofan.
Adapted from [36].

Turbo-machinery captures all the components within a typical turbofan engine. This
includes the fan, compressor, turbine and associated stators. Turbo-machinery is
characterised by distinct tonal content due to the rotating blades of the fan, compressor
and turbine. Broadband noise is also present, but becomes more significant at lower tip
speeds. Finally, acoustic coupling to and propagation within the fan duct causes further
interference and acoustic modes to develop.

Combustion and core
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Figure 2.8: Cross-sections of a HBP turbofan and a turboprop engine, identifying the
individual noise source mechanisms present.

Combustion noise mechanism relate to both gas turbine engines and reciprocating
engines. In gas turbines noise is associated with the unsteady processes of volumetric
expansion and contraction in the combustion chamber[48].

Exhaust noise often prevails in piston engine noise. Broadband in nature, unabated
exhaust noise is most intense at low frequencies. Although there is also significant
discrete noise related to the frequency of cylinder firings, modern exhausts, mufflers, and
resonators are quite good at reducing the radiated acoustic energy.

2.2.2 Conventional helicopter rotor noise sources

Rotor noise is aeroacoustically characterised as a very similar noise generator as propeller
noise. Composed of two very distinct components, discrete tonal and broadband noise,
the aeromechanical noise generating mechanisms can be broken down into the
deterministic sources of thickness, loading, blade-vortex interactions and high-speed
impulsive noise. These sources are generally responsible for the dense tonal content of
rotor noise, while the non-deterministic effects of turbulence ingestion, blade-wake
interactions and blade self-noise make up the broadband component of the noise.

The similarities in noise generating mechanisms between rotors and propellers allow the
analysis and review of the noise sources to be done simultaneously. This is done in
Section 2.3. However, although present in both systems, high-speed impulsive noise and
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blade-vortex interaction noise do tend to dominate the rotor noise spectrum, while
taking a back seat in the propeller case. A brief breakdown of these two sources follows.

Impulsive noise is due to the advancing blade (in forward flight) reaching transonic and
supersonic tip Mach numbers. It is characterised by loud, sharp, periodic sounds caused
by a dramatic increase in amplitude and increases in in-plane (rotor plane) acoustic
energy radiation. It is a form of thickness noise that dominates the waveform when
present, and distinguishes rotorcraft noise from other types of noise.

Blade-vortex interaction (BVI) noise as described by the name is cause when rotors
interact with previously shed tip vortices by the preceding rotors. As blade rotation and
tip-vortices are periodic phenomena, BVI noise is also periodic occurring at
deterministic locations around the rotor circumference. It is described by many as the
main source of annoyance for rotorcraft due to the high number of harmonics contained
within. The BVI source is due to propeller loading effects, and therefore is contained
within the dipole term of the Ffowcs Williams-Hawkings (FW-H) equations [49] or the
simplified Farassat Formulation 1A [50], [51].

2.2.3 Conventional noise source models

A summary on components level prediction models is given in Table 2.1. Prediction
models used in the definition of lumped sources in this thesis are also indicated. Except
propeller steady harmonic noise, all other models base their implementation into the
MONTANA framework on the work by Synodinos [12, 52].

Additional method and tool summaries are available in these references [70, 35, 71, 72].

2.2.4 Novel aircraft sources

Electric motor noise

In the absence of a gas turbine or reciprocating engine propulsion system, the noise
sources associated with rotating turbo-machinery and combustion also vanish. In the
case of fully electric prototype aircraft, especially in the sub-regional (UAM) market (see
Chapter 3), a combination of electric motors and propellers are often the propulsion
system of choice.

Current prediction methods for electric motor noise largely depend on semi-empirical
methods using data from large industrial electric motors and/or small unmanned
air-vehicle (drone) motors, and then applying scaling laws and vibration analysis.

The sound produced in electric motors is predominantly caused by time-varying
electromagnetic forces, producing vibrations. These vibrations are what drive the
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Table 2.1: Summary of component level noise prediction methods.

Individual source prediction methods
Noise Source Prediction methods
Engine-order tones (buzzsaw) NASA TMX-71763∗ [53], Benzakein & Mor-

gan [54]
Subsonic fan NASA TMX-71763∗ [53]
Compressor NASA TMX-71763∗ [53]
Turbine NASA TMX-73566 [55]
Combustion SAE ARP 876C [56]
Jet (single-flow, round nozzle) SAE ARP 876C [56]
Jet (coaxial flows) MDOE[57], JeNo[58]
Propellers SAE AIR 1407 [59], NASA TMX-83199 [20],

Hanson [60],Farassatt [61]
Helicopters NASA TMX-80200[62], PSU-WOPWOP

[51, 63, 61]
Airframe Fink, FAA Report RD-27-29∗ [64], Boeing

airframe [65, 45, 66, 46]
Flight effects Bryce [67], Cocking [68],NASA TMX-

79155952∗ [69]
Methods marked with an asterisk are used within this thesis.

acoustic field. Research by NASA [73],[74],[75] consider the noise produced by the motor
negligible compared to the fan and jet noise, in a DEP setup. This however may not be
the case in the propulsion systems developed for urban air mobility systems, as motor
noise scaling is not yet well-defined.

Motor noise consists of the following features1:

• Tones are the most important noise source

• Presence of broadband noise source

• Motor noise peaks in a direction normal to the motor rotor axis.

• Loading the motor increases acoustic emission for some conditions and
configurations

• Strong motor tones can be amplified by the propeller loading by 5 to 15 dB and
can exceed the propeller noise levels (see Figure 2.9).

These empirical correlations extrapolated to larger motors predict the sound power
levels to be lower than the fan noise for a commercial subsonic aircraft: a. 8 to 20 dB for
1 MW motor powering a regional jet-size aircraft. b. -17 to 29 dB for 13.8 MW motor
powering a 737-size aircraft. Motor tone predictions for high power density motors show

1(Based on experimental results using small brushless DC motors[73])
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that the noise can be significantly higher or lower than the empirical correlations and
exceeds the stated uncertainty[74].
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Figure 2.9: SPL spectra for electric motor at 5,370 RPM. (Top) Motor only. (Bottom)
Two-bladed propeller and motor. Figures reproduced from [74, 75].

Even with the lower sound power levels predicted for the motor, it is possible that a
portion of a flyover during approach will include motor noise depending on the motor
installation. Motors mounted within the engine core will likely have enough insertion
loss due to the installation ( 20 dB) that the motor noise will be insignificant [74],[75].

There is still a clear need to undertake noise measurements of the full scale commercial
electric planes once they are available to fully understand their noise characteristics and
any different source noise directivity considerations that may need to be used for noise
modelling. As of this stage in the study they are omitted, but are to be included in
terms additional source modelling (if available) or as a delta correction.

Hydrogen combustion

Similar to conventional kerosine, hydrogen combustion noise is driven by the unsteady
processes of volumetric expansion and contraction, however flame attachment due to
high reactivity of H2 has a significant effect on how low-swirl injectors responce to
self-excited flame oscillations. This leads to significantly higher acoustic driving due to
the compact shape of the flame and its flame folding dynamics. Mitigation of flame
attachment and/or deferring the formation of the outer shear layer is needed to avoid
such noise generation dynamic mechanisms.

Other
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Additional noise sources due to the architectural and design of novel aircraft include
interaction of individual propulsor aerodynamic and acoustic fields, interaction of
airframe components with the propulsors and fuselage scoop/intake, engine valves. Flow
over open cavities or cut-outs in the surfaces of aircraft often produces intense pressure
oscillations in the cavity which radiates discrete noise. Such sources are grossly
dependent on the configuration selected for any particular design and are therefore hard
to generalise.

2.3 Propeller noise

As the topic of propeller noise is of particular interest to this thesis, a quick summary of
the noise generating mechanisms and techniques of assessments is given. An overview of
the Hanson frequency domain model for the prediction propeller steady harmonic noise
is also provided, as it forms the basis of the analysis carried out in Chapter 4 and the
derivation of the scaling laws.

Noise generated by propellers has been generally separated into two categories: the
periodic and the broadband components [76] [36]. Rotational or periodic noise is defined
as sound identified at discrete frequencies occurring at harmonics of the blade passing
frequency (function of number of blades). Vortex or broadband noise is a product of the
unsteady pressure field associated with vortices generated by the blade aerofoil trailing
edge and tips along with turbulence effects associated noise sources. Rotational noise is
sub-categorised into, 1. thrust and torque noise and 2. thickness noise, with the first
dominating at rotational speeds within the domain of incompressible assumptions.
Nevertheless, in literature on the reduction of overall propeller noise, at high flight
speeds thickness noise may exceed that of thrust and torque, with vortex noise also
having an important contribution[77].

A single-rotating open rotor generates rotor-alone tones which are produced by
thickness, loading and quadrupole sources. Such tones occur at integer multiples of the
rotor’s blade passing frequency (BPF). Thickness noise is produced by the periodic
volume displacement of air by the rotating blades. Its amplitude is dependent on the
geometry of the blades. This source is equivalent to a surface distribution of monopole
sources. Steady loading noise is produced by the steady surface stresses acting on the
surface of the blades. Whereas thickness noise is generally important at high velocities,
the loading noise component is dominant at low and moderate speeds [36], [78] and [79].

Discrete noise (Hanson frequency domain model)

The Hanson model is a far-field frequency domain model for a single rotating propeller
using a helicoidal surface representation of the blades. Hanson’s formulation was chosen
in this study as it accounts for the linear thickness and loading sources and the
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Figure 2.10: Propeller Aerodynamic Noise breakdown. Adapted from [76].

nonlinear quadrupole sources (although omitted due to the operation regime) including
forward flight effects, and to this day represents a unifying theory of propeller harmonic
noise. Hanson published an extension to the method to account for unsteady-loading
which will also be omitted for the analysis presented within this thesis.

Figure 2.11: Geometry of rotating source and acoustic field. The rotating source
position yi vector is parametrically defined through the radial coordinate r0 [60].

Hanson’s derivation starts at the Goldstein [80] version of the acoustic analogy. Using
approximations from thin wing aerodynamic theory, the propeller blade is modelled as
an average surface between the blade upper and lower surfaces.

As a result, the source strengths are derived from the geometry of the real blades, but
their point of application is the average helicoidal surface. To study the effects of blade
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design and operation parameters Hanson recast his solution into a form that explicitly
displays these variables. This form is duplicated here for the ease of the reader and is
the starting point of the asymptotic analysis and scaling model in Chapter 4.

Let the propeller of interest be of diameter D (and radius rt) and number of blades B.
The chord-to-diameter ratio is given by BD, while the maximum thickness-to-chord ratio
by tb. The propeller is assumed to be in flight with a representative axial Mach number
of Mx. The propeller is rotating at an angular rate of Ω, giving the propeller tip Mach
number as Mt. Due to the forward and rotational motion, each blade section sees a
relative Mach number of Mr =

√︂
M2

x + z2M2
t , where z = r0/rt is the normalised radial

coordinate. The loading characteristics are defined in terms of the aerodynamic
coefficients CL and CD, returning the dimensional force per unit spanwise length
(Newton/meter) when multiplied by 1/2ρ0c

2
0M

2
r . The location of the observer is given

by the polar angle θ in the plane perpendicular to the propeller plane, while the distance
between the centre of the propeller hub and the observer is given by r. A detailed
illustration of the reference frame can be seen in Figure 2.11. The noise harmonics are
given in terms of their Fourier transform coefficients PV m, PDm and PLm for the
thickness, drag and lift sources respectively,

⎧⎪⎪⎨⎪⎪⎩
PV m

PDm

PLm

⎫⎪⎪⎬⎪⎪⎭ = − ρ0c
2
0B sin θ

8π
(︂
y/D

)︂(︂
1 −Mx cos θ

)︂ exp
[︃
imB

(︃
Ωr
c0

− π

2

)︃]︃

×
1∫︂

0

M2
r exp (iϕs)JmB

⎛⎝mBzMt sin θ
1 −Mx cos θ

⎞⎠
⎧⎪⎪⎨⎪⎪⎩

k2
xtbΨV (kx)

ikx(CD/2)ΨD(kx)

iky(CL/2)ΨL(kx)

⎫⎪⎪⎬⎪⎪⎭ dz
(2.29)

where c0 and ρ0 are the ambient speed of sound and air density, ϕs represents a phase
lag due to blade sweep (neglected further on in this study as simple blade geometry is
assumed). The mode number is m, giving the harmonics as multiples of the BPF,
ΩB/2π = RPM ×B/60. The non-dimensional wave numbers kx and ky are defined by,

kx =
2mBBDMt

Mr(1 −Mx cos θ) (2.30)

ky =
2mBBD

zMr

(︃
Mx −M2

r cos θ
1 −Mx cos θ

)︃
(2.31)

In this form, ΨV ,ΨD and ΨL represent the Fourier transforms of the three sources, axial
loading (lift/thrust), tangential loading (drag/torque) and displacement (thickness). The
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(a) Loading noise. (b) Thickness noise.

Figure 2.12: Example harmonic content of propeller noise sources as predicted by
implementation of the Hanson frequency domain model.

thickness and loading source distributions of the blade are also given by Fourier
transforms,

⎧⎪⎪⎨⎪⎪⎩
ΨV (kx)

ΨD(kx)

ΨL(kx)

⎫⎪⎪⎬⎪⎪⎭ =

1
2∫︂

− 1
2

⎧⎪⎪⎨⎪⎪⎩
H(x)

fD(x)

fL(x)

⎫⎪⎪⎬⎪⎪⎭ exp (ikxx)dx (2.32)

where fL(x) and fD(x) are chordwise lift and drag distribution functions and H(x) the
chordwise thickness distribution of the blade.

Finally, the contributions of the individual sources may be summed
PmB = PLm + PDm + PV m to get the Fourier transform coefficient of the pressure at the
mth harmonic of the blade passing frequency. The far-field time domain fluctuating
acoustic pressure may be given by,

p(t) = 2Re
[︄ ∞∑︂

m=1
PmB exp (−imBΩ)

]︄
(2.33)

Figure 2.12 shows an example prediction of the discrete tones due to general aviation
sized propeller.

The directivity of the three sources is also given by Equation 2.29. Each harmonic
radiates noise uniquely, while the total acoustic filed directivity may also be calculated.
Figure 2.13 gives example of generic monopole and dipole directivity as reference to the
Hanson directivities predicted by Equation 2.29.

Broadband noise

Propeller broadband noise is a form of loading noise that originates from several
stochastic sources of unsteady loading [63]. The stochastic or random nature of
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2.29.

broadband noise makes prediction by first-principles methods difficult. For this reason
semi-empirical noise models are usually used when assessing the contribution of
broadband noise.

Pegg [62] published a comprehensive review on propeller broadband noise prediction
capabilities based upon methods by Lowson [81, 82, 83], Hubbard [84] and King [85].
The methods focus on three sources: 1. boundary layer noise, 2. inflow turbulence noise
and 3. vortex noise. Example of the relative contributions from the four (vortex noise is
separated into tip vortex and general vortex noise) broadband noise sources can be seen
in Figure 2.14.

Another, more extensive method for estimating broadband noise was proposed by
Brooks, Pope and Marcolini [86] in 1989. The model analyses five self-noise mechanisms
due to boundary-layer phenomena:

• boundary-layer turbulence passing over the trailing edge

• separated-boundary layer and stalled-aerofoil flow

• vortex shedding from laminar-boundary-layer instabilities

• vortex shedding from blunt trailing edges

• turbulent vortex flow that exists near the tips of lifting blades.
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Figure 2.14: Variation of broadband noise with Mach number and spanwise location
on rotor blade. Figure reproduced from data from [62].

2.4 Noise propagation

Propagation involves additional factors that will influence the magnitude of noise
received at observers. These include atmospheric attenuation, diffraction and reflection
as well as spherical spreading. Atmospheric absorption refers to the decrease in noise
intensity due to the dissipation of acoustic energy to viscous effects and molecular
interactions and is a function of meteorological factors such as temperature, pressure
and humidity. Generally higher frequency noise sources dissipate energy and thus are
more attenuated in the atmosphere than lower frequencies [87]. Noise attenuation
through the atmosphere at a given frequency increases with decreased humidity [87] as
dry air is denser and absorbs more acoustical energy than moist air. Temperature
impact on attenuation depends on frequency and humidity [87]. Commonly used models
for predicting and accounting for atmospheric attenuation are the SAE ARP 866A [88]
and SAE AIR-1845 [89] methodologies (used in this thesis), as well as the updated
SAE-ARP-5534 [90] or Rickley et al. [91]. The ISO 9613-1/ANSI S 1. 26-1995 [92] is
also a widely accepted method for the prediction of such effects.

Ground effects, terrain, and any additional sound insulation at the observers are also
factors. Whether the surface at the observers is acoustically “hard” or “soft” will impact
the noise signature at the ground. Acoustically hard surfaces will generally result in
stronger reflection of sound waves and depending on the geometry of the sound wave
source and observer location can result in constructive or destructive interference of
sound waves [93]. Acoustically soft surfaces such as grassy terrain will result in a
stronger absorption of sound wave energy. ESDU in the UK has developed a series of
models for the prediction of ground effects and reflection including, ESDU 89036 and
ESDU 94036 [94].
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2.5 Aircraft operations

So far what has been discussed is noise generation at the source and reception at the
observer location. Reduction of said noise is not limited to reducing the noise generated
at the source; meaning the aircraft. Such reductions comprise one out of four proposed
ways of limiting noise at airports and the surrounding communities by the ICAO’s
Balanced Approach to Aircraft Noise Management [5, 6],

• Reduction of noise at the source,

• land-use planning and management,

• noise abatement operational procedures, and

• operating restrictions.

As discussed in the aircraft metrics Section 2.1.4 the time period exposed to noise is of
great importance, hence the need for average acoustic energy metrics. What determines
the time exposure is the speed of the aircraft and the geometry of the aircraft trajectory
relative to a specific observer. The use of noise preferential runways and routes may
alleviate noise exposure levels for certain observers, by increasing the distance to the
flightpath. This idea of optimising flight trajectories around airports for noise is what is
labeled noise abatement operational procedures. The relation of observer location and
flightpath geometry may be visualised in Figure 2.15, where the example of a turn
over/past an observer drastically increases noise exposure.

Runway

Flight track

Flight path

Directivity pattern

Measuring point
on the ground

Lateral distance

Slant distance

β

θ

Figure 2.15: Geometrical model of takeoff operation for airport noise predictions.
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2.5.1 Noise mitigation through operations

Aircraft operations introduce a trade-off of operational parameters. An aircraft
performing a takeoff operation could do so in a low power setting, velocity and climb
angle. This would result in reduced noise source strength, due to low lower power
requirements during a shallow and slow climb. However, this results in the aircraft
remaining close to the ground for a longer time period. The other option would be to
climb away from the ground as steeply and fast as possible, at the cost of high thrust
requirement and therefore noise generation. This trad-off is at the centre of the concept
of noise mitigation through operations.

Section 7 of ICAO Doc 8168 Part 1 proposed three types of noise abatement procedures
to be used when appropriate and safety is not compromised. These include:

• use of noise preferential runways,

• use of noise preferential routes

• use of noise abatement takeoff or approach procedures.

The final point correlates directly to the trade-off described. For takeoff Doc 8168
provides guidance on how to perform two types of Noise Abatement Departure
Procedures (NADP 1 and 2). A description of the procedures may be seen in Figure
2.16. Critical point along the trajectory are dictated by V2 the takeoff safety speed and
VZF the zero flap speed. The NADP procedures take advantage of reduced
power/reduced drag techniques (or a combination of both), to alter the acceleration
segment according to the requirements (provide noise reduction to areas in proximity to
the runway, or to more distance areas of the community).

Similar techniques may be employed for approach operations, such as a continuous
descent approach. Details and guidance on such operations may be found in Doc 8168
[95] and Doc 9931 [96].
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NADP 1

NADP 2

Take-off thrust V2 + 20 to 40 km/h (V2 + 10 to 20 kt)

Maintain positive rate of climb. 
Accelerate smoothly to en-route climb speed.
Retract �aps/slats on schedule.

Take-off thrust V2 + 20 to 40 km/h (V2 + 10 to 20 kt)

Transition smoothly to en-route
climb speed

900 m

(3000 ft)

240 m
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900 m

(3000 ft)

240 m

(800 ft)

Not before 240 m (800 ft) and while maintaining a
positive rate of climb, accelerate towards VZF and reduce
power with the initiation of the �rst �ap/slat retraction
or
when �aps/slats are retracted and while maintaining
a positive rate climb, reduce power and climb at
VZF+ 20 to 40 km/h (VZF + 10 to 20 kt)

Initiate power reduction at or above 240 m (800 ft)

Climb at V2 + 20 to 40 km/h (V2 + 10 to 20 kt)
Maintain reduced power
Maintain �aps/slats in the take-off con�guration

Figure 2.16: Noise abatement takeoff climb procedures NADP 1 and 2, as suggested
by the ICAO Doc 8168 [95].

2.6 Noise-Power-Distance curves

The topics within this Section are important to this thesis and are therefore considered
in detail.

All airport noise models consider the following three main parameters when calculating
noise on the ground. The implementation, however, of these within each model varies
allowing for the wide range in fidelity.

• The subject noise source (as discussed may be a lumped noise source consisting of
many individual sources), defined by a radiating sound power and sound
directivity.

• The aircraft trajectory. The aircraft trajectory depends on many parameters, the
type of operation (e.g. departure, approach), the type and size along with the
operating weight aircraft, naming a few. The trajectory defines the geometry
between the aircraft (source) and the observer locations on the ground.

• The aircraft power setting. As mentioned this determines both the trajectory and
the energy that is radiated in terms of acoustic waves.

It is of common practice to use Noise-Power-Distance (NPD) curves in the airport noise
as it presents a simple yet efficient way of relating the sound power radiated (both
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instantaneous and time averaged) by the source at different aircraft power settings to
different propagation distances and configurations (i.e types of operations), in a
tabulated database. The NPD process standardises the collection of full scale aircraft
noise data for certification requirements and operational noise modeling.

Noise measurements tests are not only performed for certification purposes at the
approach, sideline and flyover conditions. Additional tests are performed to gather noise
data in various operational conditions, for example, different aircraft weights or airframe
configurations (i.e. flap settings and landing gear). In order to gather the data necessary
to calculate the noise levels in all flight scenarios, four or five flights with more than 100
test points are often conducted for the certification of a new aircraft type [97].

The resulting noise datasets are what are defined as Noise-Power-Distance curves. NDP
curves are generated for all (large civil) aircraft during certification or in many cases
additional individual flyover noise measurement campaigns. Flightpath/trajectory and
weather data is also retrieved from such campaigns to enable normalisation of the noise
levels to reference distances and conditions. Aircraft operational noise can then be
modelled by combining and interpolating different curves to approximate real
trajectories.

The collection of NPD data is done separately for the approach and takeoff conditions.
For approach certification, the standard approach slope of 3 degrees must be used to
calculate the noise level in all flight conditions. Numerous measurements are made using
various thrusts and, consequently, various slopes that are aimed at the measurement
spot. At approach speed, the aircraft is stabilised in level flight on the runway axis.
Once the required approach path is intercepted, the pilot starts descending on the
needed slope with modifications to the thrust. For each decent slope the objective is to
fly over the 120-meter reference noise measurement point. Throughout the whole decent
until just after the measurement window, the thrust, slope, and speed are maintained.
Figure 2.17 illustrates this procedure for approach and takeoff NPD curves.

Figure 2.17: Illustration of actual experimental NPD flight operations.



48 Chapter 2. Aircraft and Airport Noise

For instance, the approach speed must be maintained with a precision of 3% while the
lateral tolerance is around 20 m [27]. Measurements with the gear up or down at the
minimum idle thrust are also taken.

Given that there are two certifications points, determining the noise levels during takeoff
is more difficult. Additionally, in accordance with operational guidelines, the thrust
reduction to “climb thrust” may be carried out before passing the flyover reference noise
measurement point. To enable consistency, repeatability and reproducibility the
operations are simplified to constant thrust climb manoeuvres past the flyover point.
The climbs are comprised of a range of engine thrusts, from takeoff thrust to climb
thrust. This method enables the noise level to be calculated at both measurement
locations under all operational circumstances. This results in the flyover condition being
a purely computational noise level, calculated by “knitting” together contributions from
multiple constant thrust climbs.

Takeoff operations and their certification tests are not performed from a stand still at
the start-of-roll. An equivalent procedure, beginning with a low-level flypast to join the
computed takeoff trajectory, is permitted by the certification authorities in order to save
money and time and avoid numerous landings and takeoffs. To cover all operational
scenarios, these tests are done with various takeoff weights and takeoff configurations.

The international aircraft noise and performance (ANP) database [98] is the main source
of NPD data for this thesis. It has been built in collaboration of aircraft manufacturers
and certification authorities while it is maintained and constantly updated by
EUROCONTROL.

Helicopters

Noise-Power-Distance curves for helicopters and rotorcraft with VTOL capabilities differ
largely to the equivalent of fixed wing aircraft. As helicopters have been around for more
than half a century, a methodology for creating the different types of curves has been
already developed. As UAM aircraft operational procedures are expected to closely
replicate those of helicopters the methodology is presented as a mean of understanding
noise immissions from vertical and hover flight enabled vehicles. The original
methodology (presented here) was developed by the FAA [99] and used for the
development of NPD curves serving as input data for Airport Noise software INM.
Changes to the final method applied to UAM vehicles may be required.

Helicopter operational procedures are developed from three distinctly different flight
profiles (Figure 2.18) for originating or terminating from appropriately sized heliports
(or heliport manoeuvre area, HMA correctly termed). All potential terminal manoeuvres
and flight phases are applicable to VRF and IFR (Visual and Instrument flight rules
respectively) operations and can contain combinations of flight phases, from any of the
baseline profiles.
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Figure 2.18: Three type of flight Profiles for heliport operations.

The HMA size is determined by the distance required to accelerate to a given climb
airspeed at takeoff, for a specific departure profile. During approach operations, VFR
approach angles of 6 to 9 deg are common for commercial operations with passengers,
and rarely become as steep as 12 degrees. In terms of noise, significant deviations in
noise levels occur if blade-slap approach regimes are entered.

Noise curve development process is split into two main procedures a. Air-to-ground data
extrapolation and b. Ground-to-ground (low angle) propagation. In Air-to-ground noise
levels are adjusted in approximately the same manner as in fixed wing aircraft. The
one-third-octave sound pressure level spectrum for each selected event is the starting
point for any given extrapolation. Each band sound pressure level in the spectrum is
then “decayed” to longer slant distances using adjustments for spherical spreading and
atmospheric attenuation.
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Ground-to-ground propagation follow the techniques in Doc29 [34] and [100] for lateral
attenuation and ground attenuation. Alternative methodologies are provided for cases
when a spectrum is unavailable [99].

As seen in Figure 2.18, the three flight profiles can be broken down into segments with
drastically different operational mechanics and parameters (which account for different
noise generating mechanisms and sources). In order to realistically recreate a specific
departure/approach profile four types of curves are used: a. takeoff noise curves, b.
approach noise curves, c. level flyover noise curves and d. hover noise curves.

2.7 Existing Prediction Tools

Tools for predicting aircraft noise are generally classified into two groups “best practice”
and “scientific” [72]. Best practice tools are typically fully empirical methods based on
the data collected through full scale or rig experimental measurements and are best
applied to existing technologies and aircraft. Deviations from the conditions of the
measured data are commonly corrected through factors, which themselves are based on
additional datasets, approximations and often mathematical models. Such tools are
described as semi-empirical, and try to combine the cost-effective computational
requirements of empirical methods with the benefit of introducing physics based
modelling, to increase the application field beyond that of the underlying data.
Semi-empirical tools lie between “best practice” and “scientific” tools.

Scientific or theoretical tools are genarally overlap with physics-based models and are
governed by the computational intensity, detailed and often propriatery input
requiments. Scientific tools are often considered high-fidelity methods. Examples of
scientific tools are Computational Fluid Dynamics (CFD) and Computational
Aeroacoustics (CAA) tools or other finite element-based tools for propagation and
analytical mathematical models. Quasi-static flight simulation tools, as well as
three-dimensional ray-tracing model also fall under this category.

Airport noise prediction tools, as well as individual noise source prediction methods can
fall under both classes, as will be discussed, with specific references to several tools.

2.7.1 Aircraft noise source models

ANOPP 2

The NASA Aircraft Noise Prediction Program 2 (ANOPP 2) is a varying fidelity noise
model allowing for users to choose between low computational cost modelling for design
space exploration and design optimisation, or detailed high-fidelity simulating models for
the advancement of noise mechanism and phenomena understanding. Conventional and
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unconventional designs may be assessed through the use of aircraft noise component
prediction, distributed sources, propulsion system installation effects and propagation to
the far-field. The method is based on nested Ffowcs Williams and Hawkings surfaces
[101] allowing for the range in fidelity.

DLR tools

The DLR (German Aerospace Centre) has developed a suit of tools over the past decades
able to assess aircraft noise from a component level all the way to airport fleet scenarios.
TAU [102] and PIANO [103] assess noise emission on a component level, while PANAM
[104] conducts noise immission studies of entire aircraft operating at different flight
configurations. Component level predictions are based on numerical and semi-empirical
models developed from experimental investigations. PANAM is responsible for
combining individual noise sources and generating overall noise radiation patterns for
entire aircraft. Modular flight trajectories are used to calculate noise on the ground.

EMPA tools

FLULA 2 and sonAIR are aircraft noise models designed by Empa (Swiss Federal
Laboratories for Materials Science and Technology). sonAIR is the new generation tool
being designed and aimed at replacing the currently used model FLULA2. Both models
are based on a point source (lumped source) with a specific directivity pattern. The
source is flown along a discretised flightpath, while SPL levels are recorded at receiver
locations on the ground. Flight radar data of real flights may be used to increase
accuracy and detail of the studies. sonAIR allows for shielding (buildings, topography,
ground reflections and foliage attenuation) effects to also be accounted for.

PSU-WOPWOP

PSU-WOPWOP [105, ?] is an aeroacoustic prediction model for helicopter main-rotors.
It uses Farassat’s Formulation 1A [106, 107] of the Ffowcs Williams-Hawkings equation
to calculate acoustic pressure. With amendments made by Goldman [63] the model is
capable of including broadband noise sources as well as the discrete-frequency noise
sources. The package also outputs effective perceived noise level (EPNL), as expected
for calculating the certification levels.

2.7.2 Airport noise frameworks and models

In the realm of airport noise prediction, following the international guidance on aircraft
noise modelling [34, 108], tools usually take one of two routes: 1. Segmentation or
integrated approach or 2. simulation methods. Simulation models represent the most
straightforward way of calculating airport noise. Noise receptors are modelled as grid on
the ground (terrain may be accounted for), the aircraft then flies along a very finely
discretised version of an otherwise continuous flightpath. For every time step the aircraft
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moves from one point to another, and aircraft performance variables vary depending on
the actual performance at that location in space and time. A sound level (any desirable
metric) history is therefore created at each location on the observer grid. Although this
method closely replicates reality and has the potential to produce greatly accurate
predictions it has very high computational demands and requires detailed information
about the performance, noise source properties of aircraft.

Segmentation or integrated approach represents best practice for airport noise modelling.
It is adopted by the main airport noise tools and is recommended by the Doc29 Report
on Standard Method of Computing Noise Contours around Civil Airports. It is based on
dividing the flightpath into a series of linear segments along which the aircraft maintains
principle parameters constant (e.g. velocity, noise power). An example takeoff flightpath
is illustrated in Figure 2.19. The noise contribution for each segment is estimated by
calculating what fraction of the infinite segment noise corresponds to that particular
segment. The infinite segment noise data corresponds to NPD flyover data, for which
comprehensive databases already exist and have been collected for years.

X

Y

Z

Figure 2.19: Illustration of segmentation of a continuous flightpath. The green path
represents the realistic continuous trajectory, while the red linear segments the discrete

path.

NASA FRAMEWORK

Led by the contributions of Rizzi et al. [109], NASA is leveraging their suite of aircraft
noise and performance tools to develop the next generation airport noise framework.
Combining the whole aircraft noise prediction capability of ANOPP2, with models for
the evaluation of air-vehicle aerodynamics and dynamics (e.g. CAMRAD II [110])
three-dimensional noise spheres are created for vehicles as a function of time throughout
an event [111, 112]. Then using simulated flights, NPD curves for conventional
fixed-wing and rotorcraft style operations (modes)/maneuvers are generated [112]. Slight



2.7. Existing Prediction Tools 53

modifications to the FAA’s AEDT allow for the use of these NPD curves in combination
with flight trajectory and fleet definitions to calculate the noise exposure in communities
in the vicinity of any flight operation, conventional or novel [113, 114]. Finally, the noise
received at the observer location is processed through using a series of psychoacoustic
models and metrics to measure the impact aircraft noise has on humans [115].

IMPACT

Integrated aircraft noise and emissions modelling platform (IMPACT) is a model
developed by Eurocontrol. It includes aircraft performance and trajectory modules
allowing for trade-off studies between fuel economy and noise/emissions to be conducted.
It is based on the ICAO Doc 9911 [108] and ECAC Doc. 29 [34] recommendations, while
inputs are taken from Eurocontrol’s various databases. Aircraft performance is
calculated using the most recent BADA 4 [116, 117, 118] model and the outputs are
noise contours, surface and population counts, estimates of fuel burn and emissions.
IMPACT also includes calculation for helicopter and rotorcraft based on their BADA
Family H [119] performance model and extensive noise database.

AEDT

The FAA’s Aviation Environmental Design Tool (AEDT) is a comprehensive airport
noise tool used by governing agencies and airport management bodies worldwide to
conduct highly detailed studies, at the cost of computational time and efficiency. It uses
NPD curves and the integrated model methodology as suggested by the ICAO Doc29
recommendations. AEDT allows for studies from single flights to airport scenarios at the
regional, national, and global levels. Noise immissions are outputted in a range of
metrics, varying from instantaneous to averaged levels.

Recent updates to AEDT (e.g. version 3c) introduced a variety of new features for
aircraft performance and noise modelling. The ability to enter user defined flight profiles
through ANP or BADA 4 procedural profiles allow for further flexibility when dealing
with VTOL and STOL (Short takeoff and landing) vehicles, while improved drag models
allow for a negative thrust value displayed for some approach segments when more drag
than thrust is being generated.

RANE

RANE [13] is a simplified airport noise prediction model developed in the ISVR,
University of Southampton. It uses the concept of noise surfaces and noise radii to
produce noise exposure contours for conventional and novel aircraft. An extensive look
into the modelling techniques employed by RANE can be found in Chapter 4. This
thesis extends the capabilities of RANE for use with highly directive noise sources and
vertical takeoff and landing (VTOL) capable vehicles.

ANCON2
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ANCON, is a European National model, which follows the methodology detailed in [65].
ANCON is the mathematical model used to produce the annual Leq(16-hour) aircraft
noise exposure contours published by the Department of Environment, Transport and
the Regions (DETR) and previously by the Department of Transport (DoT). It is also
used to produce noise exposure forecasts for use in airport planning studies and similar
aircraft noise models are used in many other countries.

STAPES

STAPES is a joint EC/EASA/EUROCONTROL project to develop a model capable of
calculating the total number of people exposed to certain noise load levels at major
airports in Europe, for use in EU and ICAO noise policy work. Core noise model is
based on specifications from ECAC Doc 29 and ICAO Document 9911. The STAPES
noise model has been validated against UK ANCON2 model, but the software is a
complete new development.

SONDEO and ARMONEA

The software developed by Anotec consists of a pre- and post-processor for the existing
noise model software, already developed by Anotec under private funding. The contour
module (NCM) calculates noise contours of Lden and Lnight according to [120]. The
noise and performance databases used are those provided by INM, since these are one of
the few globally accepted datasets publicly available. The population module (PM) is
capable of overlaying the noise contours from NCM on population maps, so as to
determine the number of people affected by noise.

ARMONEA is based on the SOPRANO platform, a complex aircraft noise source
prediction program, developed in EU projects and at present the main common tool for
aircraft noise predictions in Europe. Its flexibility allows for its adaptation to a variety
of applications, and it is envisaged that the power of SOPRANO will greatly contribute
to the success of ARMONEA.

2.8 Low noise design process and uncertainty
quantification

Designing aircraft for low noise emission and immission, deals with introducing low noise
technologies to the design and operation of air vehicles. Doing so has major implications
on target aeroplane noise levels, major design considerations in achieving these levels,
operational considerations and their effect on noise, and the sequencing and timing of
the design and development process.

When designing new aircraft concepts, or modifications to an existing design, airframe
and propulsion system manufacturers set target noise immission levels, in order to
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comply with the certification authority limits, but also airport limits, targeting specific
operability and reduced associated fees, making the final design more appealing to
airline customers. This process of target setting requires a combination of aircraft noise
prediction capability, as well as noise measurements and analysis techniques in order to
demonstrate compliance to the certification authorities, but also provide guarantees to
the prospective customers of the aircraft being developed.

2.8.1 Design Considerations

From a community immission point of view, the design parameters that will impact the
final level the most are considered on the aircraft (air vehicle) architecture level, i.e.
number of propulsors/engines, positions of propulsors, type of propulsors,
thrust-to-weight ratio, lift-to-drag ratio (airframe design). Such considerations are
closely tied with the propulsors/engine architecture itself, i.e. propeller diameter,
propeller rotation speed, bypass ratio, propulsors size and mass, propulsors
thrust-to-weight ratio.

These considerations, will at a high-level define operating conditions, and the types of
aeroacoustics noise sources present on any given design. Trade-offs between total takeoff
thrust, climb performance and noise levels at the sideline and flyover certification points
are examples of typical application of noise prediction frameworks.

2.8.2 Uncertainty quantification

During the low-maturity state of conceptual and preliminary design, many
configurations and design points are predicted. As the design matures, the predictions
are refined, using frozen design parameters, as well as performance, aerodynamic, and
noise test data. To ensure consistent prediction methodology, and to reflect the maturity
and uncertainty of any given noise level prediction, the standard process includes, an
uncertainty analysis, or a calculation of the degree of uncertainty relative to the nominal
estimates or the probability that the actual levels will differ from the estimates by a
specific amount when the compliance demonstrations are carried out.

All aircraft noise provisions, standards as well as the process of compliance
demonstration is outlined in the appropriate certification documentation by the ICAO
[27, 121], and the FAA [122].

2.9 Validation and Verification of tools

Aircraft noise prediction validation is a complex multilayered process, intervening at
every step of the modelling and prediction sequence. This process has often been
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criticised as lacking a scientific basis and rigour. This is attributed to the difficulty of
building reliable datasets, from an engine sub-system level, to the aircraft system
in-flight performing standard noise operations, all the way to measuring noise levels on
the ground.

As one of the industry standards, Doc 29 presents some quality control and validation
suggestions across all layers of the aircraft prediction process. The process identifies key
criteria aimed at reliability, consistency, accuracy and others, all of which are to be
considered in the context of the tool being developed, the intended application of the
tool, the specific studies under-taken, as well as data being used, and data source
authentication. As a summary, the practical recommendations are: problem definition,
establishing performance criteria, assess alternative modelling approaches, state
assumptions and limitations, identify data sources, compare with measurements where
applicable, undertake sensitivity analysis [123, 34]. Filiponne [72] presents a flow
diagram and discussion of possible interpretations of the Doc29 validation suggestions.

This thesis dedicates Chapter 7 to the verification of MONTANA, at various stages of
the prediction.

2.10 Summary

This Chapter presented the theoretical background of sound/noise modelling as used in
the field of aircraft noise and aeroacoustics. Aircraft noise modelling was broken down
into its constituent parts presenting theory, standard practice, legislative implications as
well as human impact and how it is measured. Finally, the academic and industry
landscape of aircraft noise prediction was set, pointing to the gaps that the MONTANA
framework intends to fill.
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Chapter 3

Novel aircraft and technologies

Attempting to fill gaps in aircraft noise prediction, on top of considering new modelling
techniques, implies targeting novel case studies and model applications previously
unprioritised, bypassed or overlooked.

This Chapter provides a contextual and theoretical background of electric powered
aircraft as they comprise the main target application of MONTANA. Fully or hybrid
electric aircraft are gaining much ground in the research and development world of
aircraft, and are anticipated to form a great fraction of the total aircraft fleets worldwide
in the years to come. The theory and background of specific design decisions is
introduced in regard to aircraft design and propulsion principles can help explain the
consequences on noise generation.

3.1 The advent of Electric aircraft

The aviation world is slowly reaching a turning point. Environmental concerns are
driving industry and academic research and development teams to investigate and
steadily transition from fossil fuel sources to hybrid and fully electric powered aircraft.
Advances in battery technology have already been proven to be effective in the
automotive industry [124].

In the aviation world electric and hybrid-electric energy and power systems pose
significantly different advantages and disadvantages compared to those of the
automotive industry. Critical technologies for electric aircraft include electric motors
and battery/energy storage devices. Available electric motor and power-management
systems are adequate, while the scalable properties and increased efficiency compared to
combustion engines, along with the decoupled nature between the power sources and
propulsive devices (motors plus propeller/fans etc.) allow for many different
revolutionary designs. In addition to fully electric architecture, hydrogen is being
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considered as an alternative to kerosene fuel. The high energy density of hydrogen
allows for implementation in larger applications such as regional, single aisle and
wide-body fixed wing aircraft, while the propulsion system architecture allows for the
choice between direct combustion of the hydrogen or a hybrid solution with the use of
fuel-cells and electric propulsors. The caveat however, lies in the fact that storage and
distribution of hydrogen becomes significantly more challenging due to its low density.

The technology and implementation of fully electrical or hybrid systems in aircraft is of
particular interest for this thesis. As in the automotive and marine industries, the
adoption of such systems is inevitable as they offer increases in total efficiency,
significant reduction in emissions and increased reliability and safety. Noise emissions
are also on the list of positive outcomes, however, the aviation industry presents many
more viability questions and challenges with regard to electrification.

Aircraft weight and the weight penalties induced by the current state-of-the-art
technologies for power storage (i.e. batteries) and power delivery systems are limiting
factors for the full adoption of fully-electric architectures. This is especially true for
large passenger aircraft, where long range and high fuel economy are the driving design
parameters. Concepts for such vehicles, typically employ hybrid solutions where, for
example, turbofan/turbojet engines are used in conjunction with on-board batteries to
power electric fans [125, 126, 127, 128, 129].

These limitations although considerable, are less of a factor for small/lighter aircraft,
which do not require the multitude of non-propulsive systems (such as the highly
sophisticated mechanical, hydraulic and pneumatic systems). This allowed researches
and manufactures to start creating retrofitted versions of existing aircraft, such as the
electric Cessna 172 and Pipistrel’s Taurus Electro or WATTsUP electric trainer [130], to
gain an insight on the possibility of fully-electric flight. Pipistrel met production
certification in the summer of 2020, for their Velis Electro (Figure 3.1), being the first
ever type certified electric powered aeroplane.

Incumbent aerospace manufactures are taking the leading role, with many new
promising “start-ups” also greatly contributing. The electrification programs in general
may categorised into four types: 1. General Aviation (GA) or recreational aircraft, 2.
Urban Air Mobility (UAM), 3. Regional/Business aircraft and last but not least 4.
Large commercial aircraft. This thesis focuses on types 1 and 2 with occasional
application to types 3 category aircraft. The prevalence of specific combinations of
power and thrust production and delivery systems amongst prototypes allows the
presented methodologies to be applicable to a wide rage of vehicles. The most obvious
design decision being that of the propeller/rotor.
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Figure 3.1: Pipistrel Velis Electro, the world’s first EASA Type-Certified electric
aircraft. Photo by [131].

3.1.1 Benefits and drawbacks of electric aircraft

The priorities of propulsion system architecture selection are driven by emissions, fuel
consumption and noise. The adoption of fully electric systems contributes beneficially to
all three of those components. However, the assessment and quantification of the
benefits comes at a cost, as the multi-disciplinary nature of aircraft design, does not
allow for trivial conclusions to be drawn. The implementation of electric machines is not
as simple as extrapolating the positive effects of individual components to the overall
system. Following, is an outline of the benefits and drawbacks current electric aircraft
design has to deal with. For greater details and comprehensive analysis the reader is
encouraged to read further [132, 133, 134, 135].

Benefits

Most of the benefits of fully-electric (also hybrid) aircraft stem from the nature of
electric machines, or in particular, electric motors (EM). In contrast to traditional
turbofan engines, EM’s may be scaled to appropriate sizes depending on the application,
without losses in performance and efficiency. This property opens up new degrees of
freedom for designers, allowing for large number of propulsors to be distributed all
across the airframe of the vehicle.

Distributed propulsion (DP, or distributed electric propulsion, DEP), as it is commonly
termed, may be exploited in numerous ways to improve vehicle aerodynamics, vehicle
control, and importantly acoustics. DEP is also enabled by the fact that the energy
sources (batteries in this case) are mechanically decoupled from the thrust generating
devices or power consumers, such as the EM’s. Along with the scaling properties of EMs,
this decoupling allows for more flexible way of integrating the propulsion system to the
airframe.
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Performance-wise, traditionally in turbofan engines, the fan, compressor and turbine
form a mechanical chain coupling together torque and speed. This limits any potential
efficiency gain of individual components, possible through speed control. The
elimination of direct shaft or gearbox drive allows for individual components to be
optimised and operated independently to increase performance during different
manoeuvres or flight conditions.

As the energy source is no longer integrated within the propulsor, it allows for different
energy sources to be considered. For fully-electric aircraft the obvious choice is the use
of batteries, however many proposed concepts employ different configurations of
turbojet/tubofan along with generators to produce the required electric power to drive
the propulsors.

The increase in number of propulsors directly benefits the aerodynamic performance and
propulsive efficiency due to the increased effective bypass ratio (BPR). Additional
improvements to the aerodynamic performance may be realised through the use of wing
flow circulation control. Lift augmentation or drag reduction is achieved by distributing
propulsor units above, below, or embedded in the traditional wing configurations. This
may result in either higher aspect ratio wings, that are smaller, more efficient in cruise
conditions and structurally easier to develop, or for a given aircraft weight, reduce the
wing loading allowing for shorter takeoff distances or more aggressive climb, both being
important to noise exposure on the ground. Control surface and overall engine sizing
may also benefit from lift augmentation designs. The size and positioning possibilities of
propulsors may also help improve other inefficiencies, such as wingtip vortex losses.
Propulsors placed at the wingtip reverse the motion of the tip vortex cancelling some
swirl, resulting in a more efficient wing design.

According to IATA [136], the increase in number of propulsors will not lead higher
maintenance costs, due to less maintenance required by individual EM being less
complex and having fewer moving parts. However, in the case of engine failure DEP
architectures must follow the regulations and certification requirements of all
multi-engine aircraft. This requires the aircraft able to perform a takeoff operation at a
minimum safe climb gradient after the loss of an engine (one-engine-inoperative (OEI)
takeoff condition). This condition typically results in weight, drag, and cost penalties,
due to the engines and control surfaces having to be oversized to account for the extra
performance and trim margin required in the case of OEI. DEP architectures are by
design redundant. Previously mentioned features, such as control of individual
propulsors and lift augmentation along with the additional design freedom allows DEP
aircraft to eliminate these penalties, as the N3-X concept studies have proven [137, 138].

Due to the absence of internal combustion, as opposed to their air-breathing
counterparts, the operation of an EM does not directly depend on the air density and
therefore altitude. This allows for further downsizing of the propulsion system. Finally,
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electric motors do not produce emissions while operating, which makes them a critical
technology for reaching the aircraft environmental goals for 2050.

Drawbacks

The main obstacle in the development path of electric (mostly fully-electric) aircraft is
energy storage and the weight penalties associated with mechanisms for storing and
supplying electric power. The additional weight of the storage system itself is only
compounded by transmission systems and follow-on structural growth. Specifically, an
electric propulsion architecture could be comprised of generators, rectifiers, distribution
wiring, fault protection, inverters, motors, and the thermal control for those components.

The main disadvantage is the low battery energy density, eb of actual batteries
technologies, which makes it not viable for most aircraft. A simple analysis by Traub et
al. [139] on a modified Breguet Range equation for fully electric aircraft shows how the
direct penalty on takeoff gross weight due to energy storage is inversely proportional to
eb and linear with range. This is especially noticeable for long range requirements.
Additionally, batteries do not lose mass during flight compared to jet fuel, inducing an
extra power requirement (for the same mission) therefore leading to again an oversized
power supply [132].

Current batteries have a specific energy on the cell level of up to 200 Wh/kg. For
comparison, the specific energy of aviation fuel is approximately 12,000 Wh/kg, two
orders of magnitude larger. Projected values such as 650 and 750 Wh/kg are 15 and 30
years respectively away from large scale consumer production [133]; however it is
estimated that regional hybrid-electric aircraft could operate at around a 50 %
hybridization factor [139, 140] by using batteries with a specific energy of around 500
Wh/kg, predicted to be available in the next 5 years.

The very limited energy density of batteries is an established issue for electrifying flight.
Yet, it is not the only limiting parameter. Specific power (in kW/kg) also limits the
performance capability and hence implementation of battery powered systems. High
power requirements for operations such as takeoff and climb (especially for VTOL and
eVTOL aircraft where thrust-to-weight ratios > 1 are required) would require drastically
over-sized power supplies due to low power output per kilogram of weight of current
battery technology. The high power requirements and inability to perform gliding
manoeuvres of VTOL aircraft at takeoff requires excessive redundancy for risk and
failure management which is yet to be appropriately defined by the certification bodies,
for these types of novel technologies.

All these weight penalties ultimately lead to adjustments of the propulsion system to
meat the increase in power demand, required to overcome higher rated maximum takeoff
weight and meet other performance requirements (climb rate, maximum speed etc.).
This adjustment in turn requires higher power output and larger capacities out of the
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energy supply system leading in to this vicious cycle. This cycle effectively prohibits
long-range, manned, all-electric flights at today’s technology levels.

3.2 Hydrogen aircraft: potential future of civil aviation

A particularly interesting sub-category of electric air-vehicles is that of hydrogen
powered aircraft. Hydrogen propulsion systems powered aircraft are either equipped
with hydrogen-powered fuel cells or with hydrogen-based jet engines, or a hybrid of
hydrogen turbines and fuel cells. Direct combustion of hydrogen and hydrogen-powered
fuel cells emit zero CO2 emissions, and according to Clean Sky 2 and Fuel Cells &
Hydrogen 2 Joint Undertaking [141] (a technology initiative under the EU’s new funding
programme for research and innovation, Horizon 2020) demonstrate a 30-50 % reduction
in impacts from contrail and cirrus formation, compared to kerosene aircraft. The study
estimates that hydrogen combustion could reduce climate impact in flight by 50-75%,
and with fuel-cell technology by 75-90%.

The biggest flaw to hydrogen-powered flight is the extra weight required for fuel storage,
be it in gaseous or liquid form. The requirement of maintaining the hydrogen in a
reasonable volume means building tanks capable of keeping the fuel well below its 20 K
boiling point, and at pressures of 250-350 bar for the gaseous form.

Airbus has produced three concepts for hydrogen-fuelled airliners with capacities of up
to 200 passengers and ranges of 2000 nautical miles (3700 km) or more. Each is
proposed to be powered by a hybrid system of combustion turbines and fuel-cell-driven
motors. In a turboelectric configuration, a hydrogen-fuelled gas turbine drives an
electric generator, and the fan is driven by an electric motor (Figures 3.2).

Figure 3.2: Airbus ZEROe concept aircraft, from left to right: 1. Turbofan, 2.
Turboprop, 3. Blended-wing body.

Compared to hydrocarbons, liquid hydrogen has a much lower energy per unit volume
(noting the limiting factor for batteries powered systems is energy per unit mass, while
hydrogen systems suffer from low energy per unit volume).

The most important components in a hydrogen aircraft and infrastructure are:
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• Hydrogen tanks: Hydrogen can be stored as pressurized gas or in liquid form.
Compared to kerosene, LH2 tanks are still about four times as big. Since LH2
needs to remain cold and heat transfer must be minimized to avoid vaporization of
hydrogen, spherical or cylindrical tanks are required to keep losses low.

• LH2 fuel system: The distribution, vaporization, and feeding of LH2 to the fuel
cells or turbines. Low temperatures must be handled by pipes, valves, and
compressors; boil-off needs to be kept low; and leakage and embrittlement of
material avoided.

• Fuel cells: A fuel-cell powered aircraft converts hydrogen into electricity that then
drives an electric motor and a fan or propeller. Proton-exchange membrane (PEM)
fuel cells are suggested for aviation use as they represent the most advanced
technology, with others being investigated for such applications [142].

• Hydrogen direct-burning turbines: In H2 combustion aeroplanes LH2 is directly
burned in a turbine, much like kerosene, to create thrust. Modern gas turbines
could burn hydrogen with relatively few modifications.

• Fuel supply chain: The infrastructure to produce, liquify, and dispense the
hydrogen is one drastically different to that of fossil fuels. Large electrolysis or
natural gas reformation centres would be required, while gaseous pipeline delivery
or on-site production appear at the only viable solutions for large aviation hubs.

• Airport refuelling: Due to the higher volume of the hydrogen fuel refuelling would
still be much slower requiring increased number of fuel trucks or additional fuel
hoses. Nevertheless, preliminary estimates forecast the required turnaround times
to be possible [143].

3.3 Innovative technologies

In order for all novel aircraft to meet future certification requirements, key technologies
must be further developed while others require break-through innovations; This will
allow novel regional fixed wing vehicles to enter service by 2035; larger single-aisle
zero-emission aircraft by 2050 [144] and the UAM market to initiate operations by 2030
[145, 146].

Electric Motors

In electric propulsion systems, the electric motor converts the stored electrical energy in
fuel cells/batteries to mechanical energy; more specifically rotational mechanical energy
used to drive a propeller, rotor or fan. Electric motor technology has been accelerated in
recent years due to the promising adoption of fully electric vehicles in the automotive
industry. Analysis of the different types of electric motors, including direct current,
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induction, synchronous motors, found that permanent magnet synchronous motors have
better overall performance [147]. However, direct correlation to aeronautical applications
is not as straightforward as it may appear. Hybrid-electric, turbo-electric and all-electric
aircraft will all require light, efficient and high power density motors to fit in with the
weight and size constraints of an aircraft. Modern turbo-shaft engines have a specific
power of approximately 7.7 kW/kg, whilst current state-of-the-art automotive electric
motors only manage approximately half that at 3.5 kW/kg [148]. Table 3.1 presents
current research conducted by NASA sponsorships into electric machine development for
large passenger aircraft, noting that specific power goals are almost double those
observed in current air breathing technology.

Table 3.1: Megawatt-scale electric Machine developments sponsored by NASA, [149].

Electric motor research
University of Ohio State NASA Glenn
Illinois University Research Centre

Cont.
power
rating,
[MW]

1 2.7 1.4

Specific
Power
goal,
[kW/kg]

16 13 16

Eff. goal,
%

> 96 > 96 > 98

Motor
type

Permanent magnet Induction Wound field

Speed,
[RPM]

18,000 2,500 6,800

Nominal
dimen-
sions

Cyl. 0.45 m by 0.12 m Ring 1.0 m by 0.12 m Cyl. 0.40 m by 0.12 m

Finally, state-of-the-art electric motor scaling models have been developed using a
variety of automotive and industrial motors [150]. Additions to the scaling models were
made by Sinsay et al. [73] whilst also comparing high temperature superconductor
motors. The results may be seen in Figure 3.3.

Batteries

A recent survey by Venkatasubramanian et al. [151] into the requirements of
battery-powered aircraft and the available chemistries that will enable the transition to
battery powered flight, concluded that a specific energy of 600 Wh per kilogram would
be achievable with the next decade, however limiting the application to UAM vehicles
and small regional aircraft. Large regional or single isle commuter aircraft would
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Figure 3.3: Various scaling laws for electric motors based on state-of-the-art automotive
and industrial and high temperature superconductor motors. Based on work from [150].

effectively require pack-level specific energy in the range of 1,200 - 2,000 Whkg−1,
unattainable by current chemistries. Figure 3.4 indicates various battery technologies in
a Cartesian map of specific energy versus energy density, with the most promising
Li-polymer show potential for achieving 0.650 kWhkg−1and beyond, before the end of
the decade.
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Figure 3.4: Battery specific energy and density trends. Adapted from [150].

The very low capabilities in terms of energy storage of batteries, is partially offset by the
high efficiency of electric drive architectures, as compared to the low thermal efficiency
of conventional turboshaft driven rotor systems. As a result, power delivery and thermal
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management of power systems become additional concerns, previously of significantly
smaller scale.

Distributed Electric Propulsion (DEP)

The idea of distributing propulsion units across the entire airframe has been around
since the early decades of aviation. The implementation of distributed propulsion (DP)
would result in a largely oversized propulsion system and great weight penalty. Although
exceptions do exist in military aircraft, the most common multi-engine (other than two)
configurations use four wing mounted turbofans/turboprops, with notable mentions in
the civil aviation category being the Boeing 747 and the Airbus A380. DEP systems
replace the traditional reciprocating or turbojet/turbofan engines with electric motors,
taking advantage of their scaling properties and ease of maintenance. Examples of
industry and academic designed concepts/prototypes are shown in Figure 3.5,
illustrating the distribution of propulsors along the wing span. Characteristics of DEP
propulsion systems are presented bellow:

• High effective BPR may be achieved. In the context of fully electric the BPR
definition no longer holds (as no turbine core flow exists), therefore an more
appropriate description would be: increased mass flow rate allowed by increase in
effective disk area.

• Variable disk loading may be achieved by toggling the operation of individual
propulsors to optimally match propulsive characteristics to the operating flight
conditions.

• DEP configurations demonstrate an increased level of fault tolerance which is
provided under failures of individual propulsor or electric power source units, as
compared to traditional propulsion schemes (this was demonstrated by Synodinos
[12]).

• The flexibility of propulsor placement enables an additional degree of control in
terms of influence on the aircraft forces and moments.

• Lift augmentation may be implemented by placing a distribution of tractor style
propellers/fans along the span of the wing. This results in a smaller wing
optimised for cruise,

• The large number of rotors and electric motor propulsion will allow the rotors to
operate at low tip speeds, which can greatly diminish noise relative to an aircraft
with fewer large rotors (Case study Chapter 8).

• The distribution of propulsor units along the trailing edge of the wing or towards
the tail-end of the fuselage allows for Boundary Layer Ingestion (BLI) concepts.
By re-energising the boundary layer, BLI concepts promise drag reductions in
cruise resulting in fuel economy.
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Figure 3.5: DEP concept renderings, from left to right: 1. NASA X-57 Maxwell, 2.
Airbus EcoPulse™, 3. ISVR DEP Cessna 172 (model designed and rendered by author

for illustration purposes).

High-Lift propellers

The integration of the propulsion system and the airframe has potential of providing
increases in aerodynamic/propulsion efficiency [152]. Multiple studies on
airframe-propulsion integration, including DP architectures demonstrate the benefits of
such systems, with the results enhancing the overall vehicle mission performance
[153],[154],[155]. Distributed high-lift propellers take advantage of the propeller-wing
interactions to effectively act as a high-lift device during low speed operation. A
thorough review of the topic is provided by Veldhuis [156] and Patterson [157].

The flow induced by the propeller may be decomposed into two components, the axial
and tangential components. The axial velocity (in the same direction as the propeller
axis) component is responsible for thrust generation and commonly is the largest of the
two. Due to potential flow principles, the pressure differential across the propeller causes
the flow to begin to accelerating in the axial direction upstream of the disk. This
acceleration continues as the flow moves downstream of the disk. The tangential
component of velocity, often referred to as swirl, is generally regarded as an inefficiency,
as it is not useful for producing thrust.

Swirl is caused by a combination of the finite length of the blade causing tip vortices,
trailing edge vortices and flow separation from the blades. High-Lift propellers take
advantage of the swirl, by placing the wing in proximity to the propellers causing a
beneficial alteration to the lift distribution along the wing. The lift distribution changes
as function of the effective angle of attack each wing section is exposed to. The swirl
induced by the propeller tends to increase the angle of attack of wing sections aft of the
upward moving half of the propeller plane and decrease the angle of attack of those wing
sections downstream of the downward moving side.

For an effectively designed propeller blown wing, the net increase in lift across the entire
span should be positive, i.e. as in Figure 3.6, the sections of the wing in the wake of the
upward moving side of the propeller disk see and increase in lift due to both the swirl
and axial velocity increases in the slipstream (green region), whereas the sections of the
wing in the wake of the downward moving side see a reduction in lift due to the swirl
(red region), but it is not decreased as much as the opposite side is increased due to the
axial velocity increase in the flow there.
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Figure 3.6: The effect of the propeller wake velocities on the lift distribution of a
blown relative to an unblown wing. Modified from [158].

The SCEPTOR aircraft (NASA X-57 Maxwell) [159] manages a maximum lift coefficient
(CL,max) of 4.4 at 55 knots, compared to the baseline aircraft (Tecnam P2006T) of 1.8,
which is representative for this class of aircraft [160].

3.3.1 Correlation to noise

A general theme exists in the current estimations of what the noise signatures of
electrically powered aircraft will be; this is a shift in the total source balance from few
dominant sources to a larger number of slightly less dominant sources. Previously, few
source mechanisms dominated the noise signature of aircraft, as is the case for fan and
jet noise on conventional turbofan engines, while propeller self noise on turboprops. This
will remain the case for concept designs that do not deviate drastically from
conventional architectures. New architectures, allow the treatment of those dominant
sources on a conceptual design level, meaning that previously “covered” sources of noise
now take the forefront of the noise signature. Such sources are predominantly expected
to be interaction based, due to the air vehicle configurations possible.

The noise signatures associated with DEP aircraft were shown to have drastically
different character to other air vehicles in the size class [161, 162]. Although isolated,
single and counter-rotating propeller set-ups have been studied for decades, the
interaction noise sources and interference of multiple distributed, side-by-side
rotors/propellers is yet to be fully understood. Depending on operation, amplitude and
phase modulations may generate vast fluctuations in the radiated sound.
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From the discussion in section 2.3 of Chapter 2, it is evident that the propeller tip Mach
number has the most effect in increasing subsonic propeller tonal noise. The tip Mach
number depends on simply the propeller rotational speed (RPM) and the diameter.
Given the distribution of multiple propellers (or rotors) on the airframe, as discussed
above, the individual diameter of the propellers will decrease, as will the resulting tip
Mach number for a given RPM setting. However, increases in propeller rotational speeds
may be required to counterbalance the scaling of thrust generation with diameters.
Constant speed (variable-pitch) propellers could also be implemented to supplement the
thrust requirements. Thrust generation may also be augmented by an increase in the
number of blades per propeller as well as size of the individual blades (increase of
chord-to-diameter ratio and thickness); keeping in mind the correlation of thickness
noise to blade geometry.

As with contra-rotating and open rotors, acoustic and aerodynamic interference may
occur between the two blade rows causing a number of further interaction tones (other
than blade passing frequency, BPF, harmonics) to be generated. This generally
corresponds to increase in noise levels relative to single rotors [163],[164]. Advanced
numerical and experimental studies, such as references [165],[166] [167],[168],[169] are
currently exploring the adverse and favourable effects of such configurations in terms of
aerodynamics and acoustics.

The increase of rotational speed of the smaller diameter propellers, at the same time
causes a shift of the frequency output of the noise towards the higher end of the
spectrum. This is due to a higher fundamental tone and therefore higher harmonics. In
addition, experimental measurements of small unmanned aerial vehicles (drones) suggest
that the frequency spectra of such vehicles contain large amounts of broadband noise
especially at the higher frequencies, with broadband noise sources dominating particular
operations [170, 171]. An increase in broadband noise is also noticed as the number of
propellers increase. These effects may lead to novel DEP vehicles being vastly more
annoying despite meeting noise certification requirements [172, 173, 174, 175].

3.4 Summary

The introduction of electric propulsion systems has the potential to drastically modify
noise immissions of air vehicles in years to come. Adequately understanding the
trade-offs and having the right tools to explore the design space at all stages of design is
recognised as a critical component of the transition to a zero emission, low noise aviation
industry.

At this point, the necessary context to aircraft noise and the proposed application space
of MONTANA has been presented, allowing for the proposed noise prediction framework
methodology to be introduced. This is done in the following three Chapters.
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Chapter 4

Methodology I: Noise source
model

The first component of MONTANA is the definition of the lumped source model and the
delta methodology. These are addressed in this Chapter, along with the process of
generating NPD curves once the lumped representation of the air vehicle as a noise
source has been achieved.

There are two fundamental components of the modelling techniques that when combined
provide the simple yet functional propeller noise prediction capability of MONTANA.
The first, is the backbone of the framework’s architecture: the lumped source model of a
study aircraft is defined as the sum of known levels of a baseline aircraft and the changes
in levels of individual noise sources of the study aircraft relative to the baseline. This
approach leverages a linear approximation approach to estimate changes in the overall
radiates noise as a function of multiple individual sources and their influencing
parameters. The second aspect is the approach of the calculation of deltas (∆L) for the
specific propeller steady tonal noise source.

These deltas are then combined, with other calculated deltas for other individual sources
(using for example the methods described by Synodinos [12]), in the lumped source
framework to provide an acoustic model for the whole aircraft.

Figure 4.1 shows a flow diagram of the framework and identifying the two key
components previously mentioned. Specifically, the prediction starts from a baseline
aircraft, whose acoustic performance in known and well understood. The baseline
aircraft may be seen as the predecessor of the novel aircraft concept whose noise
immissions are being predicted. This means, that although new technologies are
implemented and operational changes will occur, the final new aircraft still resembles the
baseline. This assumption, carries on to the mathematical assumption of linear
approximation used in order to combine the individual noise source changes and apply
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them to the baseline aircraft. The extent to which the linear approximation holds is
dependent on the individual model used to produce the scaling for any particular noise
source. Any prediction model may be used for any of the present sources (or any other
additional delta e.g. liners), however producing the appropriate dimensional scaling laws
may be easier for some models over others. As this thesis focuses on
regional/sub-regional and UAM vehicles the propeller and its acoustic properties are
prioritised. An asymptotic analysis of the Hanson frequency domain model is presented,
with the results being inputted to the linear lumped source model. The lumped source
model is then used to produce NPD curves for the previously mentioned aircraft types.

Baseline Aicraft
Changes in Operation

Changes in Design

Study (modified) aircraft

Propeller tonal noise variation

(Section 4.3)

MONTANA Lumped source framework (Chapter 4)

Individual source noise 

prediction methods
 Sources
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Figure 4.1: Flow diagram of the MONTANA noise source modelling framework.

4.1 Choice of baseline scenario/aircraft

The first major step in applying the MONTANA framework is determining the baseline
scenario or baseline aircraft to base the prediction of the concept off of. As will be
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discussed in detail in the development of the lumped source model and the validation,
the choice of the baseline air vehicle has a large effect on the accuracy of the final
predicted levels.

The factors considered when choosing the baseline air vehicles relative to the concept are
primarily the operation type, the propulsion system and airframe architecture, the
constituent noise sources contributing to the overall noise emission, and finally, data
availability. Although MONTANA is designed to forgo the requirement of high fidelity
inputs, it still requires data such as NPD curves for the baseline aircraft, average noise
levels of individual noise sources, as well as geometry and performance data at the
conditions of the measured noise levels.

The choice of baseline air vehicle goes in hand with the principles of aircraft design,
where assumptions of baseline characteristics (aerodynamic performance, geometry) of a
concept are based on historical trends and preceding similar designs of aircraft, before
slowly iterating towards the concepts’ new requirements. In most cases exact
predecessors for any particular model of aircraft (A320 to A320neo family) form the best
informed baseline choices.

From the noise prediction point of view, the architecture of the air vehicle should
generally allow for the same aeroacoustic mechanisms to develop during operation.

4.2 Lumped source model

Considering a baseline aircraft produces Lw,0 levels of noise, it consists of noise sources
emitting overall sound power P0. As a result of operational or technological changes, the
acoustic noise sources on the aircraft may change in number, magnitude and other
acoustic properties, e.g. spectral content. The sound power may therefore be written in
terms of the baseline aircraft and changes in power of the individual sources. Therefore,
denoting s the total number of noise sources after the modifications and i an individual
noise source that changed by acoustic power ∆Ps we may write,

P = P0 +
s∑︂

i=1
∆Pi (4.1)

noting that for noise sources that previously did not exist, ∆Pi = Pi and for sources
that were removed, ∆Pi = −Pi. Therefore, in order to calculate the acoustic emission of
the novel aircraft design, knowledge on the acoustic output of the baseline aircraft is
required, along with the individual changes of the acoustic sources.

Converting to a total sound power level, the PWL of the new concept may be written as,
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Lw = 10 log

⎛⎜⎝ P0
Pref

+

∑︂
∆Pi

Pref

⎞⎟⎠
= 10 log

⎡⎣ P0
Pref

⎛⎝1 +
(
∑︂

∆Pi)/Pref

P0/Pref

⎞⎠⎤⎦

= Lw,0 + 10 log

⎡⎢⎢⎢⎢⎣1 +

s∑︂
i=1

∆Pi

P0

⎤⎥⎥⎥⎥⎦
(4.2)

where Lw,0 is the known sound level (measured) of a baseline scenario and i is indexing
through a total number s of acoustic sources. So the sum over ∆Pi describes the
correction to noise levels of individual sources when making changes to the parameter
that defines the baseline level, Lw,0. The change in PWL due to changes in the sound
power of individual sources, of the modified aircraft, is given by,

∆PWL = 10 log

⎡⎢⎢⎢⎢⎣1 +

s∑︂
i=1

∆Pi

P0

⎤⎥⎥⎥⎥⎦ (4.3)

Equation 4.3 provides a high-level relationship of how changes in sound power radiated
by the individual noise source mechanisms affect the overall noise emission of the
aircraft.

4.2.1 Differential Method: Working with changes in noise, ∆PWL

Individual sources depend on parameters that decide the characteristics of the source
such as directivity, spectral content etc. For each individual source i out of a total
number of sources s, assume a predictive method M exists such that the output is
determined by a scalar-valued function f : Rn → R. The output in this case may take
the form of the RMS pressure, as this is a direct indicator of source intensity.

p2
rms,i = fi(η) = fi(η1, η2, ..., ηn) (4.4)

η denotes an input vector with a number of components n that affect source i.

The SPL emitted by a baseline known configuration is then expressed as the sum over
the individual sources,
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Lp,0 = 10 log

⎡⎣
s∑︂

i=1
p2

rms,i(η0)

p2
ref

⎤⎦ (4.5)

The summation of p2
rms,i in such a manner assumes an incoherent nature of the sources.

This is discussed in detail in Chapter 2, as by references [21, 176, 72].

4.2.2 Linear approximations to noise estimation models

First, we establish the general mathematical background in differential analysis that can
then be applied to functions and models for the estimation of noise levels and changes in
them. Once changes in levels (∆ L) relative to the baseline case may be estimated, they
may be combined with the baseline levels to give absolute level prediction of the study
aircraft. The theory presented is based on the work by Berkill & Berkill [177, 178] and
adapted for the need of acoustic lumped source definition and analysis.

Total derivative as a linear map

Resuming to the idea that function f of Equation 4.4 appropriately describes the
relation of the influencing parameters and the output prms, the derivative provides a
measure of how sensitive the output is to changes of input values. Conceptually, the
definition of the total derivative expresses the idea that dfa is the best linear
approximation to f at the point a. This can be made precise by quantifying the error in
the linear approximation determined by dfa. To do so, write

f(a+ h) = f(a) + dfa(h) + ε(h), (4.6)

where ε(h)equals the error in the approximation. To say that the derivative of f at a is
dfa is equivalent to the statement

ε(h) = o(∥h∥), (4.7)

The total derivative dfa is the unique linear transformation for which the error term is
this small, and this is the sense in which it is the best linear approximation to f . By
definition, a function f : U → Rm is said to be (totally) differentiable at a point a ∈ U if
there exists a linear transformation dfa : Rn → Rm such that,

lim
x→a

∥f(x) − f(a) − dfa(x− a)∥
∥x− a∥

= 0. (4.8)

if all the partial derivatives of f at a exist and are continuous in a neighbourhood of a,
then f is differentiable at a. When this happens, then in addition, the total derivative of
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f is the linear transformation corresponding to the Jacobian matrix of partial
derivatives at that point.

Taylor series of multivariable functions

The linear approximation is obtained by the use of Taylor’s theorem for the case n = 1
on a twice continuously differentiable function f of one real variable,

f(x) ≈ f(a) + f ′(a)(x− a) (4.9)

This is a good approximation when x is close enough to a; since a curve, when closely
observed, will begin to resemble a straight line. Therefore, the expression on the
right-hand side is just the equation for the tangent line to the graph of f at (a, f(a)).
For this reason, this process is also called the tangent line approximation. In the case of
a scalar-valued function of a single variable the slope of the tangent line is determined
by the derivative f ′(a) at a. In the general case of f : Rn → Rm, the derivative of the
function f is replaced by the Jacobian matrix which can be thought of as describing the
amount of “stretching”, “rotating” or “transforming” that the function imposes locally
near that point.

This can be seen by starting at the Taylor series of scalar-valued function of multiple
variables (f : Rn → R),

f(x1, . . . ,xd) =
∞∑︂

n1=0
· · ·

∞∑︂
nd=0

(x1 − a1)n1 · · · (xd − ad)
nd

n1! · · ·nd!

(︄
∂n1+···+ndf

∂xn1
1 · · · ∂xnd

d

)︄
(a1, . . . , ad)

= f(a1, . . . , ad) +
d∑︂

j=1

∂f(a1, . . . , ad)

∂xj
(xj − aj)

+
1
2!

d∑︂
j=1

d∑︂
k=1

∂2f(a1, . . . , ad)

∂xj∂xk
(xj − aj)(xk − ak)

+
1
3!

d∑︂
j=1

d∑︂
k=1

d∑︂
l=1

∂3f(a1, . . . , ad)

∂xj∂xk∂xl
(xj − aj)(xk − ak)(xl − al) + · · ·

(4.10)
Taking the first order term only results in the linear approximation of the function
around the point [a1, . . . , ad]. The “slope” in this case is given by the total derivative.
The total derivative of f at a may be written in terms of its Jacobian matrix, which is a
row matrix:

Dfa =
[︂

∂f
∂x1

(a) · · · ∂f
∂xn

(a)
]︂
. (4.11)
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Meaning that the linear approximation given by the truncated Taylor series of a
multivariable function may be expressed as,

f(x) = f(a) +
∑︂

|α|≤k

Dfa

α!
(x − a)α (4.12)

This linear approximation property of the total derivative implies that if a vector of
small changes ∆x with respect to point a,

∆x =
[︂
∆x1 · · · ∆xn

]︂T
(4.13)

the T denotes a transpose matrix, so that this vector is a column vector, then

f(a+ ∆x) − f(a) ≈ Dfa · ∆x =
n∑︂

i=1

∂f

∂xi
(a) · ∆xi. (4.14)

Heuristically, this suggests that if dx1, . . . , dxn are small increments in the coordinate
directions, then

dfa ≈
n∑︂

i=1

∂f

∂xi
(a) · dxi. (4.15)

The Jacobian matrix represents the differential of f at every point where f is
differentiable. In the even more general case where f : Rn → Rm is a vector-valued
function of a vector variable, the Jacobian take the form of a matrix,

J =

[︃
∂f
∂x1

· · · ∂f
∂xn

]︃
=

⎡⎢⎢⎢⎣
∇Tf1

...
∇Tfm

⎤⎥⎥⎥⎦ =

⎡⎢⎢⎢⎢⎢⎣
∂f1
∂x1

· · · ∂f1
∂xn... . . . ...

∂fm

∂x1
· · · ∂fm

∂xn

⎤⎥⎥⎥⎥⎥⎦ (4.16)

Application to Lumped source model

Assuming a vector of changes to the parameters equivalent to the changes in Equation
4.13,

∆η =
[︂
∆η1 · · · ∆ηn

]︂T
(4.17)

acoustic radiation due to source i after changes of ∆η may be approximated using,

f(η0 + ∆η) ≈ f(η0) +
n∑︂

j=1

∂f

∂ηj
(η0) · ∆ηj (4.18)

where η0 = [η0,1, · · · . ∆η0,n] denotes the input vector of parameters that correspond to
the baseline level Lw,0.
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Applying the changes to the baseline configuration in order to incorporate new
technologies or operational procedures is reflected in the SPL in the following manner
(for convenience p2

rms,i is replaced by fi representing the function for that particular
source):

Lp = 10 log
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p2
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(4.19)

where it is evident that:

∆L = 10 log

⎛⎝1 + 1
s∑︂

i=1
fi(η0)

(︃ s∑︂
i=1

n∑︂
j=1

∂fi

∂ηj
(η0) · ∆ηj

)︃⎞⎠ (4.20)

The double sum in expression 4.20 makes it easy to see that a generalisation to the total
emitted noise by the aircraft may be made. Assuming the total noise output of the
entire vehicle may be represented by a single function vector-valued f : Rn → Rs where
f = [f1, · · · , fs]. As previously s is the number of individual sources accounted for and
n the number of parameters each source s is dependent upon. The change in noise with
respect to the baseline aircraft using a linear approximation may be given by,

∆L = 10 log

⎛⎝1 + Jf (η0) · ∆ηj
s∑︂

i=1
fi(η0)

⎞⎠ (4.21)
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where Jf is the Jacobian of the vector-valued function f given by Equation 4.16.

The truncation of the Taylor series has an associated error. Given any differentiable
(noise) function, we can expand it as a first degree polynomial (or higher if more terms
are used) at a given point. If the associated truncation error is reasonably small enough,
the polynomial expansion through Taylor’s series becomes a good approximation to the
function. The remainder term Rk can be estimated by,

Rk = f(x1, . . . ,xd) − Tk(x1, . . . ,xd) (4.22)

where k in this case denotes the order of the polynomial (k = 1 in the case of
MONTANA) and effectively the truncation point, and Tk denotes the Taylor series
approximation of f .

The above proves to be a good test when the derivatives may be estimated (numerically
or analytically), however practically, this approach will when dealing with known
non-linear relationships between root-mean-square pressure and any parameter,
non-linear regimes (for example transonic/supersonic) or fundamentally non-linear noise
sources.

4.3 Propeller tonal noise variation

As the main application of MONTANA is propeller powered air vehicles, the lumped
noise source model must be coupled with methods for generating deltas for propeller
noise sources. This Section therefore focuses on the development of a simplified scaling
model able to predict changes in propeller harmonic noise levels between two propellers
with different geometry and operation characteristics.

The relations developed herein, are a result of applying an asymptotic study on the
Hanson frequency domain model. Changes in the independent variables are directly
correlated to the change in the dependent one, that being the noise in terms of an RMS
pressure of sound power. The predicted changes are then used in expression 4.21 along
with other individual source changes to assess the whole aircraft.

The methodology includes an elegant way of including the tonal spectral content of
propeller noise when calculating the change in noise (∆PWL) between configurations.
This is achieved through the use of a spectral shape function. A spectral shape function
and propeller source directivity function are also derived from the asymptotic
approximation of the Hanson frequency domain model. Other appropriate functions may
be used to define the spectral content shape and directivity according to the application.
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4.3.1 Asymptotic approximation of frequency domain propeller tonal
noise model

The use of analytical formulas for the derivation of scaling laws is advantageous as direct
insight to the influence of design geometry and operating conditions have on the
fundamental and its harmonics, may be accomplished without full scale experimental
procedures. Literature suggests that for propeller harmonic noise single global scaling
law exists and rather analytical time or frequency domain models may be used (with the
disadvantage of a slight increase in computational time and power as well as input
requirement) to get much more accurate estimation of the sound power (total acoustic
energy) emission [179].

For the ease of the reader, Hanson’s prediction from Equation 2.29 is repeated below. In
this instance the terms have been segregated into groups and named for the convenience
of the following analysis.⎧⎪⎪⎨⎪⎪⎩

PV m

PDm

PLm

⎫⎪⎪⎬⎪⎪⎭ = −ρ0c
2
0

8π⏞ ⏟⏟ ⏞
Constants

1
y⏞⏟⏟⏞

Spherical
spreading

sin θ(︂
1 −Mx cos θ

)︂
⏞ ⏟⏟ ⏞

Directivity,
Doppler term

DB⏞⏟⏟⏞
Design

parameters

×
1∫︂

0

M2
r exp (iϕs) JmB

⎛⎝mBzMt sin θ
1 −Mx cos θ

⎞⎠
⏞ ⏟⏟ ⏞

Bessel term

⎧⎪⎪⎨⎪⎪⎩
k2

xtbΨV (kx)

ikx(CD/2)ΨD(kx)

iky(CL/2)ΨL(kx)

⎫⎪⎪⎬⎪⎪⎭⏞ ⏟⏟ ⏞
Source terms

dz

× exp
[︃
imB

(︃
Ωr
c0

− π

2

)︃]︃
⏞ ⏟⏟ ⏞

Phase term

(4.23)

Blade radial integral

This integral over the radius of the blade determines the contribution of each blade
section toward each harmonic. It takes into account the variation of the geometry along
the propeller (chord, thickness, sweep etc.) along with the variation of performance i.e.
loading (axial and tangential). This term includes contributions of three major
parameters that dictate the final behaviour of the integral. These parameters are the
section relative Mach number Mr (i.e. the Mach number the aerofoil profiles sees at
different positions along the propeller radius), the Bessel function and the source term.
There is also an extra term that deals with the effect of sweep of the propeller blades,
but this will be omitted at this stage of the study as we assume zero sweep. Each of
these terms will be dealt with individually.
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Bessel function approximation

The Bessel function appears in all harmonic noise terms PV m, PDm and PLm. In the
original Hanson derivation, the Bessel function appears as Jacobi-Anger expansion [180]
of exponentials of trigonometric functions. Taking the far field approximation in
cylindrical coordinates, the form of the spatial derivative is such that the radial
variation is solved by Bessel functions.

The resulting Bessel function contributes to the spectral shape of the radiated noise and
the overall level and is sometimes referred to a “radiation-factor”. This is due to the
presence of the mode number m in the argument and in the order of the Bessel function.
The argument mBzMt sin θ/(1 −Mx cos θ) takes maximum values within the plane off
rotation, that is θ = 90o, and is equal to mBzMt.

The Bessel function present is of the first kind. The order is given by mB, where m in
the mode number and B is the blade number. It is evident therefore that each harmonic
uses a different order Bessel function. To simplify the analysis, the argument of the
Bessel function is rewritten to contain α1, such that,

JmB

⎛⎝mBzMt sin θ
1 −Mx cos θ

⎞⎠ = JmB

(︃
mBzα1

)︃
(4.24)

where
α1 =Mt sin θ/(1 −Mx cos θ) (4.25)

The exact behaviour of α1 can be seen in Figures 4.9. For reasonable values of the
parameters for a general aviation vehicle, α1 takes values around or less than 1.
Typically, in literature Bessel function are described as “damped oscillations”, as can be
seen in Figure 4.2 for a given order the amplitude of the oscillatory behaviour decays as
the argument z → +∞. This leads to the decaying nature of the higher harmonics as
the argument of the Bessel function is a function of the mode number m, or JmB(f(m)).

In order to approximate the behaviour of the Bessel functions as the harmonic number
increases, we are going to look at the asymptotic expansions for large and small
arguments. As α1 is almost always ≤ 1 the arguments of the Bessel functions are ≈ mB.
The vertical black lines in Figure 4.2, indicate the point where the argument z = mB.
Therefore, for each order m, the value of the Bessel function occurs before the first peak.

The large argument expansion, Eq 4.26 of Bessel functions assumes arg → ∞. This is
not strictly true for our case, but the decaying term in this approximation gives us a
good approximation.

JmB

(︃
mBα1

)︃
∼
√︄

2
πmBα1

cos
(︃
mBα1 − 0.5πmB − 0.25π

)︃
(4.26)
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Figure 4.2: Bessel functions of the first kind as a function of blade passing frequency.
The vertical dotted lines depict the position where the arguments of the Bessel function

equals the order. Blade number, B = 2.

The full large argument expansion can be seen in Figure 4.3 while the decaying term of
it in Figure 4.4.
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Figure 4.3: The large argument approximation for Bessel function order of 2 is
compared to the actual Bessel function value, Blade number, B = 2.

The small argument expansion, Eq 4.27 of Bessel functions assumes z = mBα1 → 0.
This approximation more accurately represents the behaviour of α1, and can be seen in
Figure 4.5. For tip Mach numbers applicable to general aviation vehicles the argument
mBzMt remains approximately equal (or slightly smaller) to the order mB of the Bessel
functions where its value peaks. This behaviour may be approximated using the small
argument asymptotic formula. The asymptotic approximation of the Bessel function in
Equation 4.23 may be given by,

JmB

(︃
mBα1

)︃
∼ 1

(mB)!

⎛⎝mBα1
2

⎞⎠mB

(4.27)
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Figure 4.4: The decaying term of the large argument approximation for Bessel function
(blue) compared to the actual Bessel function value. The decaying term approximates
the peaks of the Bessel function better as the argument goes to infinity. Blade number,

B = 2.
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Figure 4.5: The small argument approximation for Bessel function order of 2 and 4 is
compared to the actual Bessel function value, Blade number, B = 2.

In general, Bessel functions Jn(x) decay rapidly for values of argument less than the
order of the functions, i.e., for |x| < |n|. If we consider sound radiated at θ = 90 deg
from the blade tip (z0 = 1), the low-efficiency criterion is |mBMT | < |mB| or

Ms ≡ MT < 1 (4.28)

where in this case n = mB is the order and x = argJ represent the argument.

Considering the final goal of determining changes in noise, the behaviour of the Bessel
function approximation derivative is important. Thus, we concentrate on,
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J ′
mB = J ′

mB(argJ) (4.29)

J ′
mB ∼

⎛⎜⎝ 1
(mB)!

⎛⎝argJ
2

⎞⎠mB
⎞⎟⎠

′

(4.30)

where the Bessel function argument is as defined in Equation 4.24.

The derivatives of a Bessel functions with respect to their argument are also Bessel
functions. For example, as given by the recurrence relations [180],

∂JmB(z)

∂z
=

1
2 [JmB−1(z) − JmB+1(z)] =

mB

z
JmB − JmB+1(z) (4.31)

However, if using a small argument approximation to estimate changes, it’s derivative
determines the scale of these changes and the equivalent error relative to the actual
values. Simply carrying out the differentiation in Equation 4.30 we get,

∂

∂z

(︄
1

mB!

(︃
z

2

)︃mB
)︄
=

mB

2(mB)!

(︃
z

2

)︃mB−1
(4.32)

which as expected is a polynomial of degree mB− 1 with respect to argJ . The behaviour
of Equation 4.32 relative to that of the actual derivative may be seen in Figure 4.6.

As expected the derivatives also conform to the small argument asymptotic behaviour,
as argJ → 0. This results in consistent over estimation occurring as argJ →

√
mB + 1

[181], as the small argument approximation holds for 0 < argJ ≪
√
mB + 1.

Source term

The source terms (the terms in braces of the integral in Equation 4.23) may be broken
down into two components: a spectrum shape component and a spectrum level
component. The Ψ terms represent the effect of chordwise noncompactness, that is,
interference at the observer location of signals emitted from various source locations
along the chord, contributing to the spectrum shape definition. Chordwise blade
geometry and loading is what determines these characteristics, therefore we assume a
simple parabolic thickness distribution and uniform lift and drag distribution. The
wavenumber kx, can be considered the noncompactness parameter.

At this stage the blade geometry has been approximated in number of different ways,
specifically outlining the simplifying assumptions we have:
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Figure 4.6: Bessel function JmB , its small argument asymptotic approximation and
their derivatives for increasing tip Mach number. Depicted are three modes m of a two

bladed propeller (B = 2) and a flight Mach number of 0.23.
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Figure 4.7: Thickness noise
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• Parabolic chordwise thickness distribution.

• Uniform chordwise loading distribution.

• No sweep.

• Uniform chordwise thickness distribution, average thickness.

• Uniform radial loading distribution, average lift and drag coefficients.

Nevertheless, these assumptions are required, as detailed data of the blade and its
loading characteristics are not known. Simple analytical expressions [36] are convenient
to use, in this case, for the chordwise thickness and loading distributions, H(x), fD(x)

and fL(x) respectively.

H(x) = 1 − (2x)2 (4.33)

fL(x) = 1 (4.34)

fD(x) = 1 (4.35)

The distributions are then inserted to equation 4.23 in the form of their Fourier
transforms calculated by Equation 2.32.

Specifically, the chordwise thickness becomes,

ΨV =

⎧⎨⎩2/3 kx = 0
8

k2
x

[︂
2

kx
sin
(︂

kx
2

)︂
− cos

(︂
kx
2

)︂]︂
kx ̸= 0

(4.36)

and the loading distributions coefficients,

ΨL =

⎧⎨⎩1 kx = 0
2

k2
x

sin
(︂

kx
2

)︂
kx ̸= 0

(4.37)

Using a simple parabolic thickness distribution the variation of ΨV with kx can be seen
in Figure 4.7. For reasonable variation to the thickness distribution function H(x) the
variation in ΨV is very small (especially for general aviation parameters)[36]. The
uniform chordwise loading distribution may be substituted with a “peaky” distribution
(see Figure 4.8) in the case where additional accuracy is required, and input is available.
However, as suggested by [36], the presented transforms should be accurate enough for
most work at low harmonic order, and preliminary predictions.



4.3. Propeller tonal noise variation 87

Airfoil chord

Strong peak

uniform

C
h

o
rd

w
is

e 
lo

ad
in

g
 

d
is

tr
ib

u
ti

o
n

Figure 4.8: Examples of chordwise loading distributions

As the chordwise wavenumber, kx is a function of the sectional Mach number it is useful
to see how the source function varies along the propeller radius. That can be seen in
Figure 4.10. It is also useful to write kx and ky as follows:

kx =
mBα2
Mr(z)

(4.38)

and
ky =

2mBM2α3
zMr(z)

(4.39)

where
α2 =

Mt

1 −Mx cos θ (4.40)

and
α3 =

Mx −M2
r cos θ

1 −Mx cos θ (4.41)

The thickness, drag, and lift noise components are directly proportional to the thickness
ratio tb, drag coefficient CD, and lift coefficient CL, respectively. The source term
k2

xΨV tb is an intricate term as it depends on both harmonic number and the position
along the propeller. This is because the chordwise distribution of thickness is needed to
compute ΨV .

Combining the non-compactness effect relation along with the proportionality we may
estimate the source term transforms by,

ΨV (kx) ≈ 1
k2

x

=

⎡⎣Mr(1 −Mx sin θ)
2mBBDMt

⎤⎦2

(4.42)

ΨD(kx) = ΨL(kx) ≈ 1
kx

=

⎡⎣Mr(1 −Mx sin θ)
2mBBDMt

⎤⎦ (4.43)
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Figure 4.9: The natural limits imposed on constant α1,α2,α3 for normal operating
conditions.
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Figure 4.10: The source term and Sectional Mach number varying as function of
radial position for the first harmonic. Properties: Blade number B = 2, Flight Mach

number Mx = 0.3 and Tip Mach number Mt = 0.8

Therefore, the individual source contributions may be estimated as simple functions of
the blade thickness, tb and blade loading, CL and CD,

k2
xtbΨV (kx) ≈ tb (4.44)

kx(CD/2)ΨD(kx) ≈ CD/2 (4.45)

ky(CL/2)ΨL(kx) ≈ CLky

2kx
≈ (Mx −M2

h cos θ)
2Mt

CL (4.46)

Section relative Mach number

The section relative Mach number is defined as,

M2
r =M2

x + z2M2
t (4.47)
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where Mx and Mt are the flight and tip Mach numbers respectively. Figure 4.10 shows
how the sectional Mach number varies along the propeller radius. For a flight mach
number of zero, the sectional mach number will tend towards the tip mach number as
the position approaches the tip radius. Therefore, the outer portions of the propeller
close to the tip will have larger sectional mach number and will therefore contribute
significantly more to the total integral value.

The dominating term within the integral in the radial direction is the square of the
section relative Mach number, M2

r . The section relative Mach number takes maximum
at the tip of the propeller, and is equal to the helical Mach number Mh. We may
estimate the value of the integral by assuming it is directly proportional to

∫︁
∝ M2

h , and
for a static case proportional to

∫︁
∝ M2

t , as can be seen,

M2
r ≈ M2

h =M2
x +M2

t (4.48)

This assumption implies that the thickness and loading sources are applied on the
propeller tip section. To correct the thickness and loading parameters to account for the
entire blade we assume the thickness ratio at the blade tip takes the average value over
the blade, tb(z = 1) = tb̄, and the loading coefficient follow accordingly,
CD(z = 1) = CD̄ and CL(z = 1) = CL̄ (Note: the loading parameters CD and CL may
instead be defined in terms of thrust and torque, dT/dz and dQ/dz respectively, with
the integral over the radius giving the thrust and torque acting on the blade).

4.3.2 Blade integral approximation

The entire integral of Equation 4.23 accounts for the geometry of the blade, and the
loading conditions on the blade. The thickness noise source is directly proportional to
the volume of the blades which is equal to volume of air that it displaces; the integral
over the radius combined with the definition of other geometric parameters such as the
chord-to-diameter ratio, the thickness-to-chord ratio etc. is what defines the thickness
source strength. In the derivation of the Hanson method, the monopole source is within
the blade volume integrals (or specifically the helicoidal volume created by the motion of
the blade), however, due to the thin plate assumption, the volume of the blade is
assumed to be negligible, and therefore the thickness noise source is represented by the
sum of source strengths calculated as functions of the previously mentioned parameters.
The geometry of the blade determines the blade loading, and therefore also the dipole
(lift and drag) noise sources. The same thin-wing assumption, has a knock on effect to
the loading sources, and are therefore also represented by the sum of the dipole
distributions on the upper and lower surfaces of the blade. The integral has taken a one
dimensional form, meaning the only independent variable is now the radial position
along the blade z.
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In this case the area below the function decreases as the harmonic number increases
(Figure 4.11), representing the decaying behaviour characteristic to a low tip Mach
number. The value of the integral as a function of mode number does not always decay
as m increases.
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Figure 4.11: Integrand magnitude versus of the position along the propeller. The
area under the graph represents the value of the integral. For low tip Mach numbers, as

expected as the harmonic number increases the area decreases.

Each of the three sources are treated separately as individual integrals, and following the
evaluation, the Fourier coefficients PmV , PmL and PmD are added together to provide
the total noise field due to the propeller harmonic sources.

Thickness noise source integral evaluation

The integral giving PV m may therefore be written and simplified as following,

1∫︂
0

M2
r

tb
(mB)!

(︃
mBzMt sin θ

2 (1 −Mx cos θ)

)︃mB

dz (4.49)

=
tb

(mB)!

(︃
mBMt sin θ

2 (1 −Mx cos θ)

)︃mB
1∫︂

0

(︂
M2

x + z2M2
t

)︂
zmBdz (4.50)

Ignoring the constant terms outside the integral for the time being, and applying the
zero flight Mach number condition, the integral may be written as the sum of two
simpler integrals,

1∫︂
0

(︂
zmBM2

x + zmB+2M2
t

)︂
dz (4.51)
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1st :
1∫︂

0

M2
t z

mB+2 dz = M2
t

mB + 3 (4.52)

2nd :
1∫︂

0

zmBM2
x dz = M2

x

mB + 1 (4.53)

Final integral for thickness noise in hover:

1∫︂
0

· · · dz = tb
(mB)!

(︃
mBMt sin θ

2 (1 −Mx cos θ)

)︃mB
[︄

M2
t

mB + 3 +
M2

x

mB + 1

]︄
(4.54)

Loading noise source integral evaluation: Lift/axial component

Following similar integration techniques, the integral may be evaluated to the loading
components of the noise. For lift,

1∫︂
0

M2
r JmB

(︃
mBzMt sin θ
1 −Mx cos θ

)︃
mBBD

zMr

(︄
Mx −M2

r cos θ
1 −Mx cos θ

)︄
CL

kx
dz (4.55)

=
1

(mB)!
CL

(︃
mBMt sin θ

2 (1 −Mx cos θ)

)︃mB 1
Mt

1∫︂
0

M2
r z

mB−1
(︂
Mx −M2

r cos θ
)︂

dz (4.56)

const
1∫︂

0

(︂
M2

x + z2M2
t

)︂
zmB−1

(︂
Mx −

(︂
M2

x + z2M2
t

)︂
cos θ

)︂
dz (4.57)

Simplifying into the sum of 6 integrals,

1st :
1∫︂

0

M3
xz

mB−1 dz = M3
x

mB
(4.58)

2nd : −
1∫︂

0

cos θM4
xz

mB−1 dz = −cos θM4
x

mB
(4.59)

3rd : −
1∫︂

0

cos θM2
xM

2
t z

mB+1 dz = −cos θM2
xM

2
t

mB + 2 (4.60)
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4th :
1∫︂

0

M2
t Mxz

mB+1 dz = M2
t Mx

mB + 2 (4.61)

5th : −
1∫︂

0

cos θM2
t M

2
xz

mB+1 dz = −cos θM2
t M

2
x

mB + 2 (4.62)

6th : −
1∫︂

0

cos θM4
t z

mB+3 dz = −cos θM4
t

mB + 4 (4.63)

Therefore the final value of the lift integral is,

1
(mB)!

CL

(︃
mBMt sin θ

2 (1 −Mx cos θ)

)︃mB 1
Mt

×
[︄
M3

x

mB
− cos θM4

x

mB
− cos θM2

xM
2
t

mB + 2 +
M2

t Mx

mB + 2 − cos θM2
t M

2
x

mB + 2 − cos θM4
t

mB + 4

]︄
(4.64)

Loading noise source integral evaluation: Drag/tangential component

1∫︂
0

M2
r JmB

(︃
mBzMt sin θ
1 −Mx cos θ

)︃
CDdz (4.65)

const
1∫︂

0

zmB
(︂
M2

x + z2M2
t

)︂
dz

=const M2
t

1∫︂
0

zmB+2 sin
(︃
kx

2

)︃
dz

=
CD

(mB)!

(︃
mBMt sin θ

2 (1 −Mx cos θ)

)︃mB
[︄(︄

M2
t

mB + 3 +
M2

x

mB + 1

)︄]︄
(4.66)

Combining of the above mentioned procedures and adding the contributions of the
individual sources together we may estimate PmB = PV m + PDm + PLm as,
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PmB = −ρ0c
2
0

8π
1
y

sin θDB 1
(mB)!

(︃
mBMt sin θ

2

)︃mB

Thickness
{︄

×

⎛⎝tb
[︄

M2
t

mB + 3 +
M2

x

mB + 1

]︄

Lift
{︄

+CL
1
Mt

⎡⎣M3
x

mB
− cos θM4

x

mB
− cos θM2

xM
2
t

mB + 2

+
M2

t Mx

mB + 2 − cos θM2
t M

2
x

mB + 2 − cos θM4
t

mB + 4

⎤⎦

Drag
{︄

+CD

[︄
M2

t

mB + 3 +
M2

x

mB + 1

]︄⎞⎠

(4.67)

A greater simplification

Common practice in the literature is to evalutate the integral over the blade at the point
of maximum lift, L(z = r/R) along the radius of the blade. Propellers are typically
designed for this property to occur beetween 0.7R and 0.85R [14, 76]. The blade is
modelled as if the blade characteristics and performance along the radius equals that of
the maximum lift location.

The greater simplification effectively assumes constant section relative Mach number,
Mr, across the span of the propeller blade. Additionaly, the Bessel function, is no longer
span location dependant, therefore the radiation efficieny of the entire blade becomes
that of the maximum lift coeffient. The impact of making this assuption is the removal
of scaling factors/coeficients in Equation 4.67 that are functions of mB, the order of the
harmonics. Neglecting the coefficents would result in the over prediction of the absolute
values of the harmonics, with the error incressing as the harmonic number increases.
However, when estimating changes (deltas) in the harmonic levels, the impact of the
coeffiencts per harmonic deminishes, for example, in the case of thickness noise,
PV m ∝ 1/(m+ 1), therefore for a scenario where the change in noise level for a
thickness harmonic of m is of interest ∆L = 10 log10

[︂
p2

V ,m/p2
V ,m,0

]︂
, the impact of the

coefficient is negated.

In the case of MONTANA, following the methodology of representing the integral by a
single blade section, the blade tip is chosen as the representive location. This is the
same assumption used to approxiamte the source terms in Section 4.3.1. As we are
interested in the sound power output as a function of design and operational parameter
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we must first estimate the intensity which is proportional to p2
rms, therefore we have,

p2
m,rms = ⟨PmBP

∗
mB⟩ ≈

⎛⎝ρ0c
2
0

8π

⎞⎠2

⏞ ⏟⏟ ⏞
constants

⎛⎝1
y

⎞⎠2

⏞ ⏟⏟ ⏞
Spherical Spreading

D2M4
h

⎡⎣tb̄ + CD̄

2 +
CL̄(Mx −M2

h cos θ)
2Mt

⎤⎦2

⏞ ⏟⏟ ⏞
Design/operation parameters

×

⎛⎝ sin θ
(1 −Mx cos θ)

⎞⎠4mB+2

⏞ ⏟⏟ ⏞
Directivity

⎛⎝ 1
(mB)!

⎞⎠2⎛⎝mBMt

2

⎞⎠2mB

⏞ ⏟⏟ ⏞
Spectral Shape

(4.68)

The asymptotic approximation allows for some simple observations to be made regarding
the influence of the tip Mach number. Assuming as previously, Mt < 1 the M2mB

t term
in Equation 4.68 shows that at a given rotation rate propellers with larger blade number
generate less sound and furthermore the contribution of the higher harmonics rapidly
decreases with increasing harmonic order m while the tip rotation speed remains
subsonic. This allows for a modelling technique used by Heidmann for the estimation of
fan discrete-tone and combination-tone noise [53], to be applied. The procedure involves
predicting the spectrum level and spectrum shape. The spectrum level is defined at each
design/operation point by the fundamental tone, while the levels of remaining spectral
frequencies are estimated by referencing the blade passing frequency and the spectral
shape function. However, unlike Heidmann the spectrum shape is not constant, rather a
function of the blade number and tip mach number.

The sin θ present within the Bessel function argument, and therefore in the
approximation relation, causes highly documented dipole behaviour of the propeller.
The radiated noise diminishes towards the propeller axis as approached from both front
and rear directions. Additionally, the Doppler factor (1 −Mx cos θ) causes a shift of that
directivity pattern into the forward hemisphere with respect to the propeller plane.

4.4 Overall sound power

The overall sound power output of the system may therefore be evaluated through the
average intensity emitted over angles θ and φ, which may be evaluated in the far field
through the root-mean-square,

Prad =
1

ρ0c0

2π∫︂
0

π∫︂
0

|prms|2R2 sin θ dθdφ (4.69)
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The calculation of Prad depends on the integration over the spherical surface
surrounding the source. The integral over φ takes a trivial answer as rotational
symmetry exists around the propeller axis. When considering the evaluation of the
integral over the polar angle θ over in the interval θ ∈ (0,π) the solution is no longer
trivial. The problem may again be divided into two cases, a. a static (or hovering)
propeller, meaning Mx = 0 and b. the case where mean flow is non-zero, Mx ̸= 0 and
assuming subsonic flight speeds (Mx < 1).

The overall sound power is given as a sum over all modes m, therefore Equation 4.69
may be written as,

Prad =
1

ρ0c0

2π∫︂
0

π∫︂
0

[︄
2

∞∑︂
m=0

p2
m,rms

]︄
R2 sin θ dθdφ (4.70)

The sound power radited by each mode may evaluated by calcualtaing the surface
integral for each individual mode m.

Prad =
2πR2

ρ0c0

∞∑︂
m=0

⎡⎣ π∫︂
0

p2
m,rms sin θ dθ

⎤⎦ (4.71)

Regarding the integration over θ, the polar angle in Equation 4.71, the square of the
Fourier pressure coefficients may be written as,

p2
m,rms = b0

sin2mB+2 θ

1 −Mx cos θ (b1 + b2 cos θ+ b3)
2 (4.72)

where the constants b0,b1, b2, b3 and b4 with respect to θ are,

b0 =

(︄
−ρ0c

2
0

8π
1
y
DB

1
(mB)!

(︃
mBMt

2

)︃mB
)︄2

(4.73)

b1 = tb

[︄
M2

t

mB + 3 +
M2

x

mB + 1

]︄
(4.74)

b2 =CL
1
Mt

⎡⎣M3
x

mB
− cos θM4

x

mB
− cos θM2

xM
2
t

mB + 2

+
M2

t Mx

mB + 2 − cos θM2
t M

2
x

mB + 2 − cos θM4
t

mB + 4

⎤⎦ (4.75)

b3 = CD

[︄
M2

t

mB + 3 +
M2

x

mB + 1

]︄
(4.76)
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The integral in Equation 4.71 then becomes,

π∫︂
0

b0
sin2mB+2 θ

1 −Mx cos θ (b1 + b2 cos θ+ b3)
2 dθ (4.77)

The evaluation of the integral could be considered for two cases: i. a hover case, where
Mx = 0 and ii. a climb/forward flight case, where Mx ̸= 0. In the absence of a
freestream velocity, the calculation of the integral significantly simplifies as the helicoidal
surface reduces to a disk and therefore the section relative Mach number only depend on
the tip Mach number.

Zero flight Mach number, Mx = 0

Assuming a zero flight Mach number, Mx, the integral simplifies further, while the lift
term also reduces significantly. Following some algebraic manipulation, the value of the
above integral may be written as the sum of the following three integrals,

b0b
2
1,3

π∫︂
0

sin2mB+3 θ dθ (4.78)

2b0b1,3b2

π∫︂
0

sin2mB+3 θ cos θ dθ = 0 (4.79)

b0b
2
2

π∫︂
0

sin2mB+3 θ cos2 θ dθ (4.80)

where b1,3 = b1 + b3. The first integral may be evaluated using a simple recursion
relationship,

In =

π∫︂
0

sinn θ dθ =
n− 1
n

In−2, with I0 = π and I1 = 2 (4.81)

The second integral is equal to zero always as cos θ is anti-symmetric in the interval
[0, π]. Finally, the third integral may be estimated using recursion and by setting ν = 2
in the following general formula,

∫︂ π/2

0
sinν x cosn xdx =

⎧⎪⎨⎪⎩
[(ν−1)(ν−3)···1][(n−1)(n−3)···1]

(ν+n)(ν+n−2)···2 (π) ν,n even
[(ν−1)(ν−3)···(2 or 1)][(n−1)(n−3)···(2 or 1)]

(ν+n)(ν+n−2)···(2 or 1) otherwise
(4.82)
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4.5 Variation of propeller tonal noise

Combining the methodology presented in Section 4.2 and the result for the overall sound
power radiated by the propeller harmonic noise model, the SPL for any study aircraft
using a propeller may be estimated using the known noise levels from a baseline scenario
and the changes in noise (∆SPL or ∆PWL) as calculated by the approximation model in
Section 4.4.

The individual harmonic levels may be related to the fundamental tone by some spectra
shape function, allowing for the SPL to be written as,

Lp,0 = 10 log10

⎛⎜⎝ ∞∑︂
f

10
[︂

Lf1,0+F1

(︂
f

f1,0

)︂]︂
/10

⎞⎟⎠ (4.83)

with f = mBΩ and f1 = BΩ represent the frequency of mode m and the fundamental
tone respectively, while Lf1,0 is the SPL of the baseline fundamental. F1 denotes the
spectra shape function.

When modifications in terms of operational and/or design parameters are made, changes
to the fundamental tone, ∆Lf1 and the shape of the harmonics ∆F1 are observed,
leaving the new SPL as,

Lp = 10 log10

⎛⎜⎝ ∞∑︂
f

10
[︂

Lf1,0+F1

(︂
f

f1,0

)︂
+∆Lf1+∆F1

(︂
f

f1

)︂]︂
/10

⎞⎟⎠ (4.84)

where,
Lf1 = Lf1,0 + ∆Lf1 (4.85)

represents the new level of the fundamental tone, and

Lm(f) = Lf1 + ∆F1(f/f1) (4.86)

represents the new sound level of the harmonics (narrowband spectrum).

Returning to Equation 4.68, we may consider a case where modifications to a baseline
aircraft are made. The change in level of the fundamental frequency observed may be
estimated by setting m = 1 in both cases. The resulting acoustic sound pressure is then
denoted pf1 and pf1,0 for the modified and baseline cases, respectively. The change in
fundamental tone level between the two cases is then,

∆Lf1 = 10 log10

⎛⎝ p2
f1

p2
f1,0

⎞⎠ (4.87)
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or

∆Lf1 = 20 log10

⎛⎝ y

y0

⎞⎠+ 20 log10

⎛⎝ BD

B0D0

⎞⎠+ 40 log10

⎛⎝ Mh

Mh0

⎞⎠

+ 20 log10

⎛⎝ tb +CD/2 +CL(Mx −M2
h cos θ)/(2Mt)

tb,0 +CD,0/2 +CL,0(Mx,0 −M2
h,0 cos θ0)/(2Mt,0)

⎞⎠

+ 20 log10

⎛⎝B0!
B!

⎞⎠+ 20 log10

⎛⎝ (BMt)B

B0Mt,0)B0

⎞⎠

+ 20 log10

⎛⎝ [sin θ/(1 −Mx cos θ)]2B+1

[sin θ0/(1 −Mx,0 cos θ0)]2B0+1

⎞⎠

(4.88)

where the subscript 0 denotes the values corresponding to the condition before the
modifications were applied (baseline).

Separating all terms including the mode number m in Equation 4.68 we may define a
function S. This function determines the shape of the harmonics.

S(m) =

⎛⎝ sin θ
1 −Mx cos θ

⎞⎠4mB+2⎛⎝ 1
(mB)!

⎞⎠2⎛⎝mBMt

2

⎞⎠2mB

(4.89)

Normalising this expression by its value for m = 1,

f

f1
(m) =

S(m)

S(1) =

⎛⎝ sin θ
1 −Mx cos θ

⎞⎠4B(m−1)⎛⎝ B!
(mB)!

⎞⎠2⎛⎝BMt

2

⎞⎠2B(m−1)

m2mB (4.90)

noting that f
f1
(1) = 1 by definition. Finally, the change in level of the harmonics

(m > 1) between a baseline case and a modified counterpart may be given by,
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∆F1

⎛⎝ f

f1

⎞⎠ = 20m log10

⎛⎝ mB

mB0

⎞⎠+ 20 log10

⎛⎝B!(mB0)!
B0!(mB)!

⎞⎠

+ 20 log10

⎛⎝ (BMt)B(m−1)

(B0Mt,0)B0(m−1)

⎞⎠

+ 40 log10

⎛⎝ [sin θ/(1 −Mx cos θ)]B(m−1)

[sin θ0/(1 −Mx,0 cos θ0)]B0(m−1)

⎞⎠

(4.91)

4.6 Individual source directivities and spectral properties

The result in Section 4.5 refers to a single individual source, that is in this case propeller
steady harmonic noise. However, the definition of a lumped source requires the
combination of multiple individual noise sources to represent the entire aircraft as a
single point noise source. The directivity and spectral content of the lumped source are
therefore a function of the characteristics’ baseline scenario and changes ∆D(θ,φ),
∆Spp(f) of all the individual sources accounted for.

Specifically, for the directivity characteristics this means,

DI(θ,φ) = DI0(θ,φ) +
s∑︂

i=1
∆DIi(θ,φ) (4.92)

where DI refers to the directivity index in dB. While for the spectral content,

Spp(f) = S0,pp(f) +
s∑︂

i=1
∆Si,pp(f) (4.93)

where all S in this case are in a log scale and therefore in dB.

In the context of using normalised functions to describe the directivity distribution
functions, the total lumped source directivity may be written as weighted sum of the
individual directivity functions as presented in Equation 2.15.

In the same way, the total lumped source spectral context may be defined as,

S̄pp(f) =

s∑︁
i=1

PsS̄i,pp(f)

n∑︁
s=1

Ps

(4.94)

where the ¯ denotes the normalised power spectral density.
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An interesting point to make is that from the perspective of the lumped source, the
directivity and spectral content are treated as two independent properties of the source.
Generally, directivity is frequency dependent, and therefore each direction may be seen
to have a frequency distribution associated to it. Depending on what method/ model is
used to predict the changes in noise levels, this relationship may be captured, however is
lost once combined using the current implementation of the lumped source method. This
discussion is continued in Chapter 5, where the implementation and use of spherical
harmonics may be leveraged in future updates to MONTANA to capture this effect.

4.7 Generation of computational NPD curves

The contents of this section aims to extend the framework presented by Synodinos et al.
[12], for the generation of NPD curves from the derived change in overall PWL (∆PWL)
and spectral shape of the propeller harmonic sources.

The procedure involves the standard, steady-level flyover of the aircraft, directly over a
stationary observer, as depicted in Fig. 4.12. In addition, the NPD curves of the
baseline scenario used to compute the ∆PWL are required. The baseline NPD data is
back-propagated to the source PWL where the estimated ∆PWL for the novel scenario
is added. The changes to the 1/3rd octave band spectra are also accounted for at this
lumped source stage. Once the adjusted spectra have been acquired, spherical spreading,
A-weightings and atmospheric attenuation are accounted for, and thus OASPL NPD
levels at all 10 standard slant distances are generated.

The aircraft performs the flyover at a reference airspeed and reference atmospheric
conditions at a number of power settings Prad(j) (i.e. thrust settings). The polar
emission angle θ is defined as in Figure 4.12. Ten standard slant distances are used.
Each curve signifies a specific power setting usually defined by the aircraft corrected net
thrust (CNT) or a in terms of a percentage (%) of maximum static thrust (usually for
propeller powered aircraft). The slant distance dp is the parameter used to describe the
geometry between the aircraft flightpath and the observer. It is defined as the shortest
distance between the specified observer and any point on the flightpath. In the case of
directly overhead flyover, the slant distance is equal to the altitude of the flyover. For
each power setting Prad(j) a discrete time history of SPL is calculated through a
simulated flyover.

The standard SAE AIR1845 [89] computational step is then used to acquire noise
exposure NPD curves in SEL or EPNL metrics. For in-depth description the reader is
encouraged to follow the procedure described in [12] and [34] along with the SAE
AIR1845 [89, 100]. Sound propagation and atmospheric attenuation is also handled as
suggested by Doc29 using SAE-ARP 866A [88].
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Figure 4.12: Geometrical setup during steady, level flyover operation between the
moving aircraft and the stationary observer.

The procedure is outlined in the form of bullet points where differences between
propeller aircraft and conventional turbofan aircraft are specified.

• A baseline scenario is chosen (Section 4.1) with experimentally measured LA,max

NPD level at distance d, polar angle θ and operating condition. The NPD level is
coupled with a normalised 1/3rd spectrum shape at the chosen operating
condition.

• The measured LA,max is back propagated to the source. This means
dimensionalising the spectrum shape for the given LA,max, the removal of the
A-weighting, the removal of the atmospheric attenuation correction and the
correction for spherical spreading. This process is presented in detail by Synodinos
et al. [12, 52].

• A lumped noise sources is appropriately defined to represent the aircraft of
interest. This “total” noise source is made up of the dominant individual noise
sources that contribute to the overall noise emission of the aircraft.

• The change in SPL (∆Lp(d, j)) is calculated using the changes in individual noise
sources levels. The changes in individual sources are calculated using appropriate
noise prediction methods. In the case of propeller harmonic noise source, the
change in noise is calculated with the procedure described in the previous section.

• ∆Lp(d, j) is added to the baseline NPD level to yield the aircraft Lp corresponding
to the new scenario at the same power setting, and slant distance. In the case of
the propeller sources, the new SPL is calculated using Eq. (4.84) taking into
account the change in fundamental frequency level, and spectra shape.

• Changes ∆Lp reflecting changes in power settings of the modified scenario are
calculated using the same procedure only using the Lp corresponding to the new
scenario as a baseline level.
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• The levels at the remaining engine power settings at the same distance d are
obtained by adding the noise level variation ∆Lp resulting from changing the
engine power to the first level Lp(d, j) of the modified scenario.

• The SAE AIR1845 computational step is then used to propagate the levels at
distance d, the remaining NPD distances. This step accounts for atmospheric
attenuation corrections.

• Finally, A-weighting is reapplied and the 1/3rd spectra logarithmically summed to
get the total LA,max of the modified scenario.

At this point LA,max NPD curves have been derived. The next few steps summarise the
procedure for the development of the LAE NPD curves.

• Using the estimates of the total sound power emitted (at power setting j) of the
modified scenario and the directivity characteristics of the aircraft, computational
flyover is performed at an altitude equal to distance d, and the LAE is calculated
at an observer point directly under the flightpath by integration.

• Using the LAE and the previously derived LA,max NPD curve (at power setting j)
the LAE is calculated at the remaining NPD slant distances.

• This procedure is carried out for every power setting of interest.

4.8 Summary

At this point, a lumped source model of the air vehicle has been created, using the
constituent individual source methods and their scaling relations. Particular emphasis
has given to the propeller self noise sources, thickness and loading, by deriving
asymptotic scaling relations from the frequency domain helicoidal surface model by
Hanson.

These relations are fundamentally based on operating condition and geometry of the
given propellers (or rotors) and their blades. Thickness source strength is modelled as
function of the average blade section thickness. Loading noise strength are modelled as
functions of the average blade section lift and drag of the coefficients, themselves
calculated using a lifting-line model. Source non-compacteness effects are modelled using
chordwise distribution of the thickness and the loading characteristics, using a parabolic
curve to describe the chordwise thickness variation, while uniform (constant) variation
was assumed for the lift and drag.

Radiation characteristics are defined by the general far-field result for any helically
convected source (as defined in [60]) for given forward and rotational speeds. The final
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directional properties for each blade passing mode are shaped by the differences in
wavenumber description of individual the propeller sources.

The final representation of the air vehicle as a lumped noise source has been used to
perform numerically simulated steady and level flyovers, calculating event noise level
time histories on the ground observers and converted into NPD curves of desired metrics,
through standard process.

These NPD curves are going to serve as the main noise data input of the airport noise
tools presented in the next Chapters.
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Chapter 5

Methodology II: Airport noise
model

This chapter covers the airport noise and flight procedure modelling component of this
thesis. As suggested by the name, the topic involves estimating noise exposure levels
around airports and specifically the simplified airport noise tool RANE (Rapid Aviation
Noise Evaluator), which uses NPD curves as a main input of noise data. The original
RANE tool was developed by A.J. Torija et al. [13] with the intent of providing
high-level calculations of aviation noise around airports in the context multidisciplinary
strategic environmental assessment. The model is based on the noise exposure footprint
model of Stewart and Carson [182] of NASA, for isotropic conventional fixed wing
aircraft and their operations. Zaporozhets et al. [183] have also implemented the
concept of the noise radius in a tool for environmental assessment around airports. The
single event footprint capabilities were expanded upon by Torija to enable the model to
calculated exposure contour of entire fleets assuming an average trajectory for the whole
fleet.

The extension to RANE include the following features:

1. Implementation of total three-dimensional aircraft directivity.

2. Modification of flight path discretisation method, to include novel VTOL
operations and manoeuvres.

3. Ability to use traditional three-point lateral (left,right and centre) NPD curves to
account for lateral directivity effects. (Complements point number 1. of this list).

4. Much improved modelling of the complex region between flight path segments.

5. Preliminary model for accounting for power variation throughout segments.
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6. Preliminary modelling of noise surfaces and contours for rotating
three-dimensional sources.

The most impactful contribution in RANE v2 is that of the three-dimensional directivity.
The method implemented within this chapter allows the user to specify the aircraft
directivity to the level of detail equivalent to that of the available data or to specify
simplified analytical approximations of the directivity based on knowledge of the aircraft
and the individual noise sources it is comprised of. The implementation of aircraft
directivity along with the treatment of the connecting regions between the discretised
segments, allows for increased accuracy in predicting the noise exposure area as well as
the locations of the radiated noise.

Figure 5.1 shows a flow diagram of the calculation process used by RANE v2. The main
three inputs for a footprint calculation are: a. Noise-Power-Distance curves of the
aircraft to be assessed at all relevant power settings and operational modes, b. aircraft
total directivity, (in an ideal situation where data is abundant the directivity would be
specified at all power settings), this may be in the form of discretised numerical data or
simple analytical expressions and c. simplified aircraft trajectory data (this data may be
broken into two parts, flight path geometry and aircraft performance along the flight
path).

Figure 5.1: Flow diagram overview of RANE workflow.

These inputs are used to generate a series of noise exposure surfaces along the flight
path. The intersection of the noise surfaces with the two-dimensional airport plane
result in the two-dimensional iso-lines. Depending on the number of operations/events
over which the assessment is taking place, the iso-lines either represent the noise
exposure footprints or noise exposure contours. Finally, corrections to the
footprints/contours is performed at the connecting regions to adjust for the noise of
multiple segments interacting at specific observer locations.
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5.1 Original RANE capabilities

Detailed information of original RANE may be found in the paper by Torija et al. [13]
with additional mathematical explanation in the NASA report [182].

RANE is a simplified airport noise model. The methodology does not use the ECAC doc
29 [34] grid-point method, however it is similar to it by being an “integrated” model (or
a segmentation model). Integrated models use discrete segments to represent the aircraft
flight path. The contributions to the overall noise at the observer locations of each of
these segments are essentially “pre-integrated”. The pre-integrated noise data is in the
form of NPD curves. The infinite path NPD assume steady straight flight conditions at
a reference speed in specified reference atmospheric conditions. The received sound
event levels, both maximum and time integrated, directly beneath the aircraft as a
function of distance and specified flight configuration. The noise contribution from one
finite segment results from the correction of the infinite NPD noise data according to the
energy fraction (see section 5.9).

In RANE the corrected noise contribution of one segment is used to define what is
known as the Noise Radius. Due to the assumption that the aircraft is represented as an
isotropic noise source, the noise radius R is only a function of the aircraft power-setting
/ flight-configuration and the noise level value of interest. Therefore, for a given power
setting Pn and flight configuration (e.g. takeoff flap setting, approach flap setting) using
the appropriate NPD curves, the slant distance at which the noise level of interest L(d)
occurs may be calculated. Including correction ∆vn for flight speeds different to
reference speed, the noise radius Rn for each segment n may be given by [34, 13],

L(P ) = L(Pi) +
L(Pi+1) −L(Pi)

Pi+1 − Pi
(P − Pi) (5.1)

L(d) = L(di) +
L(di+1) −L(di)

log10 (di+1) − log10 (di)
(log10 (d) − log10 (di)) (5.2)

Using Equations 5.1 and 5.2, a given sound-level L(P , d) can be calculated for any
combination of power-setting P and distance d. The interpolation process is illustrated
in Figure 5.2.

Inverting the problem, any slant distance (or in the context of RANE noise radius Rn)
may be calculated given a noise level of interest. Given the NPD tabulated power
settings Pi and Pi+1 for which sound-levels are provided at some set of distances, the
intermediate power setting noise levels are denoted L(Pn). L(d) as mentioned is the
sound-level for which the noise footprint/contour is to be calculated, L(Pn, di) is the
first sound-level greater than L(d) as tabulated in NPD database (for power-setting Pn),
while L(Pn, di+1) is the first sound-level smaller than L(d) (for power-setting Pn).



108 Chapter 5. Methodology II: Airport noise model

Tabulated data

Tabulated data
Interpolated

Study Point

Figure 5.2: Illustration of interpolation between two known power settings Pi and
Pi+1, and two known distances di and di+1 when working with tabulated NPD data.

Distances di and di+1 are the tabulated distances for which sound-levels are provided,
used to calculate the intermediate distance d, corresponding to L(Pn, di) and
L(Pn, di+1) respectively. Therefore, combining Equations 5.1 and 5.2 and solving for the
noise radius,

Rn = 10 exp
{︃[︃(︃

[(L(Pn, di) + ∆vn) −L(d)]

× log10 di+1 − log10 di

(L(Pn, di+1) + ∆vn) − (L(Pn, di) + ∆vn)

)︃
+ log10 di

]︃}︃ (5.3)

Finally the duration adjustment ∆vn is given by,

∆vn = 10 log10

⎡⎣vref

vn

⎤⎦ (5.4)

and is expressed in dB. Where vref is the reference velocity of the NPD data used, and
vn the actual velocity of the aircraft while flying along segment n. Figure 5.3 indicates
the relation of the noise radius and the noise level of interest.

Once the noise radius for each of the segments has been calculated, it is used in
conjunction with the other three flight parameters (inclination angle, rotation angle,
segment length) that define the flight path segment, to generate the series of cylindrical
noise surfaces surrounding the entire flight path. For a single flight path, the coordinates
of the boundaries and areas of a noise footprint/contour are defined by the intersection
of such cylindrical surfaces with the ground surface. The final noise footprint/contour on
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Figure 5.3: Diagram visualising the concentric nature of noise surfaces of different
SEL values. For a constant PWL output along the segment, the outermost surfaces

represent low levels, while surfaces closer to the flight path have higher values.

the ground is composed by the contribution of each individual segment (as illustrated
later in Figure 5.16).
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5.2 RANE v2 model overview

RANE, as an airport noise tool, can be broken down into the following distinctive parts:

• The definition of the operation and the flight path geometry.

• The definition of the aircraft as a noise source.

• The definition and calculation of the noise iso-surfaces.

• Calculation of the complete 2D noise contour.

• The definition of the desired outputs and post-processing (error correction and
prediction accuracy improvement).

The typical calculation procedure is detailed within the flowchart in Figure 5.4.

RANE v2

Noise 
Exposure 
footprints

Fleet 
composition,
Operation 
models, flight 
trajectories, 
fleet 
recomposition 
rates

Noise 
Exposure 
Contours

Original RANE

Three-dimensional 
directivity

Source rotationSegment Power 
variation

Noise Surface

Noise-Power-
Distance curves

Approach/Departure
Flightpath

Discretised flightpath
Segments + Waypoints

Aircraft 
Performance

Intersection with 
ground plane

Conventional 
Fixed Wing 
aircraft

VTOL rotorcraft 
and UAM air 
vehicles Isotropic source

Intersection with 
ground plane

Noise Surface

Approach/Departure
Discretised flightpath
Segments + Waypoints

Start-of-roll, static 
directivity and 
hover corrections

Segment 
connection 
region treatment

Figure 5.4: Detailed flow diagram of the proposed airport noise model.

A calculation is initiated with the choice of aircraft (type of air vehicle) for which the
calculation/study is to be performed. The nature of the vehicle (eg. fixed wing, VTOL,
tilt-wing etc.) along with its performance capabilities limit the possible operations that
particular vehicle can perform. However, all vehicles perform what we will define as
airport operations (or total operations). Airport operations are essentially of two types,
departures and approaches. In practice other operations may exist, such as low passes,
aborted takeoffs, go-arounds etc. but represent such a small proportion of the total
aircraft operations at any given airports they are neglected. The term total operations,
leads on to the fact that these operations are the product of many smaller/simpler
operations (or manoeuvre) chained in succession.
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Once the desired aircraft and total operation have been chosen, the aircraft performance
and operational state explicitly define the trajectory and the aeroacoustic properties
(essentially definition of the noise source) of the aircraft. The operation state (or mode)
is determined by the vehicle configuration during a specific manoeuvre and is a function
of vehicle weight. Performance describes the combination of propulsion system and total
aircraft ability to generate the required thrust and lift in order to perform an operation.
Performance determines the capabilities of the given aircraft at a given weight, further
defining the trajectory and noise immissions.

Each aircraft has a series of NPD curves associated with it. For conventional aircraft, as
discussed, these may be found in databases such as the ANP one. While for novel
aircraft, methods such as [12] and the content of Chapter 4 of this thesis, allows for the
generation of the required NPD data. In RANE v2, NPD curves are the link between
noise emission, aircraft performance and aircraft trajectory. However, the crux of the
methodology exists in an intermediate step, allowing the pre-integrated levels to be
propagated to the ground from each part of the flight path simultaneously. This is
possible due to the implementation of noise surfaces or in the simplified isotropic noise
source case the noise radius.

Noise surfaces are essentially the result of the integration over time of the aircraft
performing a particular operation (details in Section 5.4). To define a noise surface (or a
series of noise surfaces) the only additional information other than the NPD curves is
the three-dimensional directivity of the aircraft at each operating state.

For the particular scenario, the type of aircraft and total operation has defined the
possible flight paths and associated NPD curves. Depending on the operating state the
flight path is discretised into flight path segments. The segments are chosen such that
performance parameters remain constant throughout each segment. This means, each
segment is allocated a specific NPD curve and a three-dimensional directivity that
depends on operating state and performance. Using the segment specific NPD curve and
directivity, a noise surface may be defined for each of the segments.

Finally, the noise footprint may be evaluated using every noise surface surrounding the
totality of the flight path. The metric of the footprint depends on the metrics of the
input NPD curves.

5.3 Airport model

5.3.1 Flight path discretisation

The discretisation or segmentation procedure in RANE (and consequently in RANE v2)
is performed in such a way that specific NPD data may be adapted to each discrete
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segment according to aircraft flight conditions. Each segment, therefore, of the
discretised flight path represents a finite section of an infinitely long path for which a
corresponding NPD curve exists (or may be interpolated from the tabulated NPD data).
The continuous flight path (trajectory) is therefore modelled as the aggregate of finite
sections, each belonging to an infinite path, replicating the geometry of the motion of
the aircraft in space, Figure 5.5. Segmentation may therefore be regarded as a trade-off
of accuracy and efficiency. Closely replicating a continuous curved flight path (with
variations in aircraft performance/operating parameters along it) requires a large
amount of segments, which in the case of RANE increases the number of noise surfaces
to be calculated.

Also, the use of NPD data biases the use of fewer long segments to represent the real
trajectory. NPD data is the result of constant power, flight speed and aircraft
configuration throughout flyover events. The SPL time history at an observer of such
flyover event mimics that of a mathematically infinite flightpath, meaning the aircraft
should start performing the constant power and flight speed operation before it is
audible (the definition of audible in many cases is the 10 dB down window) to the
observer, maintain past the closest point of approach, until it is again inaudible.
Therefore, NPD data may be assumed to be mathematically equivalent to an infinite
length flightpath flyover.

When modelling the flightpath however, longer segments are closer in the limit to the
infinite path they are taken from and therefore the error appearing from the aircraft
flying only along the finite segment instead of the infinite path the NPD curves are
based on is smaller. The discussion of what is regarded as a finite segment and the
correction applied may be found in Section 5.9 of this Chapter.

Figure 5.5: Three-dimensional flightpath segmentation.
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5.3.2 Coordinate systems

The entire flight path and the final noise exposure footprints/contours are defined in the
global (inertial) airport reference frame (X,Y ,Z). This is a right-handed Cartesian
frame, with the X − Y defining the ground plane, on which ground observers are
located, and Z defined perpendicular to that plane providing the height (altitude)
spacial dimension. This coordinate system can be seen in Figures 5.5 and 5.6.

In order to calculate the noise along each segment k, we define two local (for each
segment) Cartesian coordinate systems. First, the flight path orthogonal coordinate
system (u, v, w) is defined. The u unit vector is aligned with the kth flightpath segment
(see Figure 5.6 and 5.7). The origin of the (u, v, w) coordinate system is positioned at
way-point WPk, providing reference within the global airport coordinate system
(X,Y ,Z). Let us also define an orthogonal coordinate system (x, y, z), in which for
each k flightpath segment x is the projection of the u axis on the ground horizontal
plane, and the y axis is coincident with the v axis (rotation around the y axis).

The transformation between the two position vectors U = (u v w)T and x = (x y z)T is,

x = ΛyU (5.5)

where Λy is an orthogonal matrix given by,

Λy =

⎡⎢⎢⎣
cos γk 0 − sin γk

0 1 0
sin γk 0 cos γk

⎤⎥⎥⎦ (5.6)

5.3.3 Flight path

Flight path segments are the three-dimensional representation of the aircraft trajectory
as it performs an approach or departure operation. The segments must accurately
capture the geometry of the trajectory, while also the variation of engine power and
speed along it. Each segment has to be defined by the geometrical coordinates of its end
points and the associated speed and engine power parameters of the aircraft (on which
sound emission depends). The location of the end points define the geometry of the
flight path, while the speed, engine power parameters and configuration determine the
appropriate NPD for each segment, and therefore acoustics. The end points of the
segments are called way-points and carry the information about the following segment.
Way-point 1 located at the origin of our (X,Y ,Z) airport coordinate system, and
represents the start/end of a total airport operation. The overall flight path is divided
into k = 1, ...,K, with K representing the total number of segments. The set of
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Figure 5.6: Two views of the three main coordinate systems used in RANE. Airport
system (X,Y ,Z), flight path/segment system U = (u, v, w) and orthogonal projection

of U, (x, y, z).

u

Figure 5.7: Definition of the flightpath Cartesian coordinate system for each segment
k, with respect to the orthogonal projection system (x, y, z)

way-points therefore ranges from 1 to (K + 1) with WPk with the general kth segment
laying between way-points WPk and WPk+1.
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Each segment is characterised by the following:

1. an angle ψ describing the rotation of each segment in the airport plane. Measured
positive counterclockwise from the airport X axis to the segment.

2. an inclination angle γ measured positive above the horizontal X − Y plane.

3. a segment length s.

4. noise radius R, a distance from the aircraft corresponding to the desired Sound
Exposure Level (SEL) noise contour and specified power setting.

5. a directivity function D(θ,φ) describing the sources directional radiation
properties along that segment.

The position of the kth segment depends essentially on the location of the way-point
WPk and the values of γk and ψk it carries. The coordinates of WPk are therefore given
relative to all the proceeding way-points and segments. If (Xk,Yk,Zk) are the
coordinates of the kth way-point in the (X,Y ,Z) airport coordinate system, they may
be estimated by,

⎡⎢⎢⎣
Xk

Yk

Zk

⎤⎥⎥⎦ =
K−1∑︂
k=1

Rkλk (5.7)

where λk = [sk, 0, 0]T is the kth segment location vector before it is rotated into the
correct position according to the angles ψk and γk. Rk is the three-dimensional rotation
matrix given by,

Rk = RZ(ψk)RY (γk)RX(α) =⎡⎢⎢⎣
cosψk − sinψk 0
sinψk cosψk 0

0 0 1

⎤⎥⎥⎦
⎡⎢⎢⎣

cos γk 0 − sin γk

0 1 0
sin γk 0 cos γk

⎤⎥⎥⎦
⎡⎢⎢⎣

1 0 0
0 cosα − sinα
0 sinα cosα

⎤⎥⎥⎦ (5.8)

The rotations of the segments are performed with respect to the airport coordinate unit
vectors as denoted in the individual rotation matrices RZ , RY and RX (RX is essentially
an identity matrix, α = 0, as rotations of a segment about the X-axis do not influence its
location in space). The sum in Equation 5.7 represents the translation of each way-point,
and therefore segment, according to all previous way-points. The angles ψk and γk are
the Euler angles of the rotation matrix with a yaw, pitch, roll convention adopted.

Each way-point location will act as an origin when generating the noise surfaces
corresponding to each segment. Then all noise surfaces will be referenced back into the
airport coordinate system (X, Y , Z).
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In the case where a highly detailed study is required, while at the same time abundance
of data regarding real trajectory geometry is available, 3D curve discretization
techniques may be used to approximate the continuous, finite-length 3-D curve with a
piece-wise linear one. Such methods may be found in [184] and equivalent literature.
However, additional considerations may be required to correct the segmentation
according to performance data, at each location on the flight path.

5.4 Analytical Principles of the noise surface

The fundamental principle of the noise surface method assumes the flightpath for any
given operation may be broken down into a small number of large linear segments along
which flight performance parameters (aircraft and propulsion system) remain constant.
This has the knock-on effect on the noise levels for the majority of all observer locations
on the ground to be dominated by the noise generated by a single large segment. The
large linear segments are mathematically treated as being infinitely long, with the noise
exposure at any given observer being due to the acoustic energy radiated in the
direction of that observer during flight along the infinite segment. The acoustic energy
due to the extremities of the infinite flightpath, that do not belong to the real finite
segment, is subtracted from the exposure levels. This is known as the finite segment
correction, discussed in Section 5.9. Each of the large finite flightpath segments
contributes to the total noise exposure contour, in the area on the ground beneath it.

The origin is placed coincident with way-point 1 of the flight path, which depending on
the type of total operation, departure or approach, is the point just before the
initialisation of the takeoff operation or the stagnation point after a landing operation,
respectively (both excluding any taxiing operations).

A key difference to the standard Doc29 methodology is that the noise surface
methodology includes observers surrounding the flight path and not only directly below,
as in the case of the NPD data.

The following sections detail the process of analytically setting up the flyover and
calculating the noise exposure surfaces for a single segment. This process is then
effectively repeated for all segment of a flight path. The flyover process is demonstrated
for three distinct cases. The simplest case of an omnidirectional noise source, a source
with a polar directivity but axi-symmetric in the azimuthal direction, and finally a fully
three-dimensional source. The first case, is the one implemented by the original RANE
publication [13], however, the derivation and proof of the resulting cylindrical noise
surface does not fully exist in literature. In addition, it acts as baseline for building the
fully three-dimensional case on top of, and as a comparison.
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5.4.1 Flyover procedure overview

The analytical procedure for generating a noise surface corresponds to that of
calculating the noise exposure at a static observer due to an infinitely long flyover event.

The aircraft flies along the u axis of the previously defined segment (u, v, w) frame. A
moving reference frame is defined. This frame corresponds to the aircraft frame.
Correlation of the aircraft frame to the fixed segment frame describes the movement of
the aircraft. The locations of all possible observers in three-dimensional space is given in
this aircraft frame in terms of a spherical coordinate system (θ, φ, r). The definition of
emission angles θ and φ may be seen in Figures 5.8 and 5.9.

Figure 5.8: Polar and azimuthal angles defining observer location. Adapted from [52]

The origin of the aircraft frame is assumed to be at the aircraft CG, defining the
distance r between the observer and the aircraft itself. As is obvious, the relative
location of the observers changes as the aircraft moves through space, and therefore also
will their coordinates in the aircraft reference frame.

Using Figure 5.9 as a reference, let us assume that a test aircraft flies at a fixed engine
power setting j, generating sound power Prad(j) or Sound-Power-Level (PWL) LW (j).
The aircraft reference frame (θ, φ, r) allows the description of every observer, denoted
O, location in space surrounding the infinitely long linear flight path. The shortest
distance of the observer to the flight path is the slant distance dp.

In the case that the observer lies directly below the flight path, within the u−w plane,
as the aircraft flies along this straight flightpath its position with respect to the observer
(or inversely, the observer location with respect to the aircraft) can be defined using the
polar directivity angle θ and the slant distance alone. All observers directly below the
flight path have an azimuthal angle φ = 0. Generally, the instantaneous SPL observed
at position O due to an lumped acoustic source representative of the aircraft is given by
slightly modifying Equation 2.21. It can be seen quite trivially that r is a function of θ
and can be written as, sin θ = dp/r. Therefore we have,

Lp(θ,φ, r) = 10 log

⎡⎣PradD(θ,φ)
r2(θ)

C

⎤⎦ (5.9)
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O

(a) Three-dimensional diagram of flyover in the (u, v, w) frame, with the (θ, φ, r) coordinates also
indicated.

(b) Two-dimensional diagram of the flyover in the u − w plane. This set-up also describes the
typical procedure for obtaining NPD data.

Figure 5.9: Two views of the flight path/segment system U = (u, v, w) and the
flyover procedure.

In this case, Prad represents the acoustic energy emitted across all frequencies and by
extension Lp is defined as an OASPL. The directivity factor as may be recalled from
Chapter 2, is defined as the ratio of the sound intensity in the direction (θ,φ) and the
mean intensity, D(θ,φ) = I(θ,φ)/Ī. For the case of an omnidirectional source the
directivity factor equals 1.

The noise surfaces of interest are essentially contours (or more technically correct,
iso-surfaces) of constant sound exposure levels (SEL) in three-dimensional space. Section
2.1.4 defined the SEL as the time integral over acoustic event interval of the SPL,
normalise to an event period of 1s. However, adapting the definition in Equation 2.25 to
the infinite flyover case we have,

SEL = 10 log
(︃∫︂ +∞

−∞
10

Lp(t)

10 dt
)︃

(5.10)

Substituting Equation 5.9 into 5.10 and performing the following algebraic
manipulations we have,
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SEL = 10 log
∫︂ +∞

−∞

Prad(j)D(θ,φ)
r2 C dt (5.11)

The SEL at the observer location O (and therefore any observer location in space) may
be regarded as a function of three parameters: 1. the sound power emitted by the
aircraft, 2. the direction of observer relative to the aircraft and 3. the slant distance
between the observer and the flight path. Assuming the aircraft operates at a single
power setting and flight condition (indicated by index j), the sound power over the
entirety of the flyover may be assumed constant, and therefore not a function of time.
The directivity function D, and distance to the observer r however, depend on the
aircraft movement and the relative position between the two, and are different at any
given instance of time (D(θ(t),φ) and r(t)).

The SEL at observer O given in expression 5.10 is in terms of the aircraft reference
frame. Assuming that t = 0 occurs at θ = π/2, giving the observer spherical coordinates
of (θ = π/2, φ, r = dp), using Figure 5.9 we introduce the substitution:

r2 = d2
p + u2 = d2

p + (−V t)2 (5.12)

We can now perform the change in integration variable from t to θ,

u = −V t = dp

tan θ

t = − dp

V tan θ

(5.13)
dt

dθ
=

dp

V sin2 θ
(5.14)

Therefore, the sound exposure level at the observer from the flyover in the time interval
between [−∞,+∞] can be expressed as:

LE = 10 log
∫︂ +∞

−∞

Prad(j)D(θ,φ)
d2

p + (−V t)2 C dt

= 10 log
∫︂ π

0

Prad(j)D(θ,φ)C
d2

p + (dp/ tan θ)2
dp

V sin2 θ
dθ

= 10 log
∫︂ π

0

Prad(j)CD(θ,φ)
dp(1 + 1/ tan2 θ)V sin2 θ

dθ

= 10 log Prad(j)C

V dp

∫︂ π

0
D(θ,φ) dθ

(5.15)
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5.4.2 Case 1: Isotropic/omnidirectional sources

The first and simplest case, is that of an isotropic source, D = 1. This is the main
assumption of RANE, and it results in noise exposure surfaces of cylindrical
cross-section surrounding the flight path. The procedure of actually proving this has not
been documented. Therefore, when the source is isotropic Equation 5.11 gives,

Leq,1 = 10 log Prad(j)C

V dp

∫︂ π

0
D(θ) dθ

= 10 log Prad(j)C

V dp

∫︂ π

0
dθ

= 10 log πPrad(j)C

V dp

(5.16)

All observer positions at distance equal to the slant distance dp away from the flightpath
will experience a Sound-Exposure-Level of Leq,1. All these observer locations define the
surface of a cylinder of radius dp around the flightpath. This is what we define as the
noise surface, and in the case of an omnidirectional source it takes the shape of a
cylinder.

To prove this, we begin by using the definition of the flightpath coordinate system
(u, v,w) and an equivalent cylindrical coordinate system (dp,ϕ,u) with the longitudinal
axis being the u axis. The correspondence between the two systems is,

u = u (5.17)

v = dp cosϕ (5.18)

w = dp sinϕ (5.19)

with

dp =
√︁
v2 +w2

=⇒ d2
p = v2 +w2

(5.20)
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Using Equation 5.16 and solving for dp, we have,

Leq,1 = 10 log πPrad(j)C

V dp

10
Leq,1

10 =
πPrad(j)C

V dp

dp =
πPrad(j)C

V 10
Leq,1

10

(5.21)

Using the conversion from cylindrical coordinates to Cartesian,

v2 +w2 =

(︄
πPrad(j)C

V 10
Leq,1

10

)︄2

(5.22)

As the right-hand-side of Equation 5.21 is a constant, the equation is that of a circular
cylinder with central axis coincident with the flightpath and radius,

Rn =
πPrad(j)

V 10Leq,1/10 (5.23)

Equation 5.23 is the definition of the noise radius Rn for the omnidirectional case. As
can be seen, the radius of the cylinder depends on the aircraft power setting and the
sound-exposure-level we are looking to create a contour for. As the cylindrical surface is
a quadratic form, an elegant way of representing it would be in matrix form,

UT SU = R2
n (5.24)

where U = [u v w]T is the position vector and the orthogonal matrix,

S =

⎡⎢⎢⎣
0 0 0
0 1 0
0 0 1

⎤⎥⎥⎦ (5.25)

5.4.3 Case 2: Directive Source in Polar angle, θ

For the second case, we assume that the source directivity varies with the polar angle θ,
but remains constant in the azimuthal angle. Therefore, the flightpath is essentially a
rotational symmetry axis, as the only variation occurs in plane with the flightpath. The
SEL at the observer location O, can therefore be calculated by:
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Leq,1 = 10 log
∫︂ 1

0
10

Lp(t)

10 dt

= 10 log
[︄

Prad(j)C

V dp

∫︂ π

0
D(θ) dθ

]︄ (5.26)

Assuming
∫︁
D(θ) dθ = I,

Leq,1 = 10 log
[︄

Prad(j)C

V dp
I

]︄
(5.27)

Independently of the form/shape of the directivity function, the value of the definite
integral will be constant as there is no azimuthal dependence. Again the SEL is constant
and does not depend on the directivity angle θ. All observer locations at distance equal
to dp from the flightpath will experience the same exposure level. Once again this
defines a surface of cylindrical shape of radius dp around the flightpath. This is an
interesting conclusion, as the sources polar directivity does not affect the shape of the
noise surface, and therefore it does not affect the shape of the contours on the ground.
However, it does affect the noise radius, and therefore the distance from the flightpath at
which the required noise level occurs.

The implication of the Leq,1 not depending on the polar angle, as in Cases 1 and 2, in
modelling airport noise using noise exposure surface can be summarised by the finite
segment error and the segment interaction error in Sections 5.9 and 7.2.3. Effectively, all
points on the generated contour from a noise surface, are exposed to the same D(θ)/r
relationship through the flyover event. Explicitly, this means that the maximum noise
immission angle is the same for all observer on the contour, and it occurs at the same
distance for all observers.

5.4.4 Case 3: Totally anisotropic sources

Finally, we introduce a variation of the noise emission in the azimuthal direction φ, as
well as the polar one. This is the definition of a three-dimensional source. The SEL at
any observer in space can be obtained by the expression in Equation 5.15.
Independently of the dependence of D on the polar angle θ, as the single definite
integral is evaluated with respect to θ, the azimuthal angle φ may be treated as a
constant. Therefore, we essentially get an anti-derivative function DF (θ,ϕ) for which,

∂DF (θ,φ)
∂θ

= D(θ,φ) (5.28)

and the integral can then be evaluated as,
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∫︂ π

0
D(θ,φ) dθ =

[︃
DF (π,φ) −DF (0,φ)

]︃π

0

= f(φ)

(5.29)

Substituting this into 5.15, and using the noise radius nomenclature instead of the slant
distance,

LE = 10 log
[︄

Prad(j)C

V dp
f(φ)

]︄
(5.30)

This indicates that for an directional source, the SEL at any observer location is a
function of the azimuthal position of that observer with respect to the flightpath. The
polar dependence has been eliminated, through the integration. This expression 5.30
also serves as the definition of the noise surface itself.

Equation 5.30 can be solved for dp,

LE = 10 log
[︃

Prad(j)C

V dp
f(φ)

]︃

10
LE
10 =

Prad(j)C

V dp
f(φ)

dp =
Prad(j)C

V 10
LE
10

f(φ)

(5.31)

Using the same cylindrical frame (dp,ϕ,u) as previously and transforms in Equations
5.17 to 5.19,

v2 +w2 =

(︄
Prad(j)C

V 10
LE
10

f(φ)

)︄2

(5.32)

The right-hand-side of Equation 5.32 is a function of azimuthal angle (observer lateral
position), the equation is similar to that of a cylinder with central axis coincident with
the flightpath with the major difference that the radius is not constant,

v2 +w2 = R2
isoD

2
Λ(φ) (5.33)

Riso represents the noise radius of an isotropic source of equal sound power, travelling
speed and dB SEL contour requirement. As in RANE the Riso is calculated using NPD
databases using the power setting P , aircraft speed V and required SEL contour dB,
using Equation 5.3. As will be discussed later in this Chapter, DΛ(φ), the function
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responsible for the azimuthal radiation of the source can be inputted in both, analytical
and numerical forms. Section 5.5 explores the use of Spherical Harmonics as directivity
functions. Spherical harmonics prove to be an interesting way of representing a
three-dimensional directive source due their analytical properties (expansion capabilities
and others) and ease of coefficient interpolation from numerical data or measurements.

Finally, a much more elegant way of representing the noise surface would be in matrix
form, as this will make translations and rotations of the surfaces much more
straightforward.

UT SU = R2
isoD

2
Λ(φ) (5.34)

where U = (u v w)T is the position vector and the orthogonal matrix,

S =

⎡⎢⎢⎣
0 0 0
0 1 0
0 0 1

⎤⎥⎥⎦ (5.35)

The term DΛ(φ) can also be converted to the orthogonal (u, v,w) system by using
Equations 5.17 to 5.19, giving UT SU = R2D2

Λ(u, v,w).

This result can be interpreted in a couple ways:

• All observer positions whose position is defined by the same azimuthal angle will
experience the same exposure level.

• The distance from the flightpath at which the same constant exposure level is now
not equal to the slant distance RSL for all observers, but it depends on the
azimuthal position and therefore the result of the integration,f(φ) in Equation
5.30.

These two points help illustrate that the noise surface does not take the shape of a
cylinder with a circular cross-section anymore, rather a cross-section of a shape that
depends on the azimuthal (or lateral) directivity of the source, Figure 5.10. It is worth
remembering that the noise surfaces represent observer locations in space, at which the
SEL has the same value (essentially three-dimensional contours).

5.4.5 Constructing the final footprint/contour

The final footprint/contour for any given three-dimensional trajectory consisting of K
flight path segments is composed of the contributions of each segment. Equation 5.33
gives the noise surface for each k segment in the coordinate system U. This coordinate
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(a) The noise surface of an isotropic or directional in the polar angle noise source.
The cross section of the surface is a circle, therefore constant exposure levels always

occur at the same minimum distance from the flightpath.

(b) The noise surface of an azimuthaly directional noise source. The cross section of
the surface is no longer a circle, therefore constant exposure levels do not always

occur at the same minimum distance from the flightpath.

Figure 5.10: Diagrams illustrating the difference between noise surfaces resulting from
iso-tropic and aniso-tropic noise sources.

system is segment specific and must be related to the global airport coordinate system
through a series of transformations (see Figure 5.11).

A Noise Footprint/Contour is defined as a 2D line of constant value of sound exposure
level (dB) around an airport. The noise footprints/contours will be composed of
contribution due to each of the various segments, and the various pieces of the contour
must be determined and suitably pieced together to generate the complete contour.

The noise surface in terms of the horizontal projection coordinates, x = (x, y, z)T is
given by a rotation about the v (or y) axis, using the following transform:

U = ΛT
y x =

⎡⎢⎢⎢⎣
x cos γ − z sin γ

y

x sin γ + z cos γ

⎤⎥⎥⎥⎦ (5.36)
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Equation 5.33 may therefore be written as,

xT ΛySΛT
y x = R2DΛ(ΛT

y x) (5.37)

With the use of Equation 5.37 each segment k has now been rotated with respect to the
segments’ inclination angle within the airport system. The final two transforms are
translation of the segments to their correct position in three-dimensional space according
to the trajectory geometry and a final rotation about the Z axis to account for
trajectory turns. Figure 5.11 depicts all K noise surfaces of a given flight path, after the
required transforms. The result is a completely surrounded flight path.

First, the intersection between each noise surface k and the airport plane Z = 0 is
calculated. This intersection provides the 2-D (line) contribution to the total footprint
of segment k. This is achieved by partitioning x such that x = (x y : 0)T . Recalling
that each k flightpath segment is characterised by an angle of rotation in the horizontal
plane ψk, then the final transform to each segment is,

X = RZ(ψk)x + ∆x (5.38)

where X = [Xk, Yk]
T the airport coordinate position vector, ∆x = [∆x, ∆y]T the

horizontal projection positions vector and RZ(ψk) the rotation matrix about the Z axis.

The components of the translation vector ∆x are equal to the X and Y components of
the waypoint WPk, resulting from Equation 5.7. The final contour is stitched together
on to the airport coordinate system ground plane (X,Y ). An illustration of the
processes may be seen in Figure 5.16. The three individual noise surfaces (green, purple
and yellow) may be seen in Figure 5.16a, in the airport frame. Figure 5.16b shows the
resulting contours of said noise surfaces after the intersection with the airport ground
plane (X - Y) has been taken.
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(a) Individual noise surface coordinate systems of a flight path composed of three segments.

(b) Pre-processed, infinitely long cylindrical noise surfaces surrounding the segments
of a discretised flight path.

Figure 5.11: Illustrations of noise surfaces surrounding the flight path.
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5.5 Modelling Source directivity function using Spherical
Harmonics

In order to try and use the previous derivations to generate noise contours on the
ground for anisotropic noise sources, we need a directivity function that describes the
source behaviour. An interesting way to do this is to use spherical harmonics. Their
useful analytical properties and ability to decompose any function defined on a sphere in
a sum of spherical harmonics allows for multiple ways of testing and verifying the model.
Previous studies [185][186][187],that used spherical harmonics to define a three
dimensional source proved effective, although the implementation does differ slightly to
the one presented here.

Spherical Harmonics are special functions defined on the surface of a sphere. They form
a complete set of orthogonal functions and thus an orthonormal basis. Every function
defined on the surface of a sphere can be written as sum of these spherical harmonics.
As our directivity function is a two-dimensional surface in three-dimensional space,
spherical harmonics are appropriate to describe it.

We define the complex sound emission in the direction defined by the two angles θ and φ
using a decomposition into contributions of spherical harmonics:

D(θ,φ) = 1
N

⃓⃓⃓⃓
⃓

n∑︂
ℓ=0

ℓ∑︂
m=0

Am
ℓ Y

m
ℓ (θ,φ)

⃓⃓⃓⃓
⃓
2

(5.39)

where N is a normalisation factor to ensure unit power.

The directivity function, D(θ,φ) is given in terms of different contributions of Spherical
Harmonics Y m

ℓ and coefficients Am
ℓ describing the magnitude of contribution of each

harmonic. Using the conventional notation, spherical harmonics are defined on a
spherical coordinate system, with angles θ, φ representing the colatitude and longitude,
respectively. The colatitude θ, is defined from 0 on the flightpath in front of the aircraft
to π on the flightpath behind the aircraft (0 ≤ θ ≤ π), whereas the longitude φ or
azimuth may assume all values (0 ≤ φ ≤ 2π) around the flightpath (same convention as
used to define observer locations in Figure 5.8).

As we have introduced an orthogonal flightpath coordinate system (u, v,w), the
spherical harmonics coordinate system (θ,φ) is related to it by,

φ = arctan
(︃
v

u

)︃
(5.40)

θ = arccos
(︃

w√
u2 + v2 +w2

)︃
(5.41)
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or inversely,
u = sin θ cosφ (5.42)

v = sin θ sinφ (5.43)

w = cos θ (5.44)

Now the directivity function has been defined in the two useful coordinate systems we
can further refine it to fit our purpose. As mentioned, the directivity function is a ratio
of the sound intensity in the direction (θ,φ) and the mean intensity. Therefore, to retain
this property we must ensure the D(θ,φ) is normalised in a way, so the overall acoustic
power emitted is unaffected. This condition is satisfied if the integration over the entire
spherical surface surrounding the source returns the power of the source,∫︂

S

PradDs

4π dS = Prad(j) (5.45)

or in terms of the directivity function, D(θ,φ),∫︂
S
D(θ,φ) dS = 1 (5.46)

We take the square of the magnitude as we are dealing with intensity ratios rather than
pressure ratios. The normalisation factor N ensures that this condition is satisfied.

We have now fully defined our directivity function in terms of spherical harmonics. In
order to calculate the noise-surface and therefore noise contours on the ground of such a
source, we need to follow the flyover procedure described previously and calculate the
exposure levels at different observer locations. This will define the noise surface of the
anisotropic source.

LE = 10 log Prad(j)C

V R

π∫︂
0

D(θ,φ)dθ

= 10 log Prad(j)C

NV R

π∫︂
0
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ℓ∑︂
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2

dθ
(5.47)

But, as spherical harmonics are complex functions we have,
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(5.48)
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In order to demonstrate the analytical calculation of the integral in Equation 5.47, the
spherical harmonic expansion has to be truncated, to limit the amount of terms in the
product of the complex sum times its conjugate in Equation 5.48. Therefore, we limit
the degree ℓ of the spherical harmonic expansion to just 1, this means for this specific
demonstration the directivity function will be built of combinations of a monopole the
three different dipoles. So,

⎛⎝ 1∑︂
ℓ=0

ℓ∑︂
m=−ℓ

Am
ℓ Y

m
ℓ (θ,φ)

⎞⎠⎛⎝ 1∑︂
ℓ=0

ℓ∑︂
m=−ℓ

Am
ℓ Y

m
ℓ (θ,φ)

⎞⎠∗

=

= (A0
0Y

0
0 +A−1

1 Y −1
1 +A0

1Y
0

1 +A1
1Y

1
1 )(A

0
0Y

0
0 +A−1

1 Y −1
1 +A0

1Y
0

1 +A1
1Y

1
1 )

∗

= A0
0Y

0
0 (A

0
0Y

0
0 )

∗ +A0
0Y

0
0 (A

−1
1 Y −1

1 )∗ +A0
0Y

0
0 (A

0
1Y

0
1 )

∗ +A0
0Y

0
0 (A

1
1Y

1
1 )

∗

+A−1
1 Y −1

1 (A0
0Y

0
0 )

∗ +A−1
1 Y −1

1 (A−1
1 Y −1

1 )∗ +A−1
1 Y −1

1 (A0
1Y

0
1 )

∗ +A−1
1 Y −1

1 (A1
1Y

1
1 )

∗

+A0
1Y

0
1 (A

0
0Y

0
0 )

∗ +A0
1Y

0
1 (A

−1
1 Y −1

1 )∗ +A0
1Y

0
1 (A

0
1Y

0
1 )

∗ +A0
1Y

0
1 (A

1
1Y

1
1 )

∗

+A1
1Y

1
1 (A

0
0Y

0
0 )

∗ +A1
1Y

1
1 (A

−1
1 Y −1

1 )∗ +A1
1Y

1
1 (A

0
1Y

0
1 )

∗ +A1
1Y

1
1 (A

1
1Y

1
1 )

∗
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Substituting Equation 5.49 in the integral of Equation 5.47, the calculation can be
broken down into the sum of much simpler integrals, the first integral for example:

∫︂ π

0
A0

0Y
0

0 (A
0
0Y

0
0 )

∗ dθ (5.50)

All 16 of these integrals are similar and their calculation follows the same procedure. For
demonstration, three of these integrals will be analytical calculated here. For the rest,
only the final result will be shown.

To begin, we look at the definition of spherical harmonics. Spherical harmonic are the
angular solutions to Laplace’s equation in spherical coordinates. They are essentially
trigonometric functions which can be represented as a complex exponential, and
associated Legendre polynomials as follows,

Y m
ℓ = Nm

ℓ e
imφPm

ℓ (cos θ) (5.51)

as mentioned, ℓ represents the degree of the spherical harmonic and m the order. Pm
ℓ

are the associated Legendre polynomials, while Nm
ℓ is a normalisation factor.

Legendre polynomials Pm
ℓ (x) are the canonical solutions of the general Legendre

equation. By re-parameterising in terms of angles, by letting x = cos θ we get the more
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useful form of the functions that also appears in the Spherical Harmonic definition
above. The first few polynomials, parameterised this way can be seen below,

P 0
0 (cos θ) = 1

P 1
0 (cos θ) = cos θ

P 1
1 (cos θ) = − sin θ

(5.52)

Also to include the term for negative values of m, we can use the following expression
[180],

P−1
1 (x) = −1

2P
1
1 (x) (5.53)

Expressions 5.51 to 5.53 allow for the integrals to be simplified into integrals involving
combinations of trigonometric functions that can easily be evaluated using techniques
such as integration by parts.

1st Integral: The first integral to evaluate is a diagonal term,
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(5.54)

2nd Integral:
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3rd Integral:
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Frequency dependence on directivity

A more general problem that the current version of RANE v2 does not address is the
dependence of directivity on frequency. The use however, of the spherical harmonic
representation of a source allows the methodology to be easily extendable to account for
this frequency dependence. Assuming for example a 1/3rd octave source spectrum, each
individual band could be allocated a three-dimensional directivity function in the form
of a spherical harmonic expansion. The lumped source directivity would then be given,
by not only the sum over the individual source directivity but also the sum over the
directivity of each frequency band. This implementation forms part of the future work.
The use of a single lumped source directivity for all spectral bands conforms with the
methodology within ECAC Doc29, the ANP database and computational methodology
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within SAE-AIR 1845 [89] for the generation of NPD curves, and extends it to lateral
location with the inclusion of azimuthal directivity.

Two additional points are interesting relative to this observation:

• the measured NPD spectral data (including the data available in the ANP
database) used by RANE and AEDT as common practice (defined in Doc29)
ignores this relationship,

• the definition of a fully three-dimensional spectral content would, in many cases,
require detailed knowledge and inputs that are not commonly available at the
point of application of RANE. The wider capability developed within the authors’
research group allows for the use of baseline spectral data (such as data present in
the ANP) along with noise prediction methods for the individual sources that
make up the total source to modify the spectral content, and a directivity function
to account for differences in the source spectral content. This methodology,
however, is out of the scope of the present thesis, and still lacks the complete
dependency of directionality on frequency in the far-field.

5.6 Power setting variation over time

One of the assumptions made in RANE is that flight parameters (such as inclination
angle, segment length, power setting etc.) remain constant on each kth segment.
Although this is a reasonable assumption for current aircraft as flight paths can easily be
broken down into linear segments whose parameters do not vary much from one to
another. When dealing with vehicles capable of vertical takeoff and landing there are
regions of their operational procedures (e.g. transition from vertical flight/hover to
horizontal) where the flight mechanics and performance changes significantly. In order
to be able to study and understand these flight regimes and their effect on the ground
contours we need to treat them slightly differently and allow some performance and
acoustical parameters to vary within them, rather than assuming they are constant.

In this section we will look at how to treat a flight path segment where the power
setting is allowed to vary along the length of it. This corresponds to a typical cut-back
procedure that occurs in current fixed-wing aircraft operations, typically at takeoff while
performing NADP 1 & 2 (see Section 2.5).

In terms of the analysis preceding this section, the power-setting of an aircraft flying
along the kth of its flightpath manifests itself through the radius Rn of the constant
sound-level noise surface. The evaluation of this radius Rn comes as a result of a
combination linear and logarithmic interpolations between two tabulated power-settings
on the NPD database for the particular aircraft, for which the sound-levels are provided
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at some set of distances and power-settings. In short, the noise radius Rn is a function
of the power setting. This in tern means that if the power-setting is allowed to vary
along a segment then the radius will also vary along the length of the segment.

In RANE the flight parameters of the kth segment are defined at the waypoint (WPk)
at the start of it. This means that for a cut-back example where the power drops from
100% to 70% the change will occur instantaneously at the start point of the segments
with the power reduction in effect, Figure 5.15a. This procedure can be modelled more
realistically without increasing the computational power required by assuming the power
is allowed to linearly vary between the two power settings. This can be achieved by
modelling the noise surface as a quadratic form cone.

The general equation for horizontal circular cone with apex at origin, Figure 5.12,

y2

a2 +
z2

a2 − x2

b2 = 0 (5.57)

Figure 5.12: Generic conical noise surface defined by lengths a and b.

where b is the distance in the x directions at which the cone has a cross-section of radius
a. In order for this quadric surface to be useful for this application it needs to be
transformed into a form where it can be defined by the noise radius Rn,1 at the start
(located at the origin of the coordinate system) of a segment with length s and the noise
radius Rn,1 at the end of the segment. The two radii Rn,1 and Rn,2 corresponding two
the two different power settings.

Therefore in terms of Equation 5.57, we require the values a and b that will give us a
conical surface which rate of increase in radius matches our requirements (Rn,1,Rn,2 and
s).

Assuming the radius Rn,1 = a on the cone with apex at the origin, we only require the
value of b in order for Rn,2 to occur at a distance s from Rn,1. b can be given by,

b =
Rn,1
tan θ (5.58)

but tan θ can be calculated by

tan θ = Rn,2 −Rn,1
(b+ s) − b

=
Rn,2 −Rn,1

s
(5.59)
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(a) Conical surface define by radii Rn,1,Rn,2 and segment length s.

(b) Shifted conical surface, with Rn,1 radius cross-section appearing in
the y-z plane.

Figure 5.13: Conical noise surface coordinate shift.

Therefore substituting everything into Equation 5.57 and performing a translation in
order for radius Rn,1 to be at the origin and the cross-section with radius Rn,2 will be
positioned at x = s we have,

y2

R2
n,1

+
z2

R2
n,1

− (x− b)2

b2 = 0 (5.60)

where
b =

Rn,1
Rn,2 −Rn,1

s (5.61)

To demonstrate the capabilities of the power variation along a segment, a takeoff
operation with cutback is presented. The example is taken from the original work of
Stewart and Carson [182], the input data is presented in tabular form in Table 5.1 as
well as a visualisation of the takeoff flight path, Figure 5.14.

Using both the original RANE model and the conical surface modification the contour of
this operation is calculated on the ground. As evident from the data in Table 5.1, the
noise radius changes from segment 2 to 3. This has the effect of causing a discontinuity
in the contour lines calculated by RANE, Figure 5.15a. Using the conical surface instead
of a circular cylinder, segment 2 can be adjusted to vary over time, using segment 2
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Table 5.1: Flightpath segment parameters.

Segments
1 2 3

s, m 1828.8 6096 6096
γ, deg 0 7.5 3
θ, deg 0 0 0
T , % 100 100 70
Rn, m 3242.77 3242.77 1645.92

Figure 5.14: Flight path generated with three segments.

(a) Original RANE prediction (b) Conical noise surface implementation

Figure 5.15: Noise exposure contour for takeoff operation including thrust cut-back.
Comparison between original RANE and version 2.

noise radius as the starting noise radius and segment 3 noise radius as the end; thus the
transition between power settings can be modelled more realistically. The contours can
be seen side by side in Figure 5.15, where the difference can be observed in segment 2
(blue colour). Verification of the use of conical surfaces for linear power variation may be
achieved using the methods presented in Chapter 7. Benchmarking against the AEDT
model, demonstrates a more realistic application of the conical surface, where shorter
segments are used with gradual power variation.

The modifications presented in the previous section can be applied at the same time on
a segment allowing a directive source to vary its power setting with time. This gives rise
to the question, “how does the directivity of the source vary with time and how can it
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(a) Conical surface representing a power setting transition (purple), between two
constant power cylindrical surfaces. The intersection with the ground plane (grey)

is also pointed out.
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(b) Noise footprint on the ground plane as a result of the intersection of the noise
surfaces with it.

Figure 5.16: Demonstration of power transition segment and its effect on the ground
contour.

be modelled?”. As an aircraft’s power setting is changed, the parameters that influence
the individual noise sources are also modified. Sources that were previously dominant
may lose intensity and others may prevail. This has the effect of changing the overall
directivity of the aircraft in favour of the dominant’s source directivity. Finally, example
aircraft such as tilt-rotors, where after the transition from hover to horizontal flight, the
propellers rotate from a position of providing 100% lift (hover) to a position where they
are only required to produce enough thrust for the fixed wing to generate the lift. In
this situation, a power setting alteration is performed as well as the main noise source is
rotated about some axis, causing the acoustic energy to be emitted in different
directions that previously. The effects are talked about in the next Chapter.
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5.7 Contour area

The total noise contour area due to the total of K segments is given by,

AT =
N∑︂

n=1
Ak (5.62)

where Ak is area corresponding to the contribution of the kth segment. An analytical
solution for the estimation of the area of each segment k may be achieved by the use of
Equations 8.4b, 8.4b and solving for y. Then the area of the kth could be estimated by,

Ak = 2
∫︂ end k

ini k

y(x)dx (5.63)

as presented in [13] and [182]. However, y(x) is a function of the azimuthal directivity
function DΛ(φ) resulting from the integration over the polar angle. When using
spherical harmonics as an initial directivity function, the resulting azimuthal directivity
will contain contributions from all the diagonal and off-diagonal terms as seen in section
5.5. The long integration may be avoided by using numerical integration techniques, in
this case the trapezoidal rule, and the result of section 5.5 are analytical techniques
expressions for the contour positions. The only parameter required for the integral in
Equation 5.63 to be estimated numerically are the limits of integration. These may be
estimated by the use of the method proposed in [13] and [182] or by using the
coordinates of the waypoints calculated earlier in this Chapter.

5.8 Contour Extremities

The regions of the contour where the contributions from two different segments meet are
of special interest. In many cases (e.g. turns, power setting changes) discontinuity of the
contour arises and the transition from one segment to another is not smooth. The lack
of predictive ability of the model in these regions is due to the segment interaction error
discussed in Chapter 7. The noise at the observer locations in these regions is heavily
influenced by both the preceding flightpath segment and the following one.

In order to model these connection regions a simple spline was used, defined by points
on the contours of both the segments adjacent to the region. These points, also called
control points of the spline, are chosen as points on their respective segments where
negligible contribution to noise exposure has occurred from other segments (or sound
exposure at these points is predominantly due to the aircraft flying along the segment
they belong to). The simple splines used are called Bezier curves. They are parametric
curves defined by a set of control points. The first, P0 and last Pn control points are
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Figure 5.17: Modelling of connecting regions through the use of Bezier curves.

always the end points of the curve; however, the intermediate control points (if any)
generally do not lie on the curve. The number of control points also defines the order of
the curve (n = 1 for linear, 2 for quadratic, etc.). Figure 5.17 shows two example
calculations where Bezier curves were used to model the segment connection regions.

For the contour application, the first and last control points are chosen on the contours
of the two connecting segments respectively. The order of the curve and therefore the
total number of control points is determined by the type of transition between the two
segments. It can be seen that in Figure 5.17 on the left, two types of Bezier curves have
been used. The green ones using 4 control points (cubic curve) are modelling the
transition from one Noise radius to another. While for a turn transition of the same
radius, where the contours mostly match up but a slight miss-alignment occurs, the
transition can be modelled using a quadratic (or just three control points) curve, as in
the right-hand-side of Figure 5.17. When a noise radius change occurs, a huge
discontinuity in the contour is present (a step type discontinuity). This type of
transition requires an extra control point for a smooth contour to be modelled.

The exact definition of the locations of the Bezier curve control points is still under
investigation. The current implementation uses the following main constraints in the
positioning of P0 and Pn:

• P0 and Pn must be located on the contour lines generated by the two segments of
interest. One on each.

• For P0 and Pn defining a single Bezier curve, the azimuthal locations relative to
the corresponding flightpath segments should lie in the same interval,
(−90◦ < φ < 0) for the port side or (0 < φ < 90◦) for the starboard side.

• the resulting curve is tangent to the predicted contour at the points P0 and P1,
while not intersecting any of predicted contours.
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Figure 5.18: Two different cases of using Bezier curves to approximate segment
connections compared to the grid-method (See following Section).

• finally, the location of P0 and P1 along the length of each segment is determined
based on the location of the corresponding contour’s centroid, adjusted by the
ratio of two contour areas.

At the moment the only weighting factors used in the definitions of the Bezier curves to
manipulate the curvature and slope are to ensure the tangent condition at P0 and P1.

It is understood that the implantation of the Bezier curves generally increases area of
the predicted contour, as would be expected when correcting for the segment interaction
error. In the vast majority of cases, especially the cases used for the bench-marking of
RANE v2, the Bezier curve corrections deal with the large discontinuity corrections at
the expense of introducing errors, as a result of the control point choice. Smaller errors
may occur in the case of complicated directivity (especially static start-of-roll
directivity) where possibly introduces smoothing effects. For a real flight path however
predictions, using relatively high number of discretisation points (and therefore
segments) the discontinuities addressed by the Bezier curves are smaller and less
pronounced, counteracting the smoothing effect.

To demonstrate the effectiveness of Bezier curves for the modelling of the connecting
regions between segments two different examples are presented in Figure 5.18, both
implementing different combinations of transitions. The contours are compared against
an in house grid-point method, introduced in the validation Chapter 7.

5.9 Finite Segment Correction

The finite segment correction ∆F is present in all integrated airport noise models. In the
case of the standard methodology described within Doc29 [34], the correction factor
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adjusts the NPD level to what it would be if the aircraft traversed the finite segment
only. Another way of interpreting the correction, is to assume that the aircraft is totally
silent for the remainder of the infinite flight path. This trivially gives the finite segment
correction a negative sign as it acts to reduces the level corresponding to the infinite
flyover to that of the finite fraction.

The notion that the finite segment is a fraction of the infinite flight path, lends its self to
the definition of the energy fraction, F . The energy fraction is used in the definition of
the finite segment correction and corresponds to the ratio of acoustic energy emitted
within the limits of the finite segment over the energy emitted during the total infinite
flight path. The finite segment correction (FSC) factor is then simply given (in dB) by,

∆F = 10 log10 F (5.64)

In Doc29, a very general assumption is made about the aircraft directivity in order to
analytically calculate the FSC. A fourth-power 90-degree dipole model of sound radiation
is used for every aircraft and application. This results in an expression for the FSC,

∆F = 10 log10

⎡⎣ 1
π

⎛⎝ α2
1 + α2

2
+ arctanα2 − α1

1 + α2
1

− arctanα1

⎞⎠⎤⎦ (5.65)

with

α1 = − q

dλ

α2 = −q− λ

dλ

dλ = d0 · 10[LE∞(P ,dp)−Lmax(P ,dp)]/10

d0 =
2
π
Vref t0

(5.66)

where q is distance along the horizontal axis of the aircraft frame (same as in Figure
5.9), dlambda is the scaled distance and will be further defined in the following section.
LE∞(P , dp) and Lmax(P , dp) correspond to the NPD levels of exposure and maximum
levels of interest. Finally, d0 is the reference distance given by the reference speed Vref

of 82.31 m/s.

The dipole assumption, in the authors viewpoint, is an attempt to include directivity
effects in the calculation of the FSC factor in an efficient and computationally
cost-effective way. However, not all air vehicles directivity radiation patterns are
described by 90-degree dipoles. Real aircraft have complex three-dimensional radiation
patterns. This effectively changes the fraction of energy that is observed at any given
observer location as aircraft traverses the finite segment of the flight path.
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The following section derives a generalisation of the FSC factor to include
three-dimensional directivity patterns. As in Section 5.5, the directivity is expressed in
terms of a spherical harmonics expansion.

5.9.1 Derivation of finite segment correction for three-dimensional
directivity patterns

As already defined, the FSC factor is a function of the energy fraction, F . The noise
exposure at any observer location on the ground as a result of an infinite flyover is
denoted E∞. Whilst the noise exposure corresponding from a finite flight path segment
(Figure 5.19) may be denoted E. The definition of the energy fraction as a ratio
therefore suggests that,

E = F ·E∞ (5.67)

The exposures of both the infinite and finite flight paths may be expressed as the time
integrals of the instantaneous SPLs,

F =

t2∫︁
t1

10[Lp(t)/10] dt

∞∫︁
−∞

10[Lp(t)/10] dt
(5.68)

Note, integrands for both numerator and denominator are the same, as the source
characteristics are the same. The difference occurs in the integration limits. On the
numerator the interval [t1, t2] denotes the period over which the aircraft traverses the
finite segment of interest. Using the instantaneous SPL definition from Equation 2.21,
the energy fraction may be re-written as,

F =

t2∫︁
t1

PradD(θ(t),φ)
r(t)2 C dt

∞∫︁
−∞

PradD(θ(t),φ)
r(t)2 C dt

(5.69)

The acoustic power radiated is a constant and may therefore be moved out of the
integrals in both numerator and denominator. Assuming the directivity function takes
the form of an spherical harmonic expansion, such as the one in Equation 5.39 the
individual integrals take the forms,
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Figure 5.19: Finite segment correction geometry diagram.

t2∫︂
t1

D(θ(t),φ)
r(t)2 dt =

t2∫︂
t1
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⃓ n∑︁
ℓ=0

ℓ∑︁
m=0
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ℓ (θ(t),φ)
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⃓
2

r(t)2 dt (5.70)

∞∫︂
−∞

D(θ(t),φ)
r(t)2 dt =

∞∫︂
−∞

⃓⃓⃓⃓
⃓ n∑︁
ℓ=0

ℓ∑︁
m=0

Am
ℓ Y

m
ℓ (θ(t),φ)

⃓⃓⃓⃓
⃓
2

r(t)2 dt (5.71)

Both integrals in Equations 5.70 and 5.71 are identical to the integral evaluated when
generating the noise surfaces in Section 5.4, despite the different limits of the finite
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segment one. Again, the infinite series of harmonics must be truncated appropriately.
For calculation demonstration purposes the degree ℓ = 1, limiting the total amount of
terms to 16.

The procedure of calculating integrals over the interval [−∞, +∞] such as the ones in
Equation 5.71 is out lined in Section 5.4 where the integration variable is changed to θ
and the interval [0, π]. A list of the 16 integrals can be seen in Appendix E.

For the estimation of the integrals in Equation 5.70 a similar technique to the approach
in Doc29 is used (Noting: the same integrals in θ could be used with the appropriate
limits instead of the following approach. However the following method gives a better
insight on the geometry of the problem). The integration variable is changed to α, an
non-dimensional distance representative of the “finiteness” (measure of how finite) of the
segment of interest.

To begin, the integral of Equation 5.70 may be written as the truncated sum of
individual spherical harmonic integrals,

t2∫︂
t1

⃓⃓⃓⃓
⃓ n∑︁
ℓ=0

ℓ∑︁
m=0

Am
ℓ Y

m
ℓ (θ(t),φ)

⃓⃓⃓⃓
⃓
2

r(t)2 dt =

=

t2∫︂
t1

(A0
0Y

0
0 (θ(t),φ))2

r(t)2 dt+ ... +
t2∫︂

t1

(Am
ℓ Y

m
ℓ (θ(t),φ))2

r(t)2 dt

= I1 + ... + IΛ

(5.72)

where Λ = [(2ℓ+ 1) + (2(ℓ− 1) + 1) + ...]2 denotes the total amount of terms (integrals).
The sum includes all off-diagonal terms, as well as the diagonal ones. With the identical
treatment of the spherical harmonics Y m

ℓ , each integral may be simplified to,

I1 =

t2∫︂
t1

(A0
0Y

0
0 (θ(t),φ))2

r(t)2 dt = (A0
0)

2(N0,0
y )2

t2∫︂
t1

1
r(t)2 dt (5.73)

similarly,

I2 =
1
2A

0
0A

−1
1 N0,0

y N1,−1
y eiφ

t2∫︂
t1

sin θ
r(t)2 dt (5.74)

I3 = A0
0A

0
1N

0,0
y N1,0

y

t2∫︂
t1

cos θ
r(t)2 dt (5.75)
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The evaluation of the time integral in this case will be performed using the following
substitutions,

r2 = d2
p + (−V t)2 (5.76)

α =
V t

dp
(5.77)

The integrals take the following forms (constants/coefficients omitted),

I1 =
1
V dp

α2∫︂
α1

1
1 + α2 dα

=
1
V dp

⎛⎝ arctanα2 − arctanα1

⎞⎠ (5.78)

I2 =eiφ 1
V

α2∫︂
α1

1
(1 + α2)(3/2) dα

=
1
V

⎛⎝ α2√︂
1 + α2

2

− α1√︂
1 + α2

1

⎞⎠ (5.79)

I3 =
1
V

α2∫︂
α1

−α
(1 + α2)(3/2) dα

=
1
V

⎛⎝ 1√︂
1 + α2

2

− 1√︂
1 + α2

1

⎞⎠ (5.80)

The rest of the integrals are not shown, as the integration procedure is identical.
However, integral I4 presents an interesting solution. The I4 is an off-diagonal term of
the spherical harmonic expansion, capturing the interaction of the monopole spherical
harmonic Y 0

0 and the 90-degree dipole Y11. The analytical result is expressed below
(constants/coefficients also omitted),

I4 = e−iφ 1
2V dp

⎛⎝ α2
1 + α2

2
+ arctanα2 − α1

1 + α2
1

− arctanα1

⎞⎠ (5.81)

The solution of the integral for I4, closely resembles that within the expression for the
FSC factor given in Doc29. This is due to the dipole assumption. However it is easy to
see how even when considering a directivity defined by a combination of monopoles and
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dipoles, the solution provided by Doc29 neglects the remaining 15 terms of the
expansion.

Once all integrals from expression 5.70 have been evaluated, the exposure E over the
finite segment is known. E∞, as mentioned is evaluated in a similar manner, over the
infinite interval using integrals from Appendix E as demonstrated in Section 5.4. Hence
the finite segment correction for a three-dimensional directive source may be estimated.

5.9.2 Comparison between finite and infinite segments

Figures 5.20 to 5.23 present comparisons between values of the integrals in Equations
5.70 and 5.71 calculated for finite and infinite flightpath segments. It is evident that as
the ratio of segment length to slant distance s/dp increases and → ∞ the results
converge to the same values. However, the importance of the finite segment correction is
evident when the ratio takes small values. A small ratio could be the result of two
reasons, first a short segment, or second a large slant distance. The second case is
typically of interest when low level contours are being generated.
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Figure 5.20: Comparison of finite and infinite segment length on the noise radius. A
spherical harmonic expansion with coefficients Am

ℓ = [1 0 0 0] is used. Subplots indicate
a range different values of the segment length to noise radius ratio.
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Figure 5.23: Comparison of finite and infinite segment length on the noise radius. A
spherical harmonic expansion with coefficients Am

ℓ = [1 1 1 1] is used. Subplots indicate
a range different values of the segment length to noise radius ratio.
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5.10 Airport scenarios and aircraft fleet modelling

When it comes to modelling fleet scenarios, RANE v2 adopts the same averaging
techniques as the original RANE model. Aircraft fleets are described by an average set
of NPD data curves and a average flight path. These assumptions, and modelling
procedures are discussed in detail in the original RANE publications [13, 188]. The main
equations will be briefly discussed here, for consistency, and to provide context for the
main consideration required for taking into account the additional capability of
three-dimensional acoustic lumped sources.

Flight path averaging

For a fleet of aircraft comprised of A total number of aircraft types, and each aircraft
performs M number of total operations, an “equivalent” flight path fore the whole path
maybe constructed. For a segment n, the inclination angle can be obtained by,

γn =
A∑︂

a=1
γnaWna (5.82)

where a and m are indexes through the total number of types of aircraft and number of
operations, respectively. The weighting coefficients Wna may be calculated,

Wna =

M∑︁
m=1

10(Lam(Pn,di
)/10)

A∑︁
a=1

M∑︁
m=1

10(Lam(Pn,di
)/10)

(5.83)

A similar weighting procedure is carried out for the calculation of the average segment
length sn and rotation angle ψn.

NPD averaging

The average noise radius Rn is calculated through the process of NPD curve averaging.
For the same fleet, for a given slant distance di, the noise exposure level Leq,T (di) is
given by,

Leq,T (di) = 10 log10

[︄
A∑︂

a=1

M∑︂
m=1

10(Lam(Pn,di
)/10)

]︄
(5.84)

The average curves are constructed taking into account the whole fleet in a specific
segment n. This process is performed for all segments of the average flight path. Then
depending on the noise level required for the construction of the footprint/contour, the
noise radius is calculated using Equation 5.3, this time interpolating the average
tabulated data. This results in an average noise radius for each segment.
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Directivity averaging

Finally, the main difference in the fleet procedure relative to the original RANE method,
the averaging of the aircraft directivity patterns. A similar approach is taken, to all
other parameters, whereby the an acoustic sound power weighting over the entire fleet is
used to determined the average three-dimensional directivity of the fleet. Specifically,
the average fleet directivity Dn is given by,

Dn(θ,φ) =
A∑︂

a=1
Dna(θ,φ)Wna (5.85)

where Wna is given by Equation 5.83.

5.11 Summary

The MONTANA airport noise tool has now been introduced, with the major concepts of
noise radii and exposure surfaces having been defined and analytically derived using
NPD curves as a source of noise data input, as well as a directivity function in the form
of a spherical harmonic expansion. This allows the creation of noise exposure footprints
and contours around airport and heliports.

The next chapter expands on the definition of the noise exposure surfaces, to cases
where the source emission axis in not constant during a total operation.
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Chapter 6

Methodology III: Rotating Source

6.1 Rotating source

The aim of this Chapter is to extend the capability of the noise surface methodology
included within RANE v2 and the broader MONTANA to account for independent
source rotation as a function of time. Specifically, the integrated / noise surfaces
modelling technique in investigated for the case of directional, rotating sources. We
begin the study of independent source rotation by considering the notion of rotational
motion of a source of sound. Initially, we assume that this rotational motion, caused by
the physical, rigid rotation of aircraft components does not alter the noise generating
mechanisms to the point where a change in acoustic sound power output is observed.
The directional characteristics of the source, however, are affected by this rotational
motion, causing sound to be radiated in different directions compared to a static,
non-rotating source.

The directivity of the source is determined by a directivity function, as in the case of a
typical RANE flyover. The output therefore, of this function, is relative to the position
of the observer with respect to source. The directivity function is independent of
distance between the source and observer (this is captured by spherical spreading) and
only related to the relative position between the two. As a result, the surface of a unit
sphere is the perfect surface to describe a function like this. Every point on the unit
sphere can be described by the two angles θ and φ, the polar and azimuthal angles
respectively. Figure 6.1a indicates the convention for spherical coordinates used in this
Chapter.

The present study is not based on the solution for a particular source type, but rather a
general source is considered, with the restriction that the source strength (intensity) and
spectral shape be unaffected by the transient external flow, and operation of the concept
air vehicle. Whereas installed sources identified in [189] are in some way affected by the
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(a) Spherical coordinate system; applies to both
source (θ, φ, r) and aircraft (Θ, Φ, R) frame,
each with respect to their own principal Carte-

sian axes.

(b) Representation of a rotation of the source
frame with respect to aircraft frame by some

angle β, about the common ŷ axis.

Figure 6.1: Source and aircraft coordinate systems.

transition manoeuvre, a basic assumption of the present analysis is that the source
intensity and spectral shape is not affected by the flow, however the radiation pattern
may independently rotate relative to the emission angle. Such an assumption allows for
the study of impact of three-dimensional source directivity, as well as unconventional
three-dimensional operational VTOL manoeuvres, on noise exposure on the ground.

Before progressing we must take a step back and define the relative frames in the
problem. As the problem will evolve into an aircraft performing a level flyover and a
VTOL operation, while the on-board acoustic sources are independently rotating it is
important to distinguish between the source, the aircraft and stationary/observer frame
of reference. Figure 6.1b illustrates the source and aircraft reference frames, with the
source principal axis, rotating about the shared y-axis, through some angle β.

From this point forward, a more general approach to the description of reference frames
is taken. First, a simple case of a body frame (representing the source frame), able to
rotate freely relative to the fixed inertial frame (representing the airport frame), is given.
The orientation of the source can be described by giving the relative orientation between
a coordinate frame attached to the body and the fixed coordinate frame. Let A be the
fixed frame, B the body frame, and xab, yab, zab the coordinates of the principal axes of
B relative to A (noting that all coordinate systems are right-handed). Using these
relative coordinate vectors we can define a 3 × 3 matrix to form what is known as a
rotation matrix.

Rab =
[︂
xab yab zab

]︂
(6.1)
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Every rotation of the source relative to the ground corresponds to a matrix of this form.
A rotation matrix R can also serve as a transformation, taking a source from one frame
to another, or in our case from the body frame B to the inertial frame A and vice versa.
Let us consider the point q on the unit sphere of the source. Let qb = (xb, yb, zb) be the
coordinates of q relative to frame B. The coordinates of q relative to frame A can be
calculated using the previously defined rotation matrix R. The coordinates of qb are
essentially the projection of the point q onto the axes of B, as are the coordinates
xab, yab, zab with respect to A, therefore the coordinates of q relative to the frame A are
given by,

qa =
[︂
xab yab zab

]︂ ⎡⎢⎢⎣
xb

yb

zb

⎤⎥⎥⎦ = Rabqb. (6.2)

This application of the rotation matrix on a point can also be used to define the action
of the same matrix on a vector, as a result of matrix multiplication being linear.

Matrix multiplication can also be used to combine matrices to form new rotation
matrices. Assume we introduce a third frame C representing the aircraft. If frame B has
orientation Rcb relative to frame C, and C has orientation Rac relative to frame A, then
the orientation of B relative to A is given by,

Rab = RacRcb. (6.3)

When a rotation matrix is used as a map from R3 to R3, to rotate the coordinates of a
point/vector from a frame B to a frame A it can be said to represent a rigid body
transformation, as is to say that distance and orientation are preserved.

The motion we are trying to describe is that of the rotation of the source about a given
axis by some amount. Initially we will assume that the aircraft is stationary with
respect to the observer, while the on-board source is rotating. Therefore, we wish to
describe the rotation of the source about a fixed axis. Let ω be a unit vector which
specifies the direction of the rotation and let θ be the angle of rotation in radians. We
previously mentioned how every rotation corresponds to some rotation matrix R, we
desire to write R as some function of ω and θ.

It is important to note here that multiple representations of the rotation group exist. In
this text we will explore the use the exponential coordinates namely the canonical
coordinates. Returning to the point q on our unit sphere, we consider its velocity as it
rotates about the axis ω by angle θ. Assuming a constant unit velocity about the axis,
the velocity of the point, q̇ may be written as,

q̇ = ω× q(t) = ω̂q(t). (6.4)
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The matrix ω̂ is skew-symmetric matrix, given by

ω̂ =

⎡⎢⎢⎣
0 −ω3 ω2

ω3 0 −ω1

−ω2 ω1 0

⎤⎥⎥⎦ , (6.5)

which enables
ω× q(t) = ω̂q(t). (6.6)

Equation 6.4 is a time-invariant differential equation which may be integrated to give

q(t) = expω̂t q(0), (6.7)

where q(0) is the initial (t = 0) position of the point q and expω̂t is the exponential
rotation matrix. This can be evaluated using the Maclaurin series for the exponential
function as

expω̂t = I + ω̂t+
(ω̂t)2

2!
+

(ω̂t)3

3!
+ ... (6.8)

As a result of unit velocity, rotation about ω for θ units of time, the total rotation is
given by

R(ω, θ) = expω̂θ . (6.9)

As Equation 6.8 is an infinite series, it is of little use from a computational standpoint.
The Rodrigues formula is a closed-form expression for expω̂θ, which gives an efficient
method for calculating the matrix exponential and therefore the total rotation matrix
R(ω, θ), and is presented bellow.

expω̂θ = I + ω̂ sin θ+ ω̂2(1 − cos θ). (6.10)

6.1.1 Stationary (Hovering) aircraft

We start the analysis of the source rotation problem using the simplest case possible.
This is to assume a stationary aircraft in terms of translation, allowing for the on-board
noise sources to rotate independently of the orientation of the vehicle its self. The single
observer is located directly beneath the aircraft at some distance, equal to the altitude h.

To initiate the analysis we need to specify the relative locations of all objects of interest
within the study domain, which we will call the airport domain. As briefly mentioned,
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Figure 6.2: Rotorcraft hovering at altitude h over an observer location (left) and a
lumped acoustic source representation of the rotorcraft performing the same operation
(right). Note, the acoustic source is rotating about its horizontal axis, representing the
initiation of a transition to horizontal flight by the rotation of the rotor plane from

parallel to perpendicular to the ground.

the objects of interest are three, the aircraft itself, the independent acoustic noise source
and finally the single observer. (Making a quick note on the acoustic noise source, we
are assuming a lumped noise source; meaning that the total aircraft is radiating acoustic
energy Prad, which is the sum of the individual aeroacoustic noise sources present on an
aircraft, e.g. propeller, fan, jet, airframe etc. The directivity function related to this
aircraft is also a combination of the individual noise source directivity. The acquisition
of such a function is not a topic for this study).

We can fully define the problem using two coordinate frames, similar to the ones
discussed in the introductory section. Following the airport noise modelling convention
we will define the aircraft coordinate frame A with position vector X = [xa, ya, za]T .
The origin of this frame is located at the CG of the aircraft, while the X − Y plane is a
horizontal plane. The airport plane, in this case would therefore be defined by the
altitude of the aircraft, and by the za = −h plane. The equivalent spherical coordinate
frame is defined by the position vector R = (Θ, Φ,R). The conversion between the
Cartesian and spherical coordinates of frame A is

Θ = arctan
√︁
y2

a + z2
a

xa
(6.11)

Φ = arctan ya

za
(6.12)

R =
√︂
x2

a + y2
a + z2

a (6.13)

This means the single observer location positioned directly underneath the aircraft flying
at altitude h is positioned at XO = [0, 0, −h]T or in the spherical coordinates
RO = (π/2, 0,h).
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As we are interested in the directivity of the noise, i.e. the direction (Θ, Φ) in which the
noise is radiated; while at the moment, the distance between the observer and the source
is irrelevant. Therefore, the coordinate R of the spherical system may also be ignored,
and the unit sphere may be used to describe the direction in which the observer is
located relative to the aircraft using the orientational unit vector R = (Θ, Φ). This
results in the observer lying in the R = (π/2, 0) direction.

Next we need to define the source frame S. The source frame position vector is defined
as S = [xs, ys, zs]T with equivalent spherical coordinate vector r = (θ,φ, r). The origin
of the source frame S coincides with the origin of the aircraft frame A. Again, as we are
interested in the rotation of the directive properties of the source we may simplify the
spherical coordinates of the source frame to the unit sphere and unit vector r = (θ,φ).

Taking a step back we must look at defining the problem we are looking to solve. The
aim is to calculate the noise exposure at the observer location. The single event metric
used to define the noise exposure is the equivalent continuous sound level, Leq,T . The
mathematical definition is as follows,

Leq,T = 10 log 1
T

(︃∫︂ T

0
10

Lp(t)

10 dt
)︃

(6.14)

The calculation of the exposure metric involve the integration of time of the time history
(or instantaneous sound pressure level) emitted by the source. This definition involves
defining a time period over which the aircraft operation is performed. The length of this
period varies from application to application, but common practice is to use the 10 dB
below Lmax time. This however does not hold for noise surfaces, as will be explained
later in the text. For the time being the period of integration is arbitrarily defined as
some value T , which defines the interval [0,T ] in which the source performs some
rotation. Assuming a source of sound power Prad and directivity D(θ,φ) (angles as
defined in the source frame), the equivalent continuous sound level may be given by,

Leq,T = 10 log 1
T

∫︂ T

0

PradD(θ,φ)
R2 C dt (6.15)

where C = ρc/(4πp2
ref ) is a constant, and R is distance between the source and the

observer in the aircraft frame.

Returning to the definition of the source rotation, we consider a rotation about the axis
ω = [ω1, ω2, ω3] at a constant rate θ̇. The angle of rotation at any given time t is
therefore given by,

θ(t) = θ̇t (6.16)
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assuming t = 0, the initiation of the rotation, we have 0 ≤ t ≤ T . For ease, we can
define the rotation rate using the total angle over which the source rotates in time T ,

θ̇ =
θtot

T
(6.17)

We may define the rotation operation using any of the methods mentioned in the
introduction. For this calculation we will use the matrix exponential to relate the
aircraft frame A to the source frame S. We assume that at time t = 0 the principle axes
of the two frames are aligned. The total rotation of the source frame may be given as a
function the rotation axis ω and rotation angle θ(t) by,

RAS(ω, θ) = expω̂θ(t) (6.18)

where the under-script “AS” denotes a transform from frame A to frame S, and ω̂ is the
skew-symmetric matrix also previously defined. Or using the Rodrigues formula we may
write,

RAS(ω, θ(t)) = I + ω̂ sin θ(t) + ω̂2(1 − cos θ(t)) (6.19)

Using this expression we may relate the observer position vector from frame A to frame
S. Therefore, at time t,

S = RAS(ω, θ(t))X (6.20)

6.1.2 Flyover operation

Moving on to a more complex variant of the source rotation problem, the aircraft flyover.
The steady level flyover is an operation used heavily in noise modelling especially in the
context of airport noise. It is the preferred method of experimentally generating what
are known as Noise-Power-Distance curves that are used as inputs to the most notable
airport noise models used in academia and industry.

In this study, we will look at an aircraft flyover operation as the on-board acoustic noise
source (using the same definition of a source as previously) rotates independently of the
movement of the aircraft. The point of interest will again be observer location on the
ground, starting with an observer located directly under the flightpath of the aircraft,
then looking at other interesting locations such as lateral locations and locations on a
cylinder surrounding the flightpath (the reason for doing so is to be explained in
following sections).
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The flyover is assumed to take place along an infinitely long path. This will be addressed
when the evaluation of the integral is discussed and assumption will be made in order to
evaluate the noise exposure integral numerically. The aircraft is assumed to fly at
constant speed V and altitude h, while again emitting a constant sound power Prad.

The two coordinate frames A and S remain unchanged from the hovering example,
representing the aircraft and source frame respectively. The aircraft is assumed to fly in
the direction of the X-axis of the aircraft frame between the time interval
−∞ ≤ t ≤ +∞, resulting in infinite flight time. However, according to Equation 6.15 if
the flyover period T is infinitely long, the value within the logarithm goes to zero,
resulting in an unusable metric definition. For this calculation we may substitute the
equivalent continuous sound level (Leq,T ) with the Sound Exposure Metric (SEL). The
SEL is similar to the Leq,T but assumes T = 1 s. Thus is the one-second long steady
level containing equivalent total acoustic energy as the actual fluctuating noise. The
definition of the SEL therefore may be written as,

SEL = 10 log
∫︂ +∞

−∞

PradD(θ,φ)
R2 C dt (6.21)

The SEL however still needs to be evaluated at the stationary observer location. As in
the hovering scenario the observer position vector is defined in the aircraft frame A, but
contrary to the hover it is no longer constant. The aircraft is in motion as is the aircraft
frame A, with respect to observer, therefore for every time t the position of the observer
in frame A will be different. Specifically, using the orientational unit vector
RO = (Θ, Φ) of the frame A the direction of the observer with respect to the aircraft is
defined by angles Θ and Φ. The definitions of the angles are with respect to the frame
A principal axes remain the same as in the hovering case. We may write the polar angle
Θ component of the vector as a function of the aircraft movement and therefore time as,

Θ(t) = arctan h

V t
(6.22)

also function of the aircraft’s speed and altitude. This means at time t = −∞ the
observer unit position vector is RO = (0, Φ), at t = +∞ is RO = (π, Φ) and at t = 0
when the aircraft is directly above the observer the position vector is RO = (π/2, Φ) as
in the hovering case. The azimuthal component Φ of the position vector denotes the
lateral position of the observer with respect to the flightpath. Therefore, for the case
where the observer lies directly bellow the flightpath, Φ = 0.

As in the hovering aircraft case, the source is free to rotate in any direction independent
of the aircraft movement. The rotation is defined by a rotation axis ω and rotation rate
θ̇. The rate of rotation is again by the total angle θtot that the source rotates during the
integration period T .
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As evident, there are two time dependant operations happening simultaneously during
the integration interval (the source rotation and the aircraft flyover). The value of the
directivity function at any instance t is given by the observer unit position vector in the
source frame S. As discussed the observer position vector in frame A is a function of
time (Equation 6.22), and must be transformed in to the source frame. Therefore, we
have

S(t) = RAS(ω, θ(t))X (t) (6.23)

where S and X are the Cartesian form of the observer position vector in frame S and A
respectively, and may be simply converted to the unit sphere coordinates using
equivalent expressions to Equations 6.11 to 6.13 (noting, the conservation of the unit
sphere between Cartesian and spherical). The only difference between the hovering case
and the flyover case is the dependence of the observer location on time. Again the
analytical integration of these transforms is out of the scope of this study, therefore the
trapezoidal rule is used to numericaly evaluate the integrals.

6.1.3 Vertical takeoff/landing operation

A simplified approach is taken in order to perform a preliminary assessment of a vertical
takeoff of a rotating source. The manoeuvre is defined by two linear finite segments, as
illustrated in Figure 6.3. The mathematical setup is identical to the flyover case,
whereby three frames of reference are used: a source frame, an aircraft frame and finally
an airport frame. The distinction occurs in the geometry of the flightpath, and the
relatively placed observer locations. The vertical segment of the flightpath is aligned
with the Z-axis of the airport coordinate frame. The horizontal segment is parallel to
the X-axis, at some altitude Z = h, while remaining in the X-Z plane. Figure 6.3
indicates this geometry for three points in time: t = 0 source is on the ground before
takeoff, t = talt the source is at the peak of the vertical segments and has reached cruise
altitude and t = tcrs source is flying horizontally along the flightpath. The geometry
between the source and stationary observers on the ground is also indicated. Details
about the locations of the observers are in Section 6.1.5.

The vertical takeoff operation introduces a significant change relative to the hover and
flyover. The complex nature of the manoeuvre, even in its simplest form, consists of two
segments. The contribution of each segment to the cumulative noise levels must be
accounted for and captured in the generated noise surfaces. These segments are
perpendicular to each other disrupting the symmetry across the Y-Z plane, as the
aircraft flies along only the positive X-axis.
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Figure 6.3: Diagram of simplified vertical takeoff operation.

Figure 6.4: Simple dipole source performing a two segment vertical takeoff operation.
Purple rings indicate observer positions at equal distances from the two segments. Three
observer locations are positioned on the ground, one directly under the horizontal flight

path (green), one at φ = 45o w.r.t the vertical segment, and one at φ = 90o.

6.1.4 Aircraft as a lumped noise source & directivity

In the implementation calculations in Section 6.1.6 we will be essentially looking at the
variation of the directivity function as function of time, while the source is performing a
rotation of total angle θtot = 2π over a time period T . We will also discuss the
evaluation of the integral in Equation 6.15 in order to calculate the exposure metric.

In order to study the variation of the directivity function as function of time we must
first define a directivity function. In this study we will define the directional
characteristics of the source with the help of spherical harmonics, as they are functions
defined on the surface of a sphere. Therefore, we may define our directivity function as,

D(θ,φ) = Y m
ℓ (θ) = Y m

ℓ (θ,φ) (6.24)

where Y m
ℓ is the spherical harmonic of degree ℓ and order m. For this simple example

we will use single spherical harmonics and not a spherical harmonics expansion.
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Moving on to the evaluation of the exposure metric, we may simplify the integral in
Equation 6.15 to simply,

∫︂ T

0
D(θ,φ) dt (6.25)

As we assume constant acoustic sound power emission, as the aircraft is hovering in a
single power setting, and also the distance R between the source and observer is also
constant and equal to altitude of hovering. Therefore, the evaluation of the integral
depends only on the directivity function and in our case the spherical harmonic Y m

ℓ .

In order to understand the integration by time of the directivity we speculate what the
integral would look like for a non-rotating source. As the principle axes of the source
frame S and aircraft frame A would be aligned, and the position vector of the observer
in frame A is also constant, meaning angles θ = Θ and φ = Φ are constant, and the
whole directivity function also outputs a constant. Leaving a trivial integral in time, for
evaluation.

However, while the source is rotating the principle axes of the source frame S rotate
away from the axes of frame A. This simply implies that θ ̸= Θ and φ ̸= Φ and the
value of the directivity function in the direction of the observer vector is no longer
constant.

Therefore, at any given time t, we need to evaluate the observer position vector in the
source frame S as that will give us the values of θ and φ to plug in to the directivity
function.

This total methodology (chain of operations) may be done simply by following the steps
described in the previous section, to rotate the observer position vector RO = (Θ, Φ)

into the source frame S and get the observer vector rO = (θ,φ) at every time t and
perform the integration. The analytical integration of these transforms is out of the
scope of this project, therefore simple numerical evaluation techniques are used to
estimate the value of the integral.

To verify that the transforms are simulating the correct rotation, the results of the
numerical integration are compared again to the numerical calculation (could be
analytical, as this calculation has been performed) of the directivity function with
respect to the observer angle Θ. As integration over different observer locations Θ with
a non-rotating source, is analogous to a stationary observer with a rotating source.
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Observers

(a) Hover

Observers

(b) Flyover

Observers

(c) Vertical takeoff

Figure 6.5: Observer rings.

6.1.5 Numerical Simulation

6.1.5.1 Discretisation

The numerical simulation involves calculating the integral in Equation 6.28. This
involves a discretisation in time, as the rotational motion of the source frame, and the
translational motion of the aircraft frame are both functions of time. The total number
of time points are denoted Nt.

For each of the three cases the observer locations at which the integral is evaluated on
rings of observers. For the hover case the rings belong to a unit sphere with the source
at its centre, while for the flyover and vertical takeoff case, the rings surround the flight
path at unit distance. This may be seen in Figure 6.5. Each ring consists of a series of
observer locations totalling No per ring, while the number of rings themselves is denoted
Nr. For the vertical takeoff, the vertical and horizontal segments are discretised
independently, to allow for adjustments in fidelity in the transition and vertical regions.
This results in Nr,v and Nr,h for the number of rings in the vertical and horizontal rings
respectively.

The time interval dt is defined according to the segment lengths and velocities,

dt =
dx

V
(6.26)

where,
dx =

s

Nt
(6.27)

At each time increment the position of the source along the flightpath segments is
evaluated. Each observer is the allocated a position vector in the aircraft frame (unit
vector from the aircraft frame origin pointing in the direction of each observer). This
position vector is then rotated to account for source rotation using Equations 6.19 and
6.20. The value of the directivity function is then evaluated at this new vector position



6.1. Rotating source 165

using a simple transform to unit spherical coordinates. The final value of the integral at
every observer location may be given by,

SEL = 10 log
Nt∑︂
i=1

[︄
PradY

m
ℓ (Si)

R2
i

C

]︄
∆t (6.28)

6.1.5.2 Noise surfaces from discretised observer locations

As has been discussed in [13], the general solution for a noise surface surrounding a
flightpath may be given by the equation of the cylinder,

y2 + z2 = R2
n (6.29)

where y and z belong to the airport orthogonal reference frame and Rn denotes the
noise radius of that segment. This holds for omnidirectional sources and was proven
earlier in the chapter. In addition, a modified version of Equation 6.29 was proposed,
introducing an azimuthal variation in the noise surface. This version may be given by,

y2 + z2 = R2
nD

2
Λ(φ) (6.30)

and was derived analytically for the case of a directivity defined by spherical harmonics.
This is the expression used to generate the noise surfaces due to rotating sources within
this section. The process of calculating DΛ is described below.

In addition to the noise surfaces corresponding to flyover operations, we require the
definition of a noise surface for static hover like operations. This may be analytically
derived as in the case for the dynamic version, however the derivation is skipped for
brevity. The solution is rather intuitive however, and may be written as,

x2 + y2 + z2 = R2
nD

2
Λ(X,Y ,Z) (6.31)

Equations 6.30 and 6.31 describe noise surfaces for aircraft flying along the x-axis and
that are stationary at the origin, respectively.

For an infinitely long segment, as is assumed in the derivation of Equation 6.30, DΛ is
independent of the location along the X-axis. However, in the case of finite segments, as
are of interest, the azimuthal directivity function is itself a function of the x location,
and therefore becomes DΛ(X,Y ,Z). It is important to note that Rn as presented in
Equation 6.31 represents the noise radius of an omnidirectional source of identical PWL
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and DΛ may be seen as the correction to each individual location to account for 1. the
directional properties of the source D and 2. the source rotation.

By evaluating the value of the integral in the observer rings using the simulation
method, we have effectively calculated DΛ at discrete points in space. In order of a noise
surface to be generated that can evaluate the location of any noise level in space a 2D
curve fitting procedure must be applied to the discrete data. The periodic nature of the
source itself and the source movement allow for a harmonic analysis of the azimuthal
variation around each ring of observers. The Fourier coefficients may therefore be
evaluated for each ring giving an essentially a curve fit expression for each.

For locations between individual rings a simple linear interpolation is used. In order to
evaluate the value of DΛ at one of these locations, the two rings positioned either side of
the observer in the x-axis are used. DΛ is evaluated for the two rings at angle ϕ
equivalent to the observer azimuthal location and a simple linear interpolation gives DΛ

for the arbitrary observer.

6.1.6 Implementation

6.1.6.1 Hover

The hover operation as discussed represents the simplest case out of the three. Figure
6.6 shows effect of the observer location relative to the source. Observer locations are
varied from row to row. In addition, the second column shows how the time history of
the directivity function varies when the rotation axis is changed as well as the function
itself. The illustration of the spherical harmonic is at the initial condition when t = 0.
Over the integration period the source goes through an angle equal to 2π. The various
coloured lines, indicate the observer locations of the same colour on the left-hand plots.
For every observer location, the integral is evaluated numerically, and the result is
plotted in Figure 6.7. The value of the integral is plot against the observer azimuthal
location relative to the source. For each DΛ in columns 1 and 3 of Figure 6.7, columns 2
and 4 show the noise exposure surface generated by the implementation of Equation 6.31.
Plots in columns 1 and 3 show the discrete simulated data and the fitted Fourier series.

Finally, Figure 6.8 shows the noise exposure footprints on the ground. They are
calculated using the intersection of the noise surfaces and the ground plane. Effects of
spherical spreading and atmospheric attenuation are not accounted for in these plots.

6.1.6.2 Flyover

The flyover operation is a common reference operation in airport noise exposure
modelling. Typically, a flyover operation is assumed to be steady (constant velocity,
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Figure 6.6: Observer locations relative to source position (left). Time histories of
directivity function values as source rotates. (right). First column shows Y 0

1 rotating
about y-axis, while second column Y 0

3 rotating about ω̂ = [0.57, 0.57, 0.57] axis.

power setting and airframe configuration e.g. flaps settings), level (constant altitude)
and of infinite length. This allows databases of the acoustic properties of aircraft to
built, while flying various types of flyover operations. These flyover operations are then
used to model more realistic, complex operation using the pre-integrated segmentation
methods, as for example described in [34]. Understanding the effects, therefore, of a
rotating source on simple flyovers can provide a stepping-stone for modelling operations
of higher complexity.

For this case study, we assume the aircraft performs a flight along a finite segment of the
flightpath. The length of the segment s, along with the aircraft speed V determine the
noise exposure integration period, which coincides with the numerical simulation length.
Table 6.1 provides a summary of the input parameters that define the results presented
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Figure 6.7: Cumulative value of spherical harmonic at the observer locations for 6
different scenarios. The resulting noise surface is also shown for each case.

in the remainder of the sections. The period T is defined as the time taken to traverse
the finite segment at a constant speed. The trapezoidal rule is used for integration.

The discretisation of the flightpath is guided by the error of the trapezoidal rule, taking
into acount that the integrand f is a rotating spherical harmonic,

f(θ(t)) = Y m
ℓ (θ(t),φ) (6.32)

and
θ(t) = at+ c (6.33)

where a and c are some arbitrary constant that define the constant speed roation of the
source.

The derivative of f can be defined as,

f ′(θ(t)) = θ′(t)
∂

∂t
(Y m

ℓ (θ(t),φ)) (6.34)
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Figure 6.8: Noise exposure footprints for various source conditions.

where
θ′(t) = a (6.35)

and

∂Y m
ℓ

∂θ
= m ∗ cot (θ) Y m

ℓ (θ,φ) +
√︂
(n−m)(n+m+ 1)e−iφY m+1

ℓ (θ,φ) (6.36)

Using an asymptotic approximation for the error E of the trapezoidal rule [190],

E = − (b− a)2

12N2 (f ′(b) − f ′(a)) (6.37)

where [a, b] the integration interval.

Requiring the error to remain smaller that 1%, as well as allowing the calculation of
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higher roation speeds, as well as higher order sherical harminics, the total number of
descritization point is chosen as 50, for all cases. For optimal running time, the number
of points can be adjusted using Equations 6.32 and 6.37 as guidance.

Table 6.1: Parameters defining flyover operation.

Flyover
Parameters Value
Aircraft speed, [m/s] 20
Segment length, [m] 400
Flightpath points 50
Integration period, [s] 20

Figure 6.9: Illustation of the flyover operation as performed by an ideal rotation
dipole, indicated are the vertical planes on which rings of observer points are located.

Time t = 0 is assumed to be when the aircraft passes through the midpoint of the
segment. The angle of rotation θ = 2π for all cases presented. Figure 6.10 shows the
time history of the absolute value of the directivity function as well as the cumulative
(or integrated) value at various observer location surrounding the flightpath. Two
distinct case are shown: (i) Column 1 assumes a dipole source, Y 0

1 , rotating about the
y-axis of the aircraft frame. Plots 6.10a, 6.10c and 6.10e show the results for various
locations along the segment. (ii) Column 2 also assumes a dipole source, Y 0

1 , however
rotating about the x-axis of the aircraft frame. Plots 6.10b, 6.10d and 6.10f again show
three different locations of observer along the flightpath segment. Each point on the
polar plots represents the cumulative value (value of Equation 6.25 for the corresponding
coloured line on the Cartesian time history) observed by the observer defined by the
angle φ and position x. The number of observers on each ring is limited to 10 for
visualisation purposes.

Figure 6.11 shows the estimated noise surface cross-sections for a range of different
source directivity types and rotation axes. Each plot shows five distinct lines
representing five locations along the flightpath segment. Each line represents the
cumulative value of the directivity function as the flyover is performed at observer rings
surrounding the flightpath. The presented cross-sections essentially represent slices of



6.1. Rotating source 171

−10 −5 0 5 10

time, [s]

0.0

0.1

0.2

0.3

0.4

0.5

|Y
1,

0
|

0°

45°

90°

135°

180°

225°

270°

315°

0.01

0.02

0.03

(a) x = −200, rotation about y-axis

−10 −5 0 5 10

time, [s]

0.0

0.1

0.2

0.3

0.4

0.5

|Y
1,

0
|

0°

45°

90°

135°

180°

225°

270°

315°

0.01

0.02

(b) x = −200, rotation about x-axis

−10 −5 0 5 10

time, [s]

0.0

0.1

0.2

0.3

0.4

0.5

|Y
1,

0
|

0°

45°

90°

135°

180°

225°

270°

315°

0.02

0.04

(c) x = −100, rotation about y-axis

−10 −5 0 5 10

time, [s]

0.0

0.1

0.2

0.3

0.4

0.5

|Y
1,

0
|

0°

45°

90°

135°

180°

225°

270°

315°

0.01

0.02

0.03

(d) x = −100, rotation about x-axis

−10 −5 0 5 10

time, [s]

0.0

0.1

0.2

0.3

0.4

0.5

|Y
1,

0
|

0°

45°

90°

135°

180°

225°

270°

315°

0.02

0.04

(e) x = 0, rotation about y-axis

−10 −5 0 5 10

time, [s]

0.0

0.1

0.2

0.3

0.4

0.5

|Y
1,

0
|

0°

45°

90°

135°

180°

225°

270°

315°

0.01

0.02

0.03

(f) x = 0, rotation about x-axis

Figure 6.10: Cartesian plots: Time history of spherical harmonic value directed at
each observer. Polar plots: Cumulative value of the spherical harmonic as a result of a
level flyover at each observer. Plots (a) to (f) show the variation in the cross-section

along the length of the segment during a single flyover operation.

the full three-dimensional noise surface. All data is normalised to the maximum value
across each noise event.

Increasing the number of observer rings along the length of the observer, and applying a
simple linear interpolation, the full three-dimensional noise surfaces may be generated
surrounding the flightpath. Example surfaces using the previously presented
cross-sections are shown in Figure 6.12. As the surfaces presented are the resulting
quadric forms generated by the implicit relation in Equation 6.31, an arbitrary noise
radius Rn has been chosen for demonstration purposes. In Figure 6.12, Rn = 100 m for
all cases. This would equate to the noise surface representing a 3D contour in the range
80 dB < SEL < 90 dB for medium size utility helicopter.

Finally, taking the intersection of the three-dimensional noise surface and the X-Y plane,
a 2D noise exposure contour is retrieved. Figure 6.13 shows the ground contours of the
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Figure 6.11: Estimated noise surface cross-sections. Each plot represents a single
flyover operation. The different coloured lines indicate different locations along the

x-axis.

equivalent surfaces from Figure 6.12.

6.1.6.3 Vertical takeoff

Assuming the operation is defined as in Section 6.1.3 the aircraft will travel along the
two segment flightpath, one vertical and one horizontal. The parameters defining this
motion are the vertical speed Vv and the horizontal speed Vh along with the segment
lengths sv and sh respectively. The source is assumed to rotate through an angle
θ = π/2 during both of the segments, for a total rotation of π. A summary of the
chosen values for the following results may be seen in Table 6.2.
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Figure 6.12: Flyover noise surfaces. Cross-sections such as the one presented in Figure
6.11 are used to generate the three-dimensional surfaces.
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Figure 6.13: Ground noise exposure footprints. The result of the intersection of the
noise exposure surfaces in Figure 6.12 and the airport ground plane.
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Table 6.2: Parameters defining takeoff operation.

takeoff
Parameters Value
Vertical speed, [m/s] 2
Horizontal speed, [m/s] 5
Vertical segment length, [m] 10
Horizontal segment length, [m] 25
Total flightpath points 500
Integration period, [s] 10

This results in the position of the aircraft/source varying linearly as function of time.
The components of the source position vector X = [xa, ya, za]T relative to the airport
frame are shown in Figure 6.14.
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Figure 6.14: Source coordinate time history.

As before, observers are defined on rings surrounding the vertical and horizontal
segments. The direction of the observers relative to the source is given by position
vector qb = (q1, q2, q3). Figures 6.17 and 6.18 illustrates how the direction unit vector
components vary as the manoeuvre progresses through time for all the different observer
rings. The plots are colour coded according the location of the ring within the flightpath.
The colour coding is visible in the corner of Figure 6.17a. Lines of the same colour
indicate observers on the same ring with different azimuthal location relative to the
flight path.

Once the position of the source in known for each observer, rotation must be accounted
for, using Equation 6.19. The value of the directivity function may then be estimated.
This value indicates the relative level of PWL radiated in the direction of each observer
as a function of time. Diagrams in Figures 6.15 and 6.16 illustrate the position vector q.
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Figure 6.15: Perspective of the source reference frame in three-dimensional space.
The vector q and its orthogonal components are also illustrated.

Assuming a dipole, the absolute value, |Y 0
1 | is plotted as a function of time in Figures

6.19 and 6.20. The same is done for Y 0
3 in Figures 6.21 and 6.22. The various line types

indicate different positions within a single observer ring.

As the directivity values have been evaluated as a function of time, sound power and
distance between the source and each observer may be accounted for, through Equation
6.28. As the radiated sound power remains constant, we may normalise to get SEL per
unit of sound power, given in dB / W. The sum is evaluated at each observer location
for the vertical and horizontal segments. The results may be seen in Figure 6.23 and
6.24. The plots are normalised to the maximum value occurring throughout an entire
segments. For Figures 6.23a and 6.23c representing the vertical segment, the Z-axis
would be coming out of the page with the 0◦ being in the positive X-axis direction, while
for Figures 6.23b and 6.23d the horizontal segments, the X-axis would be coming out of
the page with the 0◦ being directly below the flightpath. Figure 6.23 presents a case
where the source only rotates during the horizontal segment about the aircraft frame
y-axis. The effects of introducing source rotation to the vertical segments may then be
seen in Figure 6.24.

Using the calculated cross-sections, three-dimensional noise surfaces are defined. The
use of Equation 6.31 requires the introduction of a linear interpolation to connect the
regions between the estimated cross-sections. Assuming an arbitrary noise radius
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Figure 6.16: Illustration of the source reference frame translating along the flightpath.
The vector q indicates the position of an observer, on one of the rings, in the perspective
of the source frame. The orthogonal components of vector q, q1, q2, q3 are also

illustrated.
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Figure 6.17: Components of position vector q = (q1, q2, q3) indicating direction to the
vertical rings of observers relative to the source. A side view of the flightpath (black) is
embeded in the first sub-plot indicating the position of the observer ring (red). The
lines representing q1, q2, q3 are coloured depending on the specific observer on the ring,
also embeded in the first sub-plot with each observer having its own colour and marker

shape.
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Figure 6.18: Components of position vector q = (q1, q2, q3) indicating direction to the
horizontal rings of observers relative to the source. A side view of the flightpath (black)
is embeded in the first sub-plot indicating the position of the observer ring (red). The
lines representing q1, q2, q3 are coloured depending on the specific observer on the ring,
also embeded in the first sub-plot with each observer having its own colour and marker

shape.
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(b) Second observer ring.
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Figure 6.19: Time history of spherical harmonic,|Y 0
1 |, value pointing in the direction of

each observer location on the rings. A side view of the flightpath (black) is embeded in
the first sub-plot indicating the position of the observer ring (red). The lines representing
q1, q2, q3 are coloured depending on the specific observer on the ring, also embeded in

the first sub-plot with each observer having its own colour and marker shape.
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(b) Second observer ring.
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Figure 6.20: Time history of spherical harmonic,|Y 0
1 |, value pointing in the direction of

each observer location on the rings. A side view of the flightpath (black) is embeded in
the first sub-plot indicating the position of the observer ring (red). The lines representing
q1, q2, q3 are coloured depending on the specific observer on the ring, also embeded in

the first sub-plot with each observer having its own colour and marker shape.
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Figure 6.21: Time history of spherical harmonic,|Y 0
3 |, value pointing in the direction of

each observer location on the rings. A side view of the flightpath (black) is embeded in
the first sub-plot indicating the position of the observer ring (red). The lines representing
q1, q2, q3 are coloured depending on the specific observer on the ring, also embeded in

the first sub-plot with each observer having its own colour and marker shape.
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(b) Second observer ring.
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Figure 6.22: Time history of spherical harmonic,|Y 0
3 |, value pointing in the direction of

each observer location on the rings. A side view of the flightpath (black) is embeded in
the first sub-plot indicating the position of the observer ring (red). The lines representing
q1, q2, q3 are coloured depending on the specific observer on the ring, also embeded in

the first sub-plot with each observer having its own colour and marker shape.



184 Chapter 6. Methodology III: Rotating Source

0°

45°

90°

135°

180°

225°

270°

315°

0.5

1.0

z = 0.00
z = 2.50
z = 5.00
z = 7.50
z = 10.00

(a) Y 0
1 rotation about y-axis during the
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(b) Y 0
1 during the horizontal segment.
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(c) Y 0
3 rotation about y-axis during the

vertical segment.
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(d) Y 0
3 during the horizontal segment.

Figure 6.23: Noise surface cross-sections for vertical takeoff operation. Rotation of
angle θ = π/2 occurs during horizontal segment.

Rn = 10m, the noise surface corresponding to each of the segments may be evaluated
implicitly. Figure 6.25 shows the resulting noise surface for the horizontal segments
assuming two different directivity functions, Y 0

1 and Y 0
3 . It is evident that the surfaces

are derived from cross-section in Figures 6.23b and 6.23d respectively.

Figure 6.26 shows the noise surfaces generated by the entire two segment flightpath.
The red colour is assigned to the noise surface surrounding the vertical segment, while
the blue colour to the horizontal segment. The individual plots are derived using the
identical source motion and cross-sections presented in Figure 6.24.
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Figure 6.24: Cross-section of vertical (first column) and horizontal segments (second
column).



186 Chapter 6. Methodology III: Rotating Source

axis, [m]

0

20

25

]

−10

0

z
-a
x
is
,
[m
]

−10

−5

0

5

10

(a) Y 0
1 rotation about y-axis.

axis, [m]

0

20

25

]
−10

0

z
-a
x
is
,
[m
]

−10

−5

0

5

10

(b) Y 0
3 rotation about y-axis.

Figure 6.25: Noise exposure surfaces generated for horizontal segment of takeoff
operation. Vertical segment is accounted for in the calculation of the cumulative noise

level on the observer rings surrounding the flightpath.
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Figure 6.26: Noise exposure surfaces generated for vertical takeoff operation. The red
surface represents the observer locations surrounding the vertical segment, while the

blue surface the horizontal ones respectively.
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6.2 Summary

This Section presented preliminary work, within RANE v2, to capture the effects of a
rotating noise source on noise exposure footprints and contours. The inteded application
of the added capability is in the complex manoeuvre of transition of UAM vehicles
perform during VTOL operations. The ability to study its effect on the noise on the
ground can prove to be crucial to the development of such vehicles as VTOL operations
are high power, low altitude operations. The transition of flight is modeled as a rotation
of the inherent total three-dimensional directivity of the vehicle. This is described as a
spherical harmonic expansion.

The problem of generating noise exposure footprints and contours is approached in the
same ways as presented in RANE [13]. Noise surfaces of constant noise levels are
calculated surrounding the flightpath. However, the highly asymmetric nature of vertical
takeoff operations leads to the development of a numerical procedure to generate the
required “integrated” directivity for inputs to RANE.

The study was approached in three stages that ultimately built up to the vertical takeoff
operation. The three stages comprised of 1. hover: a simple acoustic source stationary
in space (no translation) able to rotate freely about any axis. 2. flyover: a simple
acoustic source performing a straight and level flyover operation able again to rotate
freely about any body axis. Finally, 3. vertical takeoff: a simple acoustic source
performing a vertical takeoff operation. The operation comprised of two segments, one
vertical and one horizontal.

Immediate future work lies in the estimation and quantification of the finite segment
error. The magnitude of the error may be estimated numerically as a function of the
noise radius to segment length ratio, while also providing the possibility for a hybrid
numerical-analytical solution to reduce computational effort. Expansion on the
application of RANE and the accompanying numerical methodology include the
following possible features:

• Investigate the effect of variable power setting. As flight shifts from powered to
fixed wing flight, the power output of the propulsion system varies significantly.
Possible studies include the effect of this transient behaviour on the ground noise,
in addition to current effects of rotation and directivity.

• Effect of dominant noise source shifting. This effect could cause variations in the
acoustic power output as well as in the total directivity during the operation
interval.

• Realistic trajectory modelling. Although singular vertical and horizontal segments
allow for a first approximation of VTOL operation, in practice these prove to be
inefficient. Hover power requirement is too high for any substantial altitude gain
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through vertical flight and horizontal accelerated flight delays the ascent to the
optimised cruise altitude.

Finally, future work includes a series of bench-marking tests for validation purposes.
Once the assumptions and results have been verified, the model will be applied to real
application in the form of a tilt-rotor UAV and / a full scale UAM vehicle. Footprint
and contour comparisons between estimated and measured noise would provide the
conclusive effectiveness of the proposed models. However, due to the lack of publicly
available NPD data this process may be delayed.

This Chapter concluded the noise surface methodology with amendments to RANE v2
to account for independent rotation of the source and aircraft reference frames relative
to the global airport coordinate system. This allows for preliminary insights to the effect
of changes to the source and vehicle axis orientation duting an operation on the noise
exposure footprints/contours on the ground.

The methodologies presented in Chapters 4 to 6 comprise the MONTANA prediction
framework, with the main outputs being NPD curves, and noise exposure
footprints/contours. The following chapter focuses on the verification of the proposed
methodologies, as well as an error analysis on the outputs of interest.
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Chapter 7

Verification

This Chapter examines the validity of the proposed MONTANA model and the
individual components within. The chapter is divided into three parts. The first
corresponds to the benchmarking of the model derived in Chapter 4. The extent of the
validity of the asymptotic expansion is compared against a full implementation of the
Hanson frequency domain model. Next, estimated NPD curves using the MONTANA
model are compared against publicly available ones for current existing fixed wing and
rotorcraft vehicles. The third part analyses the capability of the simplified airport noise
model within MONTANA. Two methods of benchmarking are explored; the first an
in-house simplified simulation model is developed following the guidelines within Doc 29
[34] for grid-method approaches. The second is a direct comparison to predictions by the
industry standard AEDT model. Contour directivity capabilities within MONTANA are
compared against contours produced by AEDT that follows the conventional lateral
three-curve methodology applied to helicopters and start of roll directivity effects. The
final section discusses potential sources of errors and analyses the applicability range of
the models.

7.1 Source Model verification

The source model verification refers to a quantification study on the effect of the
asymptotic approximation and resulting scaling laws accuracy compared to a full
implementation of a harmonic noise prediction method. The effectiveness of the
proposed scaling laws is tested on two levels. A low level, where the capability of the
proposed models in predicting the absolute noise harmonics due to propeller thickness
and loading sources. The comparison will be done against i. an analytic model for
loading noise by Gutin [191] (but as later interpreted by Blake [192]) and two propeller
noise tool by ESDU, 76020 [193] and ii. a full implementation of the Hanson model as
described in Appendix A.
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The high level verification will use the capabilities of the model to estimate changes in
noise compared to a baseline to predict current air-vehicle NPD curves. NPD curves for
fixed wing and rotorcraft (helicopters) vehicles for a variety of operating procedures are
compared to published ones generated by a combination of experimental measurements
and computational extrapolation. The vehicles are chosen to cover a wide range of sizes
and configurations regarding the propulsion system. The main feature requirement of
the propulsion systems of choice is the use of propeller as the main mean of thrust
production.

7.1.1 Absolute levels and harmonic shape

The noise source models within MONTANA are hereafter referred to as either the
method or model, with all benchmarking tools referred to explicitly by their name. The
two main components of the model that need characterising and benchmarking are the
ability to predict absolute levels of the propeller tonal sources, as well as the shape of
the spectral content of the signal, specifically the harmonics.

Despite the main idea behind MONTANA being the gradients and therefore changes in
noise produced of any particular noise prediction tool, and applying them to baseline
absolute level; as an initial test, the comparison of absolute levels forms a sanity check of
the major underlying assumption regarding the asymptotic approximation, the source
functions, the blade description and the thickness and loading distributions of the
propeller.

The tools used for the verification study in this section are: the Gutin solution for
propeller steady loading harmonic noise as given by Blake [14]. The expression is
reproduced directly from the reference, for the ease of the reader,
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where kT , kQ and J are propeller performance coefficients [14]. qT = 0.5ρ0
(︁
Ω2r2

t + V 2
a

)︁
is the dynamic pressure. This solution is referred to as “Gutin from Blake”.
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Next, is a spectral density function of the above solution, referred to as “Spectral density
from Blake”. Again an expression for the estimation of propeller steady loading harmonic
noise using a small argument asymptotic relation. The spectral density function is,
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where e = 2.71828. Whereas the asymptotic formula used is,

lim
ξ→0

Jn(ξ) =
(ξ/2)

Γ(n+ 1) (7.3)

which may be reduced to Equation 4.27 implemented within MONTANA.

Finally, the ESDU 76020 tool implements a method again based on the original Gutin
model, to estimate the first harmonic sound pressure level, together with corrections
that enable estimates of higher harmonic levels to be derived. The method is applicable
to rotors up to 20 m/s (accurate to approximately 0.2 dB up to a flight Mach number of
0.46 and a propeller tip rotational Mach number of 0.677). Details of the specific models,
corrections and graphical tools may be found through the ESDU distribution.

MONTANTA predictions

Two types of MONTANA predictions are looked at. All results in this section concern
the loading noise source, therefore SPL refers to pmL + pmD. OASPL refers to the sum
over all harmonics. First, the outcome of expression 4.84, which is referred to as
“MONTANA”. All harmonics are computed independently and compared to the
benchmark tools. The second type of prediction, uses the fundamental tone and
normalised spectral shape function method developed for the used within MONTANA.
This is referred to as “fundamental and shape function”, and is the outcome of Equation
4.86, when using the Hanson approximation to estimate the change in fundamental tone
(Equation 4.88) and shape function 4.91.

Test Case

A representative aircraft for the application of MONTANA is the Cessna 172 Skyhawk.
A typical operating profile for the Cessna propeller (and any single engine general
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aviation aircraft) would encounter a maximum tip Mach number of ≈ 0.85. General
characteristics in terms of performance and operation may be seen in Table 7.1.

Typical certification conditions for GA vehicles, as per Chapter 6 and 10 of the Annex
16, require flyover noise to remain below a limit. Relatively low advance flight Mach
numbers (0.2-0.3), ensure that the helical (or relative) tip Mach number also remains
subsonic. Although the propeller tip remains subsonic, such rotational speeds increase
the energy in the higher harmonics, meaning the harmonic range of concern at the
flyover condition is between m = 1 and m = 10. All following results are presented at an
observer located at a distance of 100 m and at a polar angle of β = 105deg. The
emission angle is assumed to be the angle of maximum emission, and is the same angle
used in the ESDU tool.

Loading for the flyover operating condition was calculated using a combination of
XFOIL and XROTOR. A generic NACA 2412 aerofoil was decided upon, rather than
more advanced GA aerofoil designs [194, 195] such as the GA(W)-2 and ARA-D family
of aerofoils. As defined in the noise source method, average quantities are assumed over
the entire blade.

Table 7.1: Design and operation characteristics of the Cessna 172

Cessna 172 Skyhawk
Parameter Value Units
Power 134.23 kW
Rotation speed (@ Max Take-off) 2700 rpm
Number of blades 2 -
Diameter 2 m
Average blade thickness 0.012 m

Figure 7.1 compares the SPL (not A-weighted) predictions of the first ten harmonics of
the BPF for three different rotational speeds. The average chord length of the propeller
blade is c = 0.15, and constant loading of the blade is assumed. Good agreement of the
fundamental tone is seen across all tools, with variation being < 0.4 dB, for all
rotational speeds. An RPM of 2,500 corresponds to a tip Mach number of Mt = 0.77.
The MONTANA prediction, is almost identical to that of the spectral density function
by Blake, which makes sense as the underlying assumption of the small argument
approximation is the same. Slight differences are due to blade definition and operation
in the evaluation of the integral over the chordwise and radial directions.

MONTANA agrees with the ESDU tool prediction well for the first four harmonics, with
a slight over-estimation occurring on behalf of MONTANA between m = 5 and m = 8,
and an under-estimation for m > 8. It is expected that the shape of the harmonics in
the ESDU predictions deviates from those of the generic Gutin implementations, as
empirical corrections have been applied within 76020 [193] to account for higher modal
content.
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Figure 7.1: Comparison of first 10 harmonics as predicted by four different methods
for an average chord length of c = 0.15m. OASPL values are indicated in the box on

the bottom left of each figure.

Finally, the “Gutin from Blake” result shows a higher rate of decay relative to the all
other tools. This is an indication that the difference between the Bessel function and its
small argument approximation increases for higher orders.

In the case of Figure 7.1 the first four harmonics dominate the OASPL, with a difference
of 1.37 dB between the MONTANA and the “Gutin from Blake” predictions for 2,300
RPM and 2.7 dB for the high RPM setting of 2,500.

Figure 7.2 shows the equivalent A-weighted harmonic spectrum of the SPL results in
Figure 7.1. The application of the A-weighting shifts the dominance from the
fundamental tone to the harmonic of m = 3. It is more evident that the higher
harmonics have a larger contribution with increasing rotational speed, as the harmonic
shape flattens out. The variation of the OASPL increases as a result.

The difference in the estimation of higher harmonics between MONTANA and ESDU is
illustrated in Figures 7.3 and 7.4. The ESDU results have an sigmoid-like shape, while
the “fundamental and shape function” ones decay almost linearly after the fundamental
and second harmonic.

Referring to Figure 4.6 of Chapter 4, it is evident that in the case of the high rotational
speeds as indicated in Figures 7.3 and 7.4 the higher order modes are increasingly
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Figure 7.2: Comparison of first 10 harmonics as predicted by four different methods
for an average chord length of c = 0.15m. A-weighting has been applied to the noise

levels. OASPL values are indicated in the box on the bottom left of each figure.

becoming more efficient contributing to the OASPL. The over-estimation observed in
the higher harmonics is once again attributed to the deviation from the asymptotic
behaviour of the Bessel function as argJmB → 0.

The “fundamental and shape function” solution does not deffer to the MONTANA
solution in principle, however Equation 4.86, allows for any spectral shape normalised to
the fundamental tone to be used in the place of ∆F1. This is the key feature of
MONTANA, introduced within this thesis, allowing the use of any shape function that
the user has access to. This function, may be in the form of an analytical method or
empirical data (as is the case with ESDU). This allows MONTANA to be modular and
flexible in regard to its use, and the amount of data available. The shape function
investigated with this section (which is a result of the Hanson model approximation),
any form a starting point of an analysis, with MONTANA being fed data of increased
fidelity as the design progress and test or rig data is available.

An additional scenario was calculated and compared, for average blade chord length of
c = 0.2 m. Unweighted results can be seen in Figure 7.5, while the equivalent weighted
ones in Figure 7.6 Over all the trends remain the same, with good agreement observed
in the first few harmonics of the spectrum and under-prediction relative to the ESDU
corrected higher harmonics.
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Figure 7.3: Comparison of first 10 harmonics as predicted by ESDU 76020 model and
the proposed fundamental and shape function method based on Hanson, for an average
chord length of c = 0.15m. OASPL values are indicated in the box on the bottom left

of each figure.

An observation is made in Figure 7.5 in the case of the higher rotational speeds 2,400
and 2,500 RPM. The harmonic shape predicted by the asymptotic approximation tends
to match the exact Gutin solution offered by the ESDU model, indicating that fewer
corrections are applied at higher operational tip speed and the approximation more
accurately captures the trend.
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Figure 7.4: Comparison of first 10 harmonics as predicted by ESDU 76020 model and
the proposed fundamental and shape function method based on Hanson, for an average
chord length of c = 0.15m. A-weighting has been applied to the noise levels. OASPL

values are indicated in the box on the bottom left of each figure.
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Figure 7.5: Comparison of first 10 harmonics as predicted by four different methods
for an average chord length of c = 0.20 m. OASPL values are indicated in the box on

the bottom left of each figure.
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Figure 7.6: Comparison of first 10 harmonics as predicted by four different methods
for an average chord length of c = 0.20m. A-weighting has been applied to the noise

levels. OASPL values are indicated in the box on the bottom left of each figure.
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7.1.2 Comparison to Hanson frequency domain model

The predictive capability of the results obtained in Chapter 4 are compared to that of
the original Hanson model. The implementations of the Hanson model used within this
Chapter, is described and validated in detail within Appendix A. It utilises a
combination of the open source XFOIL [196] and XROTOR [197] for the calculation of
propeller aerodynamic performance used as inputs. The actual far field frequency
domain noise model is based on original papers by Hanson et al. [60, 198, 199] and also
the propeller and propfan noise chapter in [36] by Magliozzi, Hanson and Amiet.

Two sets of calculations are presented. First, calculations of the loading noise source of
two-bladed and four-bladed, GA propellers have been made in order to evaluate the
magnitude of error of the asymptotic approximation. In this case, three different flight
Mach numbers are compared, 0 (static), 0.2 and 0.4 (on the high end of GA operational
conditions) and a tip rotational Mach number of 0.3 and 0.6. These results are
presented in Figures 7.7 and 7.8.

Figure 7.7 shows the results for the two-bladed 2 m propeller. As expected, for low tip
Mach number and the fundamental and second harmonic dominate the spectrum, and
the difference in estimation between the approximation and the full model are almost
negligible. Over-prediction in the harmonic levels is evident as axial flow is introduced.
The shape of the spectrum is conserved, with the error increasing (however at a slower
rate) as the harmonic number increases.

In the case of the four-bladed 1.4 m diameter propeller, the trends remain the same.
The nature of the now harmonic series with fundamental tone at, mB = 4, defined by
the Bessel function has shifted the “cut-off” (as described by Roger et al. [200]) point
reducing the efficiency of the loading source. However, the argument remains relatively
large (larger in fact than in the case of the two-bladed propeller) when compared to the
order, meaning that the error in the estimation of the levels has slightly increased.
These results can be seen in Figure 7.8.

Overall, two interesting observations can be made regarding the case of the four-bladed
propeller; i. the reduction in over all noise and ii. the reduced influence of flight Mach
number of the levels and harmonic shape. MONTANA demonstrates the ability to
capture this effect almost identically to the Hanson model.
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Figure 7.7: Loading noise of a two-bladed, 2 m diameter propeller.
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Figure 7.8: Loading noise of a four-bladed, 1.4 m diameter propeller.
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In the second set of results, a parametric sweep of operating conditions is looked at in
Figures 7.9 to 7.14. The comparisons in all figures illustrate the difference in predictive
capability between MONTANA and the Hanson implementation, when estimating
changes in noise levels between two cases. Absolute noise level comparisons have been
shown previously.

Results are presented in terms of deltas (∆) relative to a baseline case of a static
four-bladed, 1.4 m diameter GA propeller running at 2,237 rpm (equivalent to a 0.48 tip
Mach number) and producing 785 N of thrust. The parameter sweep is performed over
the thrust and rotational speed of the propeller, with thrust T in Newtons ranging from
between 0 ≤ T ≤ 2, 000 and rotational speed between 0 ≤ RPM ≤ 4, 100 or
0.3 ≤ Mt ≤ 0.88. Results are presented at an observer location 10 m away from the
propeller hub centre, at a polar angle of β = 105 deg.

The surfaces in Figure 7.9 show the predicted change in sound level of the fundamental
tone or ∆SPLf ,1 as functions of the rotational speed and average lift coefficient of the
propeller blades, referenced to the baseline scenario level (i.e. the baseline point would
be represented by a single point on the surface).

Specifically, the deltas in each subplot of Figure 7.9 represent i.(top left),

∆LHanson = LHanson −LHanson,baseline (7.4)

ii. (top right),
∆LMONTANA = ∆Lf1 (7.5)

with ∆f1 defined in Equation 4.88 corrected in the previous section. And iii. (bottom),

Error = ∆LHanson − ∆LMONTANA (7.6)

The results of Equations 7.4, 7.5 and 7.6 are referred to as “Hanson”, “Montana” and
“Error” respectively in the rest of this Section.

Throughout the entire parametric sweep, the Error ϵ introduced by the asymptotic
approximation is between −9dB < ϵ < +2dB. A range of 10 dB is substantial, however
these occur at the extremes of propeller loading and rotational speed. These extremes
represent great deviation from the original baseline scenario, meaning that the linear
approximation of the lumped source model potentially breaks down. An investigation
into the limitation of this deviation is presented in Section 7.3.

However, considering the variation within what could be considered as an operational
envelope of a single design, the Error remains limited significantly to
−2dB < ϵ < +1.5dB.
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(a) Hanson (b) MONTANA

(c) Difference between the two estimation mod-
els.

Figure 7.9: Estimated change in the fundamental tone as a function of axial loading
and propeller rotation speed (rpm). The z = 0 plane is indicated with grey colour.

Following comparisons are made using the Overall Sound Pressure Level (OASPL), as
measure of noise intensity ( quantifying PWL and directivity changes as functions of
geometry and operation), and not subjective human response. Constant loudness metrics
are reconsidered in the generation of the NPD curves and calculation of certification
point limits in the appropriate metrics, when quantifying noise on the ground.

For a constant rotational speed, Figure 7.10 shows how MONTANA captures the
dependence on axial loading. On the other hand, 7.11 gives the OASPL as function of
rotational speed for a given thrust. Both these figures may be interpreted as 2D slices of
the surfaces in Figure 7.9 if all contributions from the harmonics where added to give
the OASPL. The Error is measured on the right-hand y-axis, as it is of different scale
relative to the predicted deltas.

In Figure 7.10 the rotational speed is kept at the nominal value of 2,040 RPM (or
Mt = 0.44, i.e. below that of the baseline case). Both models predict the reduction in
noise level due to the reduced RPM, with an interesting pattern emerging for the error.
The error (or better interpreted in this case as the difference) becomes zero around an
average CL = 0.5, shifted from the baseline value of CL = 0.75. As the 2,040 RPM
plane , the error ranges between −1.5dB < ϵ < 1.2dB for any value of CL, for almost
feathered propeller to an almost stalled average condition of the blade.

In Figure 7.11 the point at which the two predictions cross the x = 0 axis, indicates the
baseline configuration and therefore a 0 dB change in noise level as expected is returned.
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Figure 7.10: Estimated change in OASPL between a baseline case and a modified
(novel) scenario for various loading conditions. Comparison is made between original
Hanson model and MONTANA in estimating changes, and error (difference) between

the two models is given on the right-hand axis.

The dependence of OASPL on rotational speed is almost identical between the two, with
MONTANA once again over estimating the changes. The logarithmic nature of the noise
level is evident in the trend, and as will be discussed in the following section the exact
scaling of the OASPL with Ω is not global. In the regions of low rotational speed, the
trend follows the fundamental tone. However, as the propeller tip approaches supersonic
speeds and the higher harmonics contribute more to the total acoustic field, the trend
follows the scaling of the dominant harmonics, although not perfectly, as energy in the
adjacent modes is significantly contributing.

Figures 7.12 to 7.14 show how the harmonics of the fundamental also change as
functions of the two parameters, with respect to the baseline. Harmonics up until
harmonic mode number m = 5 are shown. The variation in the scaling of the harmonics
is evident, and MONTANA once again captures this relation, as can be seen in the Error
plots. The error, as expected grows for larger harmonic numbers and for large deviation
from the baseline scenario.

With the analysis presented, the asymptotic approximation to the Hanson model in
combination with the main MONTANA framework is regarded as capable in capturing
changes in noise levels of steady harmonics as function of operation and design changes
and providing predictions of the noise source behaviour when detailed propeller design
and operation is not available.
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Figure 7.11: Estimated change in OASPL between a baseline case and a modified
(novel) scenario for various propeller rotation speeds. Comparison is made between
original Hanson model and MONTANA in estimating changes, and error (difference)

between the two models is given on the right-hand axis.

(a) Hanson compared to MONTANA. (b) Difference between the two models.

Figure 7.12: Estimated change in the harmonics relative to the fundamental tone as a
function of axial loading. The z = 0 plane is indicated with grey colour.

(a) Hanson compared to MONTANA. (b) Difference between the two models.

Figure 7.13: Estimated change in the harmonics relative to the fundamental tone as a
function of flight Mach number. The z = 0 plane is indicated with grey colour.
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(a) Hanson compared to MONTANA. (b) Difference between the two models.

Figure 7.14: Estimated change in the harmonics relative to the fundamental tone as
a function of propeller rotation speed (rpm). The z = 0 plane is indicated with grey

colour.

7.1.3 Propeller noise scaling parameters

Figure 7.15 shows the results of different noise components for a two-bladed rotor with
the rotation speed ranges from 60 to 120 RPS, when calculated using the full Hanson
implementation. The observer radius is R = 15 m (i.e. in the far field). The secondary
axis in each of the Figures shows a collapsed version of the results, when they are
normalised by parameters identified in the analysis and integral evaluation of Section 4.4.

In the case of the thickness noise pV m determined by Equation 4.54, in a hovering case
(Mx = 0), the dependence on the tip Mach number is of the order MmB+2

t or by setting
Mt = Ωrt/c0, the results collapse when normalising with ΩmB+2. The drag loading
(azimuthal) noise pDm, follows the same trend when normalising Equation 4.66 by the
same factor.

The results for the lift (axial) loading noise pLm in Equation 4.64 are proportional to
MmB+3

t in a hovering case. Converting to a rotational speed, it scales with ΩmB+3, as
may be seen in Figure 7.15b. The total noise radiated by the propeller also scaled well
by ΩmB+2 as may be seen in Figure 7.16 for the fundamental tone.

An obvious difference in the sound directivity patterns is observed between the thickness
and drag noise components and that of the lift noise. For pV m and pDm the radiation
pattern is symmetric about θ = π/2, while for the axial loading noise pLm the peaks
occur around θ = cos−1(±

√
3) (about 54.7◦ and 125.3◦). Due to the influence of the lift

loading noise, the total sound pressure is asymmetric about θ = π/2.
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(a) Tangential loading noise (drag) source.
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(b) Axial loading noise (lift) source.
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(c) Volume (thickness) noise source.

Figure 7.15: Individual propeller noise sources as function of observer polar location.
Sound pressure of fundamental tone (m = 1) indicated for a range of rotation speeds.

Scaling laws indicated in top right axis, showing the collapsed results.
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Figure 7.16: Total propeller harmonic noise as function of observer polar location.
Sound pressure of fundamental tone (m = 1) indicated for a range of rotation speeds.

Scaling laws indicated in top right axis, showing the collapsed results.

7.1.4 Comparison between estimated and published NPD curves

The benchmarking study consists of comparing predicted NPD curves with published
ones. The prediction capability is demonstrated through the prediction of multiple
power settings, for a variety of operational configurations, using single point baseline
reference. The single point baseline reference refers to the fact a single operating
condition of the baseline (denoted by a red cross in result figures) aircraft is used to
predict the NPD curves over a range of possible power settings. Two categories of
aircraft are investigated, fixed wing and rotorcraft.

Fixed-wing propeller aircraft

The fixed wing aircraft for which predictions are made are: the Cessna 172 Skyhawk, the
Britten-Norman BN-2 Islander, the de Havilland Canada DHC-6 Twin Otter, the ATR
42-300, the ATR 72-212A (or ATR 72-500) and the De Havilland Canada Dash 8 Q400.
An extra aircraft is studied, the Airbus A400M Atlas, due its significantly different
application (military transport aircraft) but primarily due to the combination of its
unique propulsion system configuration and size. These aircraft were chosen as they
cover a great variety in size and design configurations, aiming at proving that the model
is applicable to subsonic propeller powered vehicles. Performance and design
characteristics for each of the aircraft may be seen in Tables 7.2 and 7.3. The results for
the fixed wing NPD benchmark prediction are seen in Figures 7.17 to 7.23.

Rotorcraft

Rotorcraft trajectories in AEDT are defined in terms of a sequence of flight path
segment described by operational modes. A simple departure operation may be
constructed from the following sequence of operational mode procedural steps: ground
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Figure 7.17: Comparison between the predicted (by MONTANA) and published
(measured [98]) departure NPD curves for the Cessna 172.
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Figure 7.18: Comparison between the predicted (by MONTANA) and published
(measured [98]) departure NPD curves for the BN-2 Islander.
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Figure 7.19: Comparison between the predicted (by MONTANA) and published
(measured [98]) departure NPD curves for the DHC-6 Twin Otter.



7.1. Source Model verification 211

0 2000 4000 6000 8000

20

30

40

50

60

70

80

90

100

(a) LA,max

0 2000 4000 6000 8000

110

100

90

80

70

60

50

40

(b) SEL

Figure 7.20: Comparison between the predicted (by MONTANA) and published
(measured [98]) departure NPD curves for the ATR42-600.
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Figure 7.21: Comparison between the predicted (by MONTANA) and published
(measured [98]) departure NPD curves for the ATR72-212A.
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Figure 7.22: Comparison between the predicted (by MONTANA) and published
(measured [98]) departure NPD curves for the DHC-8 (Dash 8) Q400.
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Table 7.2: Propeller powered aircraft performance inputs used for verification study.

Aircraft
Cessna 172 BN-2 Islander DHC-6 Twin Otter ATR 42-300

No. of Engines 1 2 2 2
Prop Diameter, m 1.98 1.98 2.6 3.93
No. of Blades 2 2 3 6
RPM 2,700 2,700 2,110 1,200
MTOW, kg 1,156 2,994 5,670 18,600

Table 7.3: Continuation of Table 7.2.

Aircraft
ATR 72-212A Dash 8 Q400 Airbus A400M Atlas

No. of Engines 2 2 4
Prop Diameter, m 3.93 4.11 5.3
No. of Blades 6 6 8
RPM 1,200 1,020 860
MTOW, kg 23,000 27,987 141,000
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Figure 7.23: Comparison between the predicted (by MONTANA) and published
(measured [98]) departure NPD curves for the Airbus A400M.

idle → flight idle → vertical ascent → departure with climbing acceleration → level
flyover with constant speed. The noise data are specified as a function of operational
mode (instead of power) and distance, though are still referred to as NPD data.
Procedures for the AEDT rotary-wing operational mode might be either dynamic or
static. A list of all operational modes considered within AEDT, as well as the different
classifications may be seen in the technical manual [201]. In the case of MONTANA,
and this benchmarking case, NPD curves for four types of operations are generated and
compared. Those are departure, idle, hover and level flyover noise curves. In the level
flyover case, directivity effects are investigated by comparing the two lateral NPD curves
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used along with the under flightpath (conventional) curve. The benchmark predicted
NPD curves are shown in Figures 7.24 to 7.26.

As discussed by Rizzi et al. [112] a grey region exists between what is considered a
vertical ascent and a constant speed departure. In the context of AEDT, this region
could be populated with multiple sets of different operational modes, depending on the
nature of the operation itself and the configuration of the vehicle. For this section static
operational modes assume flow into the rotor due to vehicle translation, this applies to
the idle and hover operations. Departure and flyover include an inflow velocity
component to the rotors.

The rotorcraft studied are, the Schweiser 300C, the Eurocopter AS365 Dauphin and the
Boeing CH-47 Chinook. These choices also cover a range of size and configurations.
Rotorcraft NPD curves, are different to conventional fixed-wing NPD curves due to
different types of operations they are capable of performing (see Chapter 2). In addition,
the flyover operation comes with an additional complexity, that is directivity effects.

Table 7.4: Helicopter performance inputs used for verification study.

Helicopter
Schweiser Eurocopter AS365 Boeing CH-47

300C Dauphin Chinook
No. Main Rotors 1 1 2
No. Blades 3 4 3
Rotor Diameter, m 8.18 11.94 18
RPM 471 350 225
MTOW, kg 930 4,300 22,680

It should be noted that there is no standard for producing rotary-wing NPD data, in
contrast to the techniques used to produce fixed-wing NPD data, which largely follow
AIR 1845A23. The procedures employed in this thesis, to the greatest degree
practicable, are in line with those for helicopter certification specified in 14 CFR Part 36
Appendix H, implemented in a computational way as in the case for the fixed-wing.
Details of the directivity assumptions are given in Section 7.2.2 where a contour
comparison is presented.

Effect of baseline aircraft choice

This section demonstrates the ability of MONTANA to provide estimates for novel
aircraft irrespective of the baseline aircraft. This is important as available data may limit
the options available for choosing appropriate reference aircraft. However, as discussed,
an aircraft qualifies for consideration as a baseline for the prediction model when the
dominant noise sources are assumed to match those of the concept being examined. This
makes aircraft of the same line and variants the ideal first options. Typically, aircraft
are designed based on replacing current technology, therefore predecessors are typically
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Figure 7.24: Comparison between the predicted (by MONTANA) and published
(measured [98]) departure NPD curves for the Schweiser 300C helicopter.

the closest design and performance-wise to the concept being developed. In the absence
of reliable performance and noise data for the direct predecessors (manufacturers often
do not publicly share such data for current operating aircraft), predictions should be
made by previous generation data or in the worst case by a representative aircraft in the
operating class of the concept (classification is a complex matter, however as discussed
in Chapter 2, noise classification is typically done according to MTOW).

To demonstrate this capability, predictions for the De Havilland Canada Dash 8 Q400
are made using four different baseline aircraft: predecessors (Dash 8-100, Dash 8-300);
same class by other manufacturer (ATR 72-212A); and finally an aircraft with a different
propulsion system architecture (De Havilland Canada Dash 7). Table 7.5 lists the basic
performance parameters of the baseline aircraft along with those of the Dash 8 Q400.
The resulting NPD curves are shown in Figure 7.27.
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Figure 7.25: Comparison between the predicted (by MONTANA) and published
(measured [98]) departure NPD curves for the Aerospeciale SA 365N Dauphin helicopter.

Table 7.5: List of basic performance and design parameters of the Dash 8 Q400 and
the baseline aircraft of choice.

Aircraft
No. of Prop No. of RPM MTOW

Engines Diameter [m] Blades [kg]
Dash 7 4 3.4 4 1,210 20,000
ATR 42-500 2 3.93 6 1,200 18,600
ATR 72-212A 2 3.93 6 1,200 23,000
Dash 8-100 2 3.98 6 1,200 16,465

7.1.5 Discussion: Sources of errors in outdoor aircraft noise
prediction

Overall, the NPD calculation procedure is high-level procedure with many intermediate
steps between the generation of noise at the individual source level and the reception of
the total aircraft noise level, after propagation, at any observer location. Replication of
experimental results depends on the methods and model employed at each step of that
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Figure 7.26: Comparison between the predicted (by MONTANA) and published
(measured [98]) departure NPD curves for the Boeing Vertol 234 helicopter.

procedure, but also knowledge of the experimental set-up/strategy, conditions and
processing techniques that results in comparison data.

The main sources of error are due to two main components of the computational method
for generating NPD curves: i. noise source definition and ii. propagation. Representing
an air vehicle/ aircraft as a lumped acoustic source requires empirical assumptions about
the contribution of each individual source mechanism to the overall sum, and the
balance between them as a function of aircraft and engine operation. The subsequent
propagation of the acoustic signature is heavily influenced by atmospheric effects such as
temperature, humidity and wind direction and magnitude on an average but also local
basis. Gradients and fluctuations of these parameters can alter the propagation paths
and levels of the initial signal, through refraction and scattering effects.

More specifically, three main factors contribute to an erroneous lumped source definition,
which then has a knock on effect in the NPD process. These are, i. unaccounted for
individual noise source mechanisms, ii. the far-field radiation directivity of individual
noise sources and their effect on the overall air vehicle directivity, and the spectral
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Figure 7.27: NPD departure predictions (continuous lines) for the De Havilland
Canada Dash 8-300 using four different baseline aircraft. The predicted NPD curves are

compared to published NPD data.

content of individual noise sources and their effect on the overall sound frequency
spectrum.

In the context of the NPD curve creation, each of these factors can alter the final results
causing under or over estimation of noise levels at observer locations.

Although propeller noise is dominated by low-frequency tones that are accurately
captured by modelling the steady loading and thickness noise source contributions, it is
worth considering the impact of two additional sources, unsteady loading harmonic
noise, and broadband noise due to turbulence ingestion.

For propeller noise, static to flight projection is driven by this effect of turbulence
ingestion [202]. Significant noise is produced during static conditions as a result of input
turbulence ingestion. This noise source vanishes during flying. Intense higher harmonics
dominate the noise spectrum when things are static. The intensities of these upper
harmonics are significantly lowered during flight. It is clear from this that static
propeller noise data projections to flight frequently produce large over-predictions.
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Therefore, static propeller noise statistics are of limited use. Even static noise trends
should be taken with a grain of salt. This is significantly important in the context of
UAM hover or low forward speed operations. Under-predictions are expected on behalf
of MONTANA, unless broadband noise is explicitly accounted for. A fist improvement
could be the use of the Pegg model [62], or the Brooks, Pope and Marcolini model [86]
as presented in section 2.3.

Unsteady loading is expected to cause the largest contribution to the error evident in
the MONTANA lumped source model for propeller powered aircraft, especially the
difference observed in forward flight. Nonuniform flow onto the propeller is known to
cause significant increase in the noise signature [82, 203, 204, 16]. Not accounting for
changes in unsteady loading noise would result in over-predictions in the case of
reductions of the noise source in the study aircraft, and under-predictions in the case
where the noise is expected to increase.

Zhong et al. [179] take a similar approach to the asymptotic approximation in this
thesis for unsteady propeller loading harmonic noise. With minimal modifications,
MONTANA could adapt to include such this as an additional source. The nature of the
frequency domain model, and careful consideration loading harmonics could be leveraged
to perform parametric studies. However, blade unstable loading is rarely accurately
determined, especially at the preliminary design stage.

The number of acoustic sources that are sufficient for the particular type of aircraft
under consideration depends on the type of the engine in its power plant and on aircraft
flight mode. In the case of propeller/rotor powered aircraft, the noise sources related to
the propeller itself tend to dominate across power settings and radiation angles.
However, additional noise source mechanisms can contribute to the final OASPL and
finally exposure levels. As with the additional propeller sources, depending on the case,
over or under estimations of noise levels could be observed. Examples of such additional
noise sources are discussed in chapter 8 specifically for hydrogen powered aircraft.

Interactions can be a source of additional error and complexity in the definition of a
lumped source acoustic model. Interactions may be classified into two categories,
aerodynamic and acoustic. Aerodynamic interactions are typically causes for additional
acoustic energy generation, and therefore additional aeroacoustic mechanisms. These
may be accounted for by modifying individual noise source models or adding additional
ones in the definition of the lumped source. Acoustic interactions are defined by the
effects of constructive and destructive interference of the sound fields. Typically,
understanding such effects involves high fidelity calculations or computations when
detailed geometry and operation is available. In an acoustic power radiation basis, the
far-field surface integral surrounding the source is unaffected by the presence of acoustic
interference effects.
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Unaccounted for sources, have an impact on the overall directivity and spectral content
of the lumped source, not just the PWL. As discussed next, these parameters impact the
NPD process in their own way.

Directivity has an impact on the estimation of LA,max. The interplay of the directivity
and the distance to the observer impact the location (temporal or spacial dependent on
reference), level and spectral content of the LA,max for any single event.

The SAE AIR 1845 [89] procedure uses a “simplified adjustment procedure” to calculate
the sound exposure levels, LAE at distances other than the one the baseline level was
calculated/measured at. The adjustment is empirical and is known to cause discrepancy
in the levels when the difference in slant distance between the estimation point the
baseline point are large, as the assumption that DAE,d ∝ d0.751 breaks down. The
application of this simplified procedure can be avoided by manually calculating the LAE

performing simulated flyover at each slant distance. This is the solution used by Rizzi et
al. [112].

In addition, the procedure assumes a constant emission angle for LA,max for distances
greater than 800 m. The calculations suggested SAE AIR 1845 are done with the
presumption that the sound emission angle at the moment of the maximum sound level
for the test distance does not change with increased distance. Assuming a constant
sound emission angle, the minimum (closest approach) distance, denoted by either dT m

or drm, can be used to define the sound propagation distance,

dT pi = dT m cscβei and drpi = drm cscβei (7.7)

which results in the noise level being estimated as,

Lpr(j) = LpT (j) − 20 log [drm/dT m] − ar(j) [drm − dT m] cscβei (7.8)

Because atmospheric-absorption processes greatly lower the high-frequency sound
pressure levels at large distances, the assumption of a constant sound emission angle
during the time of occurrence of the highest sound level is not necessarily true. As a
result, as the distance grows, the relative time at which the maximum sound level occurs
may shift.

The implications of an erroneous directivity are beyond the two points made above, in
the case of sound exposure calculation. As an example, take the extreme case of an
axially (parallel to the flight axis) oriented dipole (Dmax occurs at β = 0 and β = pi)

1Experimental results suggest that the empirical relation DAEr − DAET = 7.5 log10 (drm/dT m)
accurelty descirbes the effective duration difference between the NPD point of interest and the reference
data point, where DAEr and DAET are the flight durations of the point of interest and the reference
point, while drm and dT m are the equivalent slant distances [89].
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and one perpendicular to that (Dmax occurs at β = π/2). In the first case maximum
radiation occurs early and late in the event time history, relative to the observer, where
the distances are large (and → ∞ for a flight path of infinite length), whereas minimum
radiation occurs at the point of closest approach. The integrated exposure level for a
flyover of the dipole would be significantly lower than that of other case, where
maximum radiation occurs at the point of closest approach. This trivial example,
indicates the effect that is believed to contribute to the error observed in the NPD
curves calculated in this chapter.

Reflection and refraction effects caused by the interaction of the noise waves with
elements of the airframe are not included in the definition of the lumped source model.
It has been shown [205, 206] that these effects can effectively re-distribute and/or reduce
the overall acoustic energy radiated in the direction of observers directly below and
laterally offset from the aircraft flight path. Shielding and jet blockage effects can also
contribute to the error observed.

As with directivity, spectral content if affected by the variation of distance throughout a
flyover. In the case of MONTANA, the field shape is the same across all frequencies.
This results in high frequency dominated spectra to be attenuated to a greater extent
than those with dominant low frequency content. In the case of propeller harmonic
noise, the majority of the energy is located in the low frequency BPF and its harmonics.
For low slant distances and low tip relative Mach numbers it is expected that
atmospheric absorption will have little impact on the received signal. However, in
MONTANA, as seen in Section 7.1, there is a tendency to over-predict high frequency
content. This means for a given OASPL energy is shifted to the high frequencies which
are more vulnerable to be attenuated by the atmosphere.

Finally, the dependence of frequency on directivity is worth repeating, as this is a gross
assumption within MONTANA that alters levels received at the observer locations.

Doppler effects also modify the initial source levels and spectrum. The Doppler
frequency shift, in the case of a uniform stationary atmosphere, is a well understood
phenomenon, and may be corrected for. Additional Doppler effects, such as amplitude
modulation and refraction [207] also may cause over-prediction of noise levels if not
accounted for. Standard methods for accounting for Doppler effects are implemented in
most aircraft/airport tools [208].

Propagation effects also influence the characterisation of source. The standard SAE-AIR
866 applied in this thesis, adequately captures the effects of atmospheric absorption
through empirical attenuation constants for conditions that do not deviate largely from
a homogeneous atmosphere assumptions and the reference parameters. Atmospheric
turbulence can be a reason for that deviation. Daytime influence of atmospheric
turbulence is generally underappreciated [24] and may impact propagation through
random variation in temperature, wind velocity, pressure, and density. An in-depth
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review and analysis of the effect the homogeneous atmosphere assumption is presented
in [209]. Additional standards for the measurement of outdoor sound exist, most notably
the ANSI S1.13-2020 Procedures [210].

Propagation characteristics vary significantly in the presence (proximity) of the ground.
For airport noise this is significant at low elevation angles of the aircraft. Typically, in
the case of NPD curves and overhead flyovers, the only impacted portions of the event
SPL time histories are the extremities (where the observer is at very large or very small
polar angles relative to the observer). These portions do not significantly contribute to a
integrated exposure metric with 10 dB-down definition. However, empirical corrections
are standard practice, and predictions can be improved with the application of methods
such as ESDU [211] and SAE AIR-1751 [212].

Large scale outdoor acoustics campaigns, for certification and NPD curve creation
purposes are difficult to replicate for two fundamental reasons. The first pertains to the
noise source definition, however knowledge of the state and conditions of the aircraft and
propulsion systems (and therefore the parameters that feed into the individual noise
source models) at any given time throughout a measurement event.

Additionally, the discrepancy between flight parameters in real operation and their values
defined from reverse engineering or calculating them based on power setting parameters
such as RPM (in the case of propellers), presents another source of error relative to
outdoor measurements. Global control parameters may be tracked, as they form inputs
for pilots (e.g. N1 speed, EPR and OPR for turbofans), however their correlation to
flow characterising parameters is often also done through modelling techniques.

Performance transient conditions (aircraft and propulsion system) are avoided in the
process of NPD curve creation, as steady state conditions are the targets. The impact of
transient conditions on the aeroacoustics is twofold: i. time dependent driving
parameters (due to acceleration or deceleration of rotating machinery for example) and
ii. the influence in noise source breakdown. Obviously, both of these conditions impact
the assumption of MONTANA.

Finally, all predictions and experimental data should be returned to reference
atmospheric conditions. This is standard procedure for the development of NPD curves,
in order to provide a basis of comparison. Although, conditions are typically monitored
at standard intervals during the measurement campaign, at the observer location and at
the aircraft flyover altitude, variation in atmospheric conditions may still introduce
errors in the observed acoustic signal.

The ICAO Annex16 certification process uses a confidence limit process for the
generation of the aircraft noise level from measured (and in some cased hybrid of
measured and predicted level) data, that are to be assessed against the noise
certification criteria. For the purpose of certification 90% confidence limits are used,
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corresponding to an acceptable ±1.5 EPNdB range statistically for each of the three
average noise certification levels. NPD data is also part of the certification process,
implying that the ±1.5 EPNdB tolerance is also applicable to the baseline data used for
benchmarking MONTANA.

NPD prediction however, relies on noise models to calculate noise exposures by
simplified mathematical representations of the real, complex processes of aircraft noise
generation and propagation. Compounding errors through this process inevitebly results
in larger uncertainty levels that measurements. However, for the application of
MOTANTA in the conceptual design space, absolute accuracy is be less important than
realistic sensitivity to key input variables. As suggested in Doc29, accuracy in many
cases is defined in terms of: fidelity, sensitivity and relative accuracy.

Certification levels calculated using NPD data are subject to the same accuracy (error
tolerance) as the NPD curves themselves. Extrapolation of NPD data to certification
points does not introduce any additional error, assuming NPD data exists for the
required certification metric. An exception might be the flyover (cutback) conditions, as
the transient phase of power reduction (spool-down) is not captured in NPD data. The
impact of NPD accuracy in contour estimation is significatly larger. As elequently
described by Smith [21], contours are extremely sensitive to small input data changes.
Accuracy of ±1 dB of instantaneous input noise can result in 40% variation of the
contour area. Despite this sensitivity of contour area prediction to accuracy of input,
with the use of average airport noise monitoring data, airport noise tools and
methedologies have been “validated” within ±2 dB [21, 89]. Recommended
interpretation of contour results, as with NPD data, is relative changes between
scenarios, quantifying the variation (changes) in noise exposure around a given airport
resulting from changes in design and the operational of aircraft, through driving
parameters. Absolute contour area and contour location, becomes raliable at small
distances to the flightpath (i.e small slant distances), as is the case with NPD curve data
previously discussed.

The benefit of modifying NPD data sets to account for changes in individual sources
alone, means that many of the effects previously described, that are contained with the
experimental data, are also present in the noise predictions. Predicting absolute source
levels requires the application of many corrections before is may be compared to outdoor
certification measurements.

Modifying existing NPD data implicitly accounts for propagation, ground reflection and
signal processing adjustments, typically applied to absolute prediction of individual
noise source levels. Specifically, in the case of propagation, the computational algorithm
involved (standard Doc29 and SAE AIR 1845 methods) used to reverse the NPD data
into source levels (as explained by Synodinos [12, 52]), is the same used to propagate
back to the observer location after the application of source deltas. This implies that the
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propagation uncertainty between predicted and measured NPD data is only due to the
deltas applied to the individual sources, which comprises only of a part of the new total
level.

Despite the errors discussed, the value in MONTANA in obtained when comparing two
MONTANA predictions, one for the baseline aircraft and one for the study (modified)
aircraft. As discussed, MONTANA contains various errors that are consistent across all
predictions. By looking at the relative difference NPD curves predictions, it is possible
to gain a perspective on how changes in individual noise source levels manifest
themselves in the context of a whole aircraft and on the ground.

The question of whether this uncertainty (or systematic deviation) allows for a reliable
estimation of differences between aircraft concepts and their baseline counterparts,
comes down to two different parts of MONTANA:

1. The fundamental linear approximation of MONTANA when applying deltas to
baseline levels of a particular source. A systematic error is observed when the
limits of the linear approximation are exceeded, and substantial deviation from the
full non-linear solution/method has occurred. This statement also holds for the
particular propeller noise source model implemented within this thesis. An
expected deviation from the original model is observed when for example the small
argument approximation breaks down.

2. Second, and possibly harder to quantify, is the error between the individual noise
prediction methods and reality. Understanding the limitations as well as strengths
of the baseline methods and the intended application of the models used to
generate the deltas is crucial to restricting the scale of the introduced errors. This
is the reason for the extensive error study and limitations analysis, as well as the
extensive benchmarking against actual measured NPD data.

7.2 Airport noise model verification

Validation of the MONTANA airport noise module is performed under guidance from
the ECAC CEAC Doc29 [123] quality Control and Validation process, specifically the
sequence of task defined under Section 9.6 “Practical Recommendations”. This process
fundamentally aims at increasing confidence in the results and provide insgihts to the
limitations of the tool.

The validation of the updated airport noise model within MONTANA implies comparing
noise footprints for single operations. Two methods of benchmarking are used, an
in-house simulation method and an industry standard for generating noise contour
around airports, the FAA’s AEDT. The in-house simulation model was developed as a
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simple alternative to the fully featured AEDT. It allows for simple setup, minimal input
requirement, while the straightforward nature of a simulation / grid-point model
minimises the possible points of discrepancy when comparing to MONTANA predictions.
AEDT is a fully developed airport noise model capable of accounting for aircraft / fleet
type, detailed flight trajectories and aircraft performance amongst others. Acoustic
effects such as atmospheric attenuation, lateral directivity and attenuation, ground
effects are dealt with by default through the input requirements (NPD’s) or by
amending noise at the observer location through a series of corrections.

Both tools are used to generate a series of noise contours and compared to MONTANA
predictions. Simple iso-tropic sources and three-dimensional ones are explored, while the
power variation noise surfaces are compared to equivalent cut-back footprints generated
by AEDT. Finally, a range of exposure level contours are explored, as lower level
footprints are notoriously hard to predict due to the small elevation angle, introducing
lateral attenuation effects and dominating ground effects.

7.2.1 Grid-point method

In the grid-point model, the ground surface or airport coordinate system is defined by a
Cartesian coordinate system (X,Y ,Z) with the runway laying in the X − Y plane. The
origin of the coordinate system is positioned at the start of the ground roll with the
runway extending out in the positive X direction. In the case of a vertical take-off the
origin is again placed at the point where vertical flight is initiated. The set-up for a
conventional fixed-wing take-off is seen in Figure 7.28.

Figure 7.28: Set-up of grid-point method flight path and receivers.

The grid-method provides a trivial, simulation solution to check three items in particular:

• the preservation of acoustic energy output after the application of the spherical
harmonics and,
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• that the noise surface transformation (rotations and translations) have been
implemented correctly, and

• the Bezier curve corrections.

The grid method consists of a point source radiating a noise level of a specified constant
PWL. The only effect that takes place during the propagation between the source and
the observer locations is spherical spreading.

The aircraft location is given by the vector [Xac, Yac, Zac], and is a function of time.
Each individual aircraft movement is described by its three-dimensional flightpath,
engine power setting and speed along it. The flightpath is discretised into simple linear
segments defined by a waypoint at the start of each segment. The waypoints carry
information that describes the operation and movement of the aircraft along the
following segment. The flight parameters, as they’re called are assumed to remain
constant along the length of the segment and are the following: (1) an inclination angle,
(2) an angle of rotation, (3) the length of the segment, (4) the engine power setting (or
in this case, the source PWL) and (5) the speed of the aircraft along the segment. These
parameters are almost identical to the ones describing the flightpath of RANE v2, as the
flightpath is the same. Each segment is further discretised in to a number of points Ns

modelling the movement of the aircraft along this segment.

Figure 7.29: Discretisation example of flightpath segments for grid-point method.

Using the coordinates of the final point on the last segment of the flightpath an
appropriately sized rectangular grid is defined on the ground (X − Y plane). Each
individual receiver location is given by [Xr, Yr, Zr]. Each point on the grid represents
an observer location at which the sound exposure levels of the aircraft movement will be
calculated. As the aircraft continues to fly even after the end of the final segment, an
extension to the final segment is added. The segment is extended linearly until the
acoustic contribution (SPL) to all points on the grid beneath the 10 dB down mark
relative to LA,max.

The sound level at each grid point due to the aircraft at any point in time is given by:

Ltk,i = Lp,source − 20 log10 (r) (7.9)
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where r is the distance between the specific grid point (observer) and the aircraft at that
point in time, and k,i are counters indicating the position of the aircraft along the
discretised flightpath. Therefore, as the aircraft performs a take-off/approach operation
(assuming t = 0 occurs when the aircraft is positioned at the origin for at take-off
procedure) the SEL at each individual grid point may be calculated as,

SEL = 10 log

⎛⎝ K∑︂
k=1

Ns∑︂
i=1

10
Ltk,i

10 ∆t

⎞⎠ (7.10)

where K denotes the number of segments including the extension to the last segment.
∆t is defined as per the ICAO Annex 16 analysis system requirements equals to 0.5
seconds. Unlike Annex 16 the discrete signals received by the grid-points are not
averages, rather instantaneous values. Using ∆t and the constant aircraft velocity along
finite length segments, the position of the aircraft can be estimated at each time t. That
results in each segment being discretised into a number of points Ns. Once the SEL of
the single aircraft movement has been calculated at each of the grid point a contour map
can be created. An example airport contour map can be seen in Figure 7.30.
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Figure 7.30: An example contour map calculated using the grid method.

The contour map is composed of multiple contour lines, ranging (in this example) from
65 to 80 dB SEL. The calculation time is highly dependent on the size of the grid and
the number of discretisation points in each dimension. The flightpath discretisation also
contributes to significantly to the computation times. This example computation with
1,000,000 grid points took a total time of 238.258 s. this scale of computation times for
simple single runway, 3-5 segment flightpaths examples is manageable for running
verification test cases. The equivalent Noise Surface example was calculated in 36.194 s,
almost 6.6 times faster. (NOTE: these calculations were performed on personal laptop
computers). Grid-method generation and optimisation techniques are out of the scope of
this project. Larger more complex test examples will be tested against FAA’s AEDT.
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(a) Conventional take-off. (b) Conventional take-off.

Figure 7.31: The 70 dB SEL contour of an isotropic source. Contour area comparison
between RANE v2 and the grid-point method.

In order to make to comparison to RANE v2, the inputs need to be chosen appropriately.
For a given source strength and required sound-level contour, the noise radius input, Rn

for the noise surface method is calculated using the discrete definition of the SEL metric,
Equation 2.26 by performing an artificial flyover.

All examples assume an omnidirectional source by setting all Spherical Harmonics
coefficient to zero other than the monopole term. The decision to first test an isotropic
source was made due to the fact that, designing a grid-point method with directivity
features in also out of the scope of this project. Thus, for initial verification, isotropic
sources were used.

The inputs parameters for the case of a simple three segments take-off (Figure 7.31) are
presented in Table 7.6. Slight alterations to the inputs are made for the cutback and
turn examples.

Table 7.6: Example input parameter table for conventional procedures of an omnidi-
rectional noise source.

Conventional
Segment One Two Three
Inclination angle, γ (deg) 0.5 7.5 5
Rotation angle, ψ (deg) 0 0 0
Segment length, s (m) 1000 6,000 60,000
Speed, v (m/s) 100 100 100
Source SPL, Lp (dB) 120 120 120
Noise radius, R (m) 1,110 1,110 1,110

The following Figures from 7.31 to 7.33 showcase example calculations using RANE v2
and comparing to the grid-point method, with Figure 7.33 illustrating an interesting
case of a vertical take-off procedure.
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Figure 7.32: The 75 dB SEL contour of an isotropic source, conventional Take-off
with cutback. Contour area comparison between RANE v2 and the grid-point method.

Table 7.7 also shows the different inputs required for a vertical take-off compared to a
conventional fixed wing flightpath. Interesting parameters have been highlighted in red
and green. It is interesting to point out the short vertical segment and the speed along
it. These features were modeled after typical flight profiles and operational procedures
of helicopters, operating at helipads according to the FAA [99].

Table 7.7: Example input parameter table for vertical take-off procedures of an
omnidirectional noise source.

Vertical
Segment One Two Three
Inclination angle, γ (deg) 90 7.5 5
Rotation angle, ψ (deg) 0 0 0
Segment length, s (m) 100 6,000 60,000
Speed, v (m/s) 1 100 100
Source SPL, Lp (dB) 120 120 120
Noise radius, R (m) 2,000 1,050 1,050

The results in Figures 7.31 to 7.33 validate the implementation of the spherical
harmonics as a directivity factor. Although omni-directional, the distribution of energy
generates the noise radii of appropriate length relative to the simple point source
simulated flyover. Mismatches occur at the start-of-roll in the case of conventional
fixed-wing aircraft, but this is expected due to the simplified modelling of the flightpath
and the nature of the infinitely long noise surfaces. In addition, for the omnidirectional
case, the Bezier curve correction performed adequately for simple turns and in the case
of the veritical take-off. In the case of the take-off with cutback, although it managed to
improve on the previous capability of RANE and the noise surface method (see cutback
calculation in [182]); additional considerations need to be made to appropriately model
these transient regions.
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(b) Comparison between RANE v2 and the
grid-point method of the 75 dB SEL contour.

Figure 7.33: Isotropic source during vertical take-off.

7.2.2 Comparison with AEDT

As previously mentioned, AEDT is a comprehensive, grid-point model that operates
similarly to the in house grid-point method previously described. It assesses the noise
impact of conventional aircraft fleets around airports, in various metrics, typically noise
exposure contours around airports. In addition to conventional fixed wing aircraft,
AEDT carries capability of assessing helicopter operations around airport and
helipads/heliports. The Heliport Noise Model (HNM) module was incorporated into
INM (Integrated Noise Model) with a helicopter noise database collected through both
FAA and manufacturer certification measurements and later into the current version of
AEDT.

For the RANE v2 benchmarking campaign, both fixed wing and rotorcraft (helicopter)
scenarios were chosen. The noise data inputs to RANE are the same NPD curves used
by AEDT and are acquired from the ANP database [98]. In order to compare the same
flight operations and trajectories, simple linear flight tracks were set-up in AEDT along
with the “STANDARD” or “DEFAULT” profiles for each air-vehicle of interest.

As AEDT uses aircraft/helicopter flight performance models to simulate the actual
trajectories based on the target tracks and profiles, the AEDT outputs represent the
actual flight trajectory and performance. These were used as the inputs to RANE v2,
accompanied by the NPD data for each air vehicle.

Fixed-wing aircraft

The fixed wing aircraft of choice range from GA piston powered propeller aircraft, to
regional turboprop aircraft and finally different configurations of turbofan aircraft. A
summary is available in Table 7.8. Example of the flight profiles for the fixed-wing
conventional aircraft may be seen in Figure 7.34. For each aircraft, the recommendations
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of the ANP database, Doc29 and the AEDT technical manual were followed in applying
the appropriate corrections to the noise levels (e.g. impedance adjustment, duration
correction engine installation and lateral attenuation) before calculating the appropriate
noise radius for each segment of the flightpath.

The finite segment correction was also applied, but instead as calculated in section 4 of
this thesis. An important consideration is that of the start-of-roll directivity, as this has
a strong contribution to the shape of the final contour. To provide a representative
comparison, the same directivity functions as the Doc29 recommendation were used.
The directivity function ∆SOR is given as a delta relative to the overall takeoff ground
roll noise level at the point distance dSOR at ψ = 90◦, LTGR(dSOR,90◦). Two empirical
expressions are provided, one for turbofan-powered jet aircraft and another for
turboprop-powered aircraft. Both are applied in the rear arc relative to the aircraft,
90◦ ≤ ψ180◦, where in this case ψ is measured from the aircraft forward axis in the
counterclockwise direction. For the application in RANE v2, the directivity index ∆SOR

was converted from a directivity index to a normalised directivity factor, and expanded
in terms of spherical harmonics.

Lateral attenuation and ground effects are treated differently relative to Doc29, due to
the details of the noise surface method. As RANE solves for observer locations that
experience a certain value of noise level, the conventional grid method empirical
corrections applied to the levels at each observer location are not applicable. Therefore,
these corrections are inverted to the source coordinate frame and therefore definition of
the three-dimensional directivity function and included in the implicit solution of the
noise surface equation, through a correction to the noise radius. This results in the
corrections being a function of the already calculated noise radius, the segment
inclination angle, γ, which directly correlates to elevation angle β, (in which these
corrections are typically defined [34]), and are manifested in the aircraft frame through
the polar and azimuthal angles (θ,φ). This assumes that all observer locations that
result from one segment’s noise surface experience the same corrections. For realistic
cases the granularity of the flightpath discretisation is already high to account for
performance and trajectory geometry accuracy. In the case of long segments at high
inclinations angles, additional discretisation points are introduced for these corrections
alone. This bypasses the need for applying the individual corrections to each observer
location independently, as the corrections are included in the initial calculation of each
noise surface of interest, further cutting down calculation times.

The Doc29 engine installation correction is also included in the source directivity
definition. The empirical corrections ∆I(φ) for wing-mounted and fuselage-mounted
engines are expanded into the series of simple harmonics before performing the flyovers.
Finally, the appropriate noise surfaces are generated for each segment of the flightpath.
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Table 7.8: Fixed wing aircraft used for benchmarking RANE v2.

ANP aircraft
Cessna 172 DHC-7 DHC-8 ATR72-212A Boeing 717 A320neo A400M-Atlas MD-11

Type Piston Turboprop Turboprop Turboprop Jet Jet Turboprop Jet
No. Engines 1 4 2 2 2 2 4 3
MGTW [lb] 2,450 41,000 34,500 50,710 121,000 142,198 310,852 682,400
MGLW [lb] 2,450 39,000 33,900 49,270 110,000 142,198 271,000 433,300
MSLSTa/MSLTb [lb] 436 2,850 4,750 7,587 18,000 25,000 - 61,500
Noise Chapter 6 14 14 14 3 4 4 3
Config. FNMc WMd WM WM FMe WM WM WFMf

aMax Sea Level Static Thrust only valid for propeller powered aircraft.
bMax Sea Level Thrust only valid for turbofan powered aircraft.
cFuselage noise mounted
dWing mounted
eRear fuselage mounted
fWing and fuselage mounted
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The contours, or more appropriately, single event footprints, in Figures 7.35 to 7.38
represent the benchmarking comparisons of RANE v2 against AEDT for fixed-wing
aircraft. Each figure depicts the AEDT prediction in red, while the RANE prediction in
black. Three noise levels are chosen for each aircraft, each presenting a high, medium
and low level of SEL. In the case of the “quieter” aircraft, this range these values are 50,
60 and 70 dB SEL. For the larger and noisier aircraft the levels are 55, 65 and 75 dB
SEL. The range on the x-axis is different depending on the aircraft depicted, for example
the footprint for the A400M extend all the way to approximately 90 km beyond
brake-release (start-of-roll) while the Cessna 172 a mere 40 km.

The prediction trends are similar across all aircraft. RANE v2 footprints almost directly
overlap those of AEDT at high noise exposure levels. Details in the shape of the
footprints are lost (or smoothed out) in the region of 0 - 5 km across all levels for all
aircraft. This is caused for two reasons, the way lateral attenuation and ground effects
are applied and the effect of the Bezier curve corrections. Overall however, the predicted
area of exposure is not affected, giving good agreement.

RANE does exceptionally well in the regions of long straight segments. These are parts
of the flightpath that more closely conform with the RANE infinite flightpath and
constant performance (power setting) assumptions, as also seen in the comparison with
the grid-point model, and require the least amount of corrective adjustments. Finally, as
may be seen in all figures, the RANE footprint abruptly cut-off, whereas the AEDT ones
do not. The discrepancy is due to the finite flightpath in AEDT, a real aircraft would
continue to fly beyond what is modeled in this case in AEDT.In the case of RANE, the
last segment of the flightpath, although finite, defines an infinitely long noise surface,
arguably a more correct approach. However, the depictions in the figures have limited
the extent of the footprints to the length of the equivalent levels of the AEDT
predictions for comparison reasons.
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(a) A320 departure profile.
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(b) ATR72 departure profile.
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(c) Cessna 172 departure profile.
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(d) Common approach profile.

Figure 7.34: Vertical flight profile for various fixed wing aircraft.
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Figure 7.35: Comparison between the RANE v2 and AEDT 3c prediction for fixed
wing aircraft.
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Figure 7.36: Comparison between the RANE v2 and AEDT 3c prediction for fixed
wing aircraft.
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Figure 7.37: Comparison between the RANE v2 and AEDT 3c prediction for fixed
wing aircraft.
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Figure 7.38: Comparison between the RANE v2 and AEDT 3c prediction for fixed
wing aircraft.
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Rotorcraft

The reason helicopters were used as a part of the verification and benchmarking of
RANE v2 is three-fold:

1. as the main feature introduced in RANE v2 is the ability to treat
three-dimensional directive sources, the studied aircraft should also be
characterised by inherent directional properties, a feature well documented in
rotorcraft vehicles and specifically helicopters.

2. Allows the comparison to an industry proven tool, namely AEDT, with the
starting input NPD and static directivity data being exactly the same, allows for a
fair comparison of the capability of RANE v2.

3. The main assumption about novel aircraft is the presence of a rotor / propeller
base propulsion system. The capabilities (and shortcomings) of RANE have
already been proven for conventional turbofan aircraft, however rotor / propeller
(and their associated aeroacoustic characteristics) have not.

Finally, a fourth reason, not relevant to the context of this thesis but the development of
the greater capability within our research group, a method for the generation of NPD
curves for rotorcraft vehicles is also under development. This coupled RANE v2 allows
the assessment of rotor / propeller powered aircraft from the definition of individual
sources all the way to noise exposure on the ground.

In order to compare results to AEDT predictions two types of directivities must be
specified. First, the start-of-roll directivity function. For helicopters, this directivity
correction in AEDT accounts for static radiation patterns that occur while the vehicle is
on or slowly ascending vertically from the helipad. To account for this, static directivity
data was fitted by a sinusoidal curve fitting model and then decomposed into spherical
harmonics. The spherical harmonics expansion was then used as an input for the
directivity function on the initial segment of the flightpath. This whole procedure is
outline in Figure 7.40.

Secondly, lateral directivity corrections in AEDT for helicopters are accounted for using
3 NPD curves for every operation, a centre one (directly under the flightpath), a left one
(φ = −45◦ with respect to the flightpath) and a right one (φ = 45◦). Examples of the
constant speed departure NPD’s of the Boeing Vertol may be seen in Figure 7.41 (left).
All levels at azimuthal angles between the left and centre curves are interpolated
logarithmically (the same applies for all values of φ between the right and centre). For
values of φ > 45◦ and φ < −45◦ the level at the right (φ = 45◦) is taken and for the
left-hand side NPD respectively.
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(b) Initial ascent

Figure 7.39: Vertical flight profile for the Eurocopter AS365 Dauphin for departure.

Three helicopter models were used in this comparison, to cover three different weight
(size) groups. The Schweiser 300C, a light utility helicopter, the Eurocopter AS365
Dauphin, a medium sized also utility helicopter; and the Boeing CH-47 Chinook, a large
transport helicopter. The default helicopter flight profile from AEDT 3c was used along
with a default linear flight track. An example departure flight profile for the Eurocopter
AS365 Dauphin can be seen in Figure 7.39. The total flightpath is broken down into
four major segments: a. A vertical take-off, b. a horizontal acceleration, c. a climb to
altitude and d. a horizontal steady level flight. These are also the segments used to
model the take-off operation in RANE v2. The resulting contour comparison for all
three helicopters may be seen in Figure 7.42.

In order to generate a directivity function suitable for RANE v2, the three distances at
the sound exposure (in the case of the example Figure 7.41, 55 dB SEL is chosen) of
interest were used to generate a polynomial curve fitting for all values of φ between
−90◦ and 90◦, Figure 7.41. The black crosses on the right-hand-side of Figure 7.41
represent the distance obtained by the green crosses on the NPD’s (left), referenced to
the distance of the centre NPD. The correction ∆R(φ), is then used along with the
nominal centre NPD to generate the required noise surface and contour.

It is worth noting that the polynomial fit in Figure 7.41 is an aid that allows the fitting
of a spherical harmonic expansion to a function that otherwise has a discontinuous first
derivative. It is not an exercise in attempting to replicate or extending the lateral
corrections used by AEDT. The discontinuous nature of the correction, as it is
implemented by AEDT, would result in multiple high order modes being required in the
spherical harmonic expansion to capture those discontinuities. The AEDT methodology
for lateral correction is in itself a simplifying assumption as well as a compromise, that
balances the need of applying a lateral correction, and the cost and time expense of
generating lateral NPD curves for all applicable helicopter and air vehicles. The largest
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(a) Static directivity index, DI [dB] pattern of the Boeing CH-47 Chinook. (Left) Cartesian
plot showing the raw AEDT data [213, 214, 98] and a polynomial fit. (Right) Polar plot of the

same data and fit in the form of a directivity factor, D [-].

φ

(b) (Left) magnitude of the spherical harmonic expansion coefficients for the static
directivity data fit of Figure 7.40a. (Right) Spherical harmonic representation of

the static directivity on a spherical colour-map plot. Output of Equation 5.39.

Figure 7.40: Procedure of treating numerical data as inputs to RANE v2. The output
spherical harmonic expansion of Figure 7.40b is then used to generate the required noise

surfaces.

errors introduced are at the extremities and beyond of the domain of interest
(φ ≈ ±π/2), at which point the noise is not radiated to the ground.

Finally, Figure 7.43 shows a contour map comparison for the Boeing CH-47 Chinook.
The map includes sound level of 75 db, 65 dB and 55dB. RANE again matches the
AEDT prediction very well, however it is evident that error increases as we look at lower
SEL levels.

7.2.3 Discussion

Ground effect/reflection

One of the shortcomings of the RANE / pre-integrated noise surface methodology are
ground effect/reflection corrections. Typically, Doc29 and Doc9911 methodology
suggests application of such corrections at the obsever location, resulting in different
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Figure 7.41: (Left) SEL Noise-Power-Distance curves for the Boeing Vertol 234 for a
constant speed departure. The three curves indicate three lateral locations of observers.
The green crosses indicate the intersection of the 55 dB SEL line with the curves. These
points are used to generate a polynomial function that describes the variation in the

azimuthal direction (Right).

corrections being applied for every observer location. As RANE calculates the location
at which a certain noise level occurs on the ground, and not the noise levels at a specific
(fixed) location, it is not possible to treat ground effects (and any observer location
dependent corrections) in the traditional way of applying a ∆dB noise level correction to
the already calculated levels. This would interfere with the generation of a single level
contour through the constant level iso-surface (noise surface).

The workaround implemented is applying a correction ∆R to the noise radius calculated
for the that particular segment. The correction ∆R is a function of γ the segment
inclination angle, φ the azimuthal angle, and R the noise radius itself. As this correction
is implemented from the source perspective for an entire segment, the resulting
correction factor is applied to all observer locations calculated from that noise surface.
The effect of this result may be mitigated by further discretising segments into shorter
segments with different ∆R, allowing a single noise surface to determine the locations of
fewer observers. In a realistic scenario, the degree of discretisation to correctly capture
performance variation, allows for the gross result of ground effects to also be captured
adequately.

Number of Spherical Harmonics considered

The point of truncation of the infinite sum in the spherical harmonic expansion is an
important parameter to consider when describing the directivity factor using spherical
harmonics. The higher the variability in the directivity, the larger the number of higher
order terms required to accurately capture the variability. However, the example Figure
7.40, allows for an easy assessment of the relative scale and dominance of certain terms
over others, proving that even for a realistic directivity as the one presented in for the
Boeing CH-47 Chinook, a reasonable approximation could be obtained when using only
ℓ = 4, increasing computational efficiency even further.
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Figure 7.42: Comparison between the RANE v2 and AEDT 3c prediction for three
different helicopters.
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Figure 7.43: Departure SEL noise exposure contour map for Boeing CH-47 Chinook.
Comparison between AEDT and RANE predictions.

Segment interaction error

The noise radius for each individual segment is calculated using NPD curves for a
specific power setting, speed and sound exposure level. NPD curves assume a steady
level fly-over a single observer from effectively −∞ to +∞ for the calculation of the
exposure levels. Therefore, for any given point on the contour, the noise is due to one
segment alone. The contribution of all other segments to that specific contour is
neglected; this causes the noise segment method to underestimate the noise radius, as
contributions from other segments would increase noise exposure at these observer
locations causing the contour to move further away from the flightpath.

To demonstrate this, two tests were performed. One was using the grid method alone,
where a vertical take-off operation was modelled in two different ways. (a) All segments
of the flightpath contributed to the calculation of the exposure contour maps and (b)
the vertical segment of the flightpath was calculated separately than the two horizontal
ones. The results can be seen in SM Figure 4. The segment interaction error is similar
to the finite segment error in the way that, as segments tend to an infinite length, the
error reduces, and therefore the correction required is also reduced. When the noise at a
particular observer is predominantly induced by the flight along a single (long) segment,
the contribution of other segments is negligible. The interaction error becomes
significant at observers in the vicinity of the waypoints, where the noise from the
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proceeding and following segments are important. The Bezier curve implementation
tries to correct this behaviour. Future work on expanding the capabilities of RANE
beyond single runway airports and will introduce a correction factor ∆R to the
calculation of the noise radii of all segments to account for the presence of other
contributing segments. However, this is out of the scope of this work.

Overall RANE v2 does a good job of matching the contours generated by AEDT. Slight
errors in the static directivity prediction (occurring in the first segment, around the
(0, 0) origin of the airport plane) are due to curve fitting errors and the truncation of
the spherical harmonic expansion to only ℓ = 12. Errors associated with the noise
surface method its self are described in the following Section.

Bezier Correction

The Bezier curve implementation has been introduced, and is currently being further
developed for two primary reasons:

i. the discontinuity that arises due to differences in the noise radius from one segment to
the next and, ii. addressing the segment interaction error, an issue inherent to the main
assumption of the noise surface methodology.

While addressing these two issues, the error relative to both the grid-method and AEDT
reduces in terms of the total noise exposure area and the actual location (coordinates) of
the contour. Trivially, from the cases examined this error is reduced from the range of
10-20% to 5-12% as per the example in the text, for estimation of absolute values of area.

Extensive error analysis and the further development of the Bezier curve correction
should be part of future work. However, the material and cases presented form adequate
proof of the value added by using it.

Generally, it is observed that the Bezier corrections increase the areas enclosed by the
contours. This is partially due to the fact that they address the segment interaction
error, which has the effect of underestimating the area enclosed by contours as the
locations of the contour is calculated through the contributions from a single segment.

As also correctly observed, on some occasions, the location of the control points are not
appropriately chosen, and the resulting correction may not have a logical interpretation.
A discussion on the constraints of the Bezier control points has been added in Section V
and how edge cases could be explicitly handled, through their definition.

Contour verification summary

However, in airport noise, complete contour (measured/experimentally obtained) data
sets are almost non-existent. Airports base their noise reporting on a combination of
predictions using as accurate as possible flight, trajectory and performance and
calibrations obtained by various monitoring microphones in the vicinity of the airports.



7.3. Error analysis 245

For the intended use of RANE v2, a comparison to AEDT forms a concrete benchmark/
verification study for the capability added within this thesis.

7.3 Error analysis

7.3.1 Comparison between analytic and numerical integration of
Directivity Functions

The calculation of the integral in Equation 5.15 has been performed numerically, in
order to accommodate discretised directivity data, and analytically (using spherical
harmonics) as presented in the previous sections. In order to validate the numerical
integration, a few examples are presented below for different directivity functions using
combinations of the monopole and the three different dipoles. The figures compare the
value of the following integral, for different D(θ,φ). They are presented in polar plots,
with the axial variation being in the variable φ.

∫︂ π

0
D(θ,φ) dθ (7.11)

Figure 7.44 presents example calculations using the monopole and dipole to define the
directivity functions. The result of the integration along the polar angle θ, is a function
in φ, the azimuthal angle. The polar plots show how the function varies with φ. In each
case the coefficients of the spherical harmonic expansion are presented in matrix form as,
Am

ℓ = [A0
0 A

−1
1 A1

1 A
0
1] to distinguish between the coefficients of different order and

degree.

Figure 7.44: Comparison of the analytical and numerical calculation of the integral in
Equation 5.47 for four different directivity functions of which the coefficients from left

to right are: Am
ℓ = [1 0 0 0], Am

ℓ = [0 0 0 1], Am
ℓ = [1 1 0 0], Am

ℓ = [1 1 1 1].

7.3.2 Linear approximation error analysis

Section 4.5 calculates the fundamental tone of the modified scenario, in terms of a
baseline level and some ∆ correction as,
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Lf1 = Lf1,0 + ∆Lf1 (7.12)

∆Lf1 is by definition the difference of the level in dB produced by the baseline and the
modified scenario of interest. In some cases, this may be called the absolute difference.
However, in order to practically evaluate ∆Lf1 using the Hanson model as in Sections
4.3 and 4.5, a linear approximation assumption is used. Virtually, this means that the
estimated change in noise, neglects the changes in the higher order terms. The crux of
this assumption is that the linear approximation is performed on the logarithmic output
function of the noise.

Assuming the noise level Lp is a function of parameters ηj , where j is an index through
the total number of parameters influencing source i, a baseline condition denoted with
subscript 0, may be expressed as,

Lp = f(η0,j) = f(η0,1, η0,2, · · · , η0,n) (7.13)

After implementing changes in operation and design, the parameters become,
η1, η2, · · · , ηn where ηj = η0,j + ∆ηj , the sound levels become,

Lp = f(ηj) = f(η0,1 + ∆η1, · · · , η0,n + ∆ηn) (7.14)

The function f will be used to denote the exact value of the noise function while g the
linear approximation of f . The SPL of an aircraft of s noise sources may be given by,

Lp,0 = 10 log
(︄

s∑︂
i=1

10Lp,0,i/10
)︄

(7.15)

where Lp,0,i are the sound pressure levels of the individual incoherent noise sources that
make up the total aircraft noise. If changes to parameters ηj are made to the individual
sources, the new SPL may be written as,

Lp = 10 log
(︄

s∑︂
i=1

10[Lp,0,i+∆Li(η0+∆η)]/10
)︄

(7.16)

Each individual noise sources i may be expressed as a sum of the baseline value and the
changes due to variation to each of the parameters:

Lp,i = Lp,0,i +
n∑︂

j=1
∆Li,j(η0,j → η0,j + ∆ηj) (7.17)
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In order to estimate the change terms ∆Li,j for each source with respect to all the
parameters influencing it, we take the multi-variable Taylor series of the function Lp,i at
the point of the baseline aircraft. Taking into account the logarithmic nature of the
function Lp, the fact that for the typical applications the baseline levels are already
reasonably high, meaning the argument of the logarithm is p2

rms/p2
ref >> 1.

Modifications to the parameters are assumed to be small as incremental improvement to
design and operation are expected. Taking these assumptions into account, the single
term linear approximation is assumed, and higher order terms are neglected. Comparing
the single order Taylor series with Equation 7.17 we have,

n∑︂
j=1

∆Li,j(η0,j → η0,j + ∆ηj) =
n∑︂

j=1

∂Lp,i(η0,1, · · · , η0,n)

∂ηj
(ηj − η0,j) (7.18)

or the change to a single individual source is,

∆Li =
n∑︂

j=1

∂Lp,i
∂ηj

∆ηj (7.19)

In the case of the Hanson propeller harmonic noise model, the baseline case may be
written as ,

Lp,0 = 10 log
(︄ ∞∑︂

m=1
10L0,m/10

)︄
(7.20)

where L0,m are the SPLs of the individual harmonics tones. For added modularity to the
proposed model, the levels are referenced to the fundamental tone. This is the method
implemented in Equation 4.83 and 4.84.

The new level of the fundamental tone, and the new shape function are therefore given
by,

Lf1 = Lf1,0 + ∆Lf1(ηj → ηj + ∆ηj) (7.21)

and
F1(m) = F1,0(m) + ∆F1(m, ηj → ηj + ∆ηj) (7.22)

In order to estimate ∆Lf1 and ∆F1, the linear approximation in Equation 7.19 is
employed. As in MONTANA this approximation means that in the region of interest
(baseline point) the output noise levels repsond linearly to changes in the independent
parameters. In most cases this is true for small changes in parameters. Non-linear
relationships would have to be modelled with additional temrs in the expansion in order
to avoid gross under or over-prediction(an example of a non-linear parameter-source
relation is that of buzzsaw noise or multiple pure tone noise as a function of fan blade
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Figure 7.45: First order Taylor series (linear) approximation of the Hanson model.
The tangent line slopes are calculated using the partial derivative w.r.t each parameter

∆ηj . Baseline parameters shown, D = 1.4m, B = 4, Mx = 0.4, RPM = 2000.

tip relative Mach number in the region of transition to supersonic tip speeds [36]). The
changes are expressed as,

∆Lf1 =
n∑︂

j=1

∂Lf1(η0,1, · · · , η0,n)

∂ηj
(ηj − η0,j) (7.23)

and
∆F1(m) = ∆F1

(︃
f

f1

)︃
=

n∑︂
j=1

∂F1(m, η0,1, · · · , η0,n)

∂ηj
(ηj − η0,j) (7.24)

Equation 7.23 and 7.24 form the generalised versions of the previously derived Equation
4.88 and 4.90.

In order to calculate the error caused due to the linear approximation, the partial
derivatives are calculated using a numerical central differencing scheme using 6 points.
Illustrations of the function and the tangents calculated by the numerical derivative for
four different parameters may be seen in Fig. 7.45. The tangent of the function is
calculated at the baseline point.
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Figure 7.46: Approximation error as a function of change in parameters ∆ηj .

This section compares the linear approximation with the exact variation in the noise
function on a dB basis. The calculations are performed for a single propeller whose
design and operation parameters are varied. The error ϵ, is defined as a relative error,

ϵ =

⃦⃦⃦⃦
f − g

f

⃦⃦⃦⃦
(7.25)

where f represents the exact value of the functions, while g the linear approximation.
Fig. 7.46 shows the error between the actual function values and the linear
approximation for four different parameters. The chosen baseline point has parameters
of, diameter D = 1.4 m, number of blades B = 4, flight Mach number Mx = 0.4 and
rotational speed of, RPM = 2000. The x-axes portray ∆ηj as the prediction start to
deviate from the baseline, where j indexes through parameters η.

A more physical way of interpreting the error would be to look at the absolute change in
noise level in decibels. By any means however, the error remains small (ϵ < 0.1) even for
relatively large changes.

7.4 Summary
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Chapter 8

Case Studies I: Next generation
regional aircraft

8.1 Overview

Zero/low emission goals are driving the development of the next generation of regional
airliners and the accompanying aviation system. In order to generate the required
knowledge and develop a plan of action, the UK through various government or
otherwise funded projects has brought together various consortiums of leading industry
and academic partners. Projects such as the UK Research and Innovation (UKRI)
funded project NAPKIN (New Aviation, Propulsion, Knowledge and Innovation
Network) [215] and the Aerospace Technology Institute (ATI) project FlyZero aim to
deliver insight into the design of zero/low emission aircraft concepts as well as the
infrastructure and market required to support such a transition. The similar EU funded
project Clean Sky 2 Joint Undertaking, has similar goal of improving competitiveness
and mobility in Europe.

All projects however, have additional noise abatement goals. This Chapter investigates
the noise immissions of a variety of regional sized aircraft concepts, applicable to the
scenarios considered by project NAPKIN. MONTANA is applied to calculate NPD
curves, and the predicted noise certifications levels of the proposed hybrid/electric
regional aircraft. Changes to noise exposure area around airports with respect to the
reference aircraft are also estimated.

8.2 Baseline regional aircraft

The quantification of improvements in noise immissions and specifically noise abatement
technology and operations requires the precise definition of the reference conditions,
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(a) Britten Norman BN-2
(b) De Havilland Canada DHC-6

Twin Otter (c) BAe Jetstream 31

Figure 8.1: Small regional aircraft.

relative to which improvements are sought after. This assumption is also the basis of
MONTANA in terms of developing the representative lumped source models and
performing the whole aircraft noise comparison.

The concept aircraft discussed in this Chapter fall in two categories: i. modified
(retro-fitted) designs and ii. clean sheet designs. The modified concepts fundamentally
base their design on current existing aircraft, their airframe as well as mission and
performance objectives. New technology is then introduced to replace current systems
and subsystems (e.g. retro-fitted novel hydrogen propulsion systems), requiring
adaptation of the reference aircraft to give a viable design. In the case of the clean sheet
designs, the reference aircraft mission and performance objectives drive the design of a
new aircraft, from the ground up. In both cases, however, reference aircraft have been
defined from a design perspective.

The reference, or baseline, aircraft chosen for MONTANA and the subsequent noise
comparisons, are the ones chosen as the design baseline aircraft. These aircraft are the
B-N Islander, the de Havilland Canada DHC-6 Twin Otter 400, the British Aerospace
Jetstream 31, the ATR 42-600, the ATR 72-600 and the Airbus A220-100 (Figures 8.1
and 8.2). Design and performance data for the baseline aircraft may be found in the
supplementary material of this thesis. The baseline aircraft were chosen to cover a range
of sizes in the regional category of aircraft and for being a representative sample of the
type of aircraft operating in each class; as well as being well documented in the public
domain.

Noise metric comparison is not as straight forward when dealing with realistic fleet
environment. The number of operations and fleet composition heavily influence the
output noise metrics and are functions of parameters such as aircraft maximum range
capability, maximum passenger capacity specific fuel consumption etc. In order to access
the effects, on and airport level, of introducing novel technological changes to aircraft
appropriate comparisons need to be defined, taking into account the variation of the
previously mentioned parameters.

For this chapter, the focus remains on direct 1-1 comparison, from noise certification
perspective, as well as single event noise footprints, of the concept aircraft and its
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(a) ATR 42 - 600 (b) ATR 72 - 600 (c) A220 - 100

Figure 8.2: Large regional aircraft.

respective reference aircraft. As per current certification standards, in this case the
MTOW is the appropriate parameter to base the comparisons on. This may be easily
established when considering a simple single event comparison between two identically
sized aircraft. The noise in dB (for no metric in particular) per kg of aircraft mass to be
lifted into the air will be function of the operating technology and design decisions used
on-board the two aircraft, this is related to design efficiency (with respect to noise) and
noise abatement at the source. Variations in performance and operation of the two
aircraft will impact the noise generation and pinpoint beneficial characteristics. This
paradigm essentially captures the intent of the ICAO and other organisations, when
comparing previous, current and next generations of a single aircraft model, and looking
for continuous improvement.

8.3 Concepts

The concept aircraft, as suggested, are alternative hydrogen-powered aircraft at similar
sizes to those they already use. The propulsion systems as well as energy storage and
delivery system architecture variation from concept to concept is the main
differentiating factor between concepts other than size. The concepts are slit into five
categories with respect to the seating capacities of the representative reference aircraft.
The categories are:

• A: 9 passenger aircraft based on the B-N Islander.

• B: 19 passenger aircraft based on the DHC-6 Twin Otter.

• G: 19 passenger aircraft based on the Jetstream 3100 series.

• D: 40 passenger aircraft based on the ATR 42-600.

• Z: 90 passenger aircraft based on the Airbus A220-100.

Each category contains one or more concept aircraft based on the performance and/or
airframe geometry of the category reference aircraft. The differences between the
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concepts of a single category relate to the implementation of novel energy storage and
propulsion systems. The thesis supplementary material contains the performance and
design parameters relevant to all presented concepts. A summary is provided in Table
8.1.

Table 8.1: Design and performance parameter overview for concepts developed by
project NAPKIN.

Concept Parameters
Concepts A1 B4 G1 B7 B8 D1 Z1
Noise Chapter 14 14 14 14 14 14 14
MTOW (kg) 2,994 6,311 8,470 10,000 10,000 19,055 48,222
Range (km) 236 1,151 1,102 550 550 1,148 2,654
PAX 7 19 19 19 19 40 90
Max Static Thrust (kN) 4.77 5.08 11.67 14.90 14.90 - -
Net takeoff Thrust (kN) 3.90 3.20 11.49 9.697 9.697 - -

The main technology leveraged and investigated by the concepts revolves around
hydrogen as the main energy source for future aviation. Four key factors will determine
the viability of such architectures, on an aircraft design level, but also on a market basis:
hydrogen storage, hydrogen handling safety, certification and regulation and hydrogen
production. In the context of the aircraft concepts, these factors manifest into specific
design choices that can be summarised as follows:

• Liquid versus gaseous hydrogen.

• Onboard liquid/gaseous hydrogen storage.

• Fuel cell systems.

• Hydrogen combustion.

• Thermal management.

• Power distribution system and its efficiency

• Electric motor specific power.

These specific technology considerations have been interpreted in different ways and
implemented into the different concepts.

In addition to the introduction of hydrogen and its knock-on effects on design, the
clean-sheet concepts explore novel wing geometry set-ups and propulsion system
configurations aimed to explore greater variation and flexibility allowed versus current
technology. Such concepts may help identify possible performance efficiency gains as well
as noise abatement technology and/or noise preferable design geometry architectures.
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All the concepts are in conceptual stages of development, with many important
component masses, sizes, and attributes lacking detailed design. However, it is
anticipated that the current fidelity will allow for suggestive research on noise and
operating costs. The results presented are from Concepts A1, B4, B7, B8, G1, D1 and Z.
Departure and approach NPD curves have been calculated for LA,max and SEL metrics,
representing one instantaneous and one exposure metric.

A short summary of each of the concepts follow, to provide the discriminating context
between the method chosen to implement hydrogen propulsion systems.

Figure 8.3: General arrangement of Concept
A1, with gaseous hydrogen supplied fuel cell elec-

tric propulsion [215].

Concept A1 is based on a 9-seater
Britten-Norman (B-N) Islander BN2B-26
aircraft. The retro-fitted design, removed
the conventional 260 hp Lycoming
0-540-E4C5 engines, supplied with
aviation gasoline fuel (91/96 octane Avgas
100L or 100LL), and replaced them with
electric motors to drive the same 2-bladed
Hartzell HC-C2YK-2B constant speed
propellers of 1.98 m diameter, propellers.
The motors are supplied with power from
fuel cells that are fed with hydrogen which
is stored in a high pressure gaseous form.
The general arrangement of the proposed
A1 concept may be seen in Figure 8.3.

Concept B4 is a clean-sheet design derived from the specifications and performance
parameters of the de Havilland Canada DHC-6 Twin Otter Series 400 aircraft. The
number of passengers matches that of the DHC-6, while range has increase by
approximately 400 km, at the cost of increasing the MTOW. The design implements
LH2 fed to fuel cells that power electric motors, instead of conventional turboprop
kerosene-powered engines. This liquid state hydrogen is stored in cryogenic tanks
located at the rear of the fuselage, behind the passenger cabin and baggage bay. These
tanks are then connected to the fuel system to directly supply wing-mounted fuel cell
units to power four wing-mounted electric motors. The quad-prop design introduces
significant change in the architecture of the previously twin DHC-6. The fitted props are
identical to those on the reference aircraft (3-bladed Hartzell HC-B3TN3DY reversible
pitch and fully feathering propeller), however operating at reduced the rotation speed of
2016 rpm (max takeoff) versus the 2110 rpm of the DHC-6. As expected, loading on
each of the propellers is also reduced.

Concepts B7 and B8 are clean sheet designs, with mission and performance requirements
also driven by those of the baseline Twin Otter. Both concepts are based on a hydrogen
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(a) B7 (b) B8

Figure 8.4: Renderings of Concepts B7 and B8.

fuel cell propulsion system, capable of carrying 19 passengers. At an identical MTOW of
10,000 kg the concepts mange a maximum range of 550 km. Renderings of the two
concepts may be seen in Figure 8.4.

The main difference in configurations are the propulsor units themselves, with concept
B7 using twin electric motor powered ducted fans, while concept B8 uses a more
traditional twin propeller set-up, also powered by electric motors.

The concepts feature a high wing configuration with wing mounted propulsor units. The
concept B8 architecture resembles that of a traditional turboprop. Both concepts store
energy in the form of liquid hydrogen (LH2) and convert it to useful electrical power
through the use of fuel cells. The aircraft and the propulsion systems have been
designed to comply with CS-25.

The ducted fan configuration of concept B7 has a fan diameter 1.65 m, and operates at
1,760 rpm at MTOW power. The duct overall pressure ratio is 1.1. The configuration of
concept B8 features a 5 blade open propeller of 2.2 m, operating at 2,200 rpm at
MTOW power. Additional details of the fan and propeller design and operation, as well
as detailed specification of the nacelle, duct and stator vanes (if applicable) for the
ducted fans were not available at the conceptual stage of the designs. This results in a
series of assumptions made on behalf of the author, guided by the designers, in order for
acoustic predictions to be made using MONTANA. This is discussed in section 8.5.

Concept G1 is a clean-sheet design derived from the specifications of the BAe Jetstream
31 (Series 3100) aircraft. For acoustic analysis, the G concepts will also be referenced to
the Twin Otter as a similarly sized turboprop aircraft. This is due to limitations in the
openly available noise data (NPD curves) in the ANP database.

Design-wise concept G1 has been produced by taking the specification of the Jetstream
31 aircraft, including its cabin dimensions and attempting to match its performance
with an aircraft powered by electric-motor-driven propellers. The electric power is
provided by fuel cells which are supplied with hydrogen that is stored in cryogenic liquid
form. The two propulsor/propeller configuration remains the same. Generally, the
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performance of the Jetstream in terms of thrust-to-weight is very similar to that of the
Twin-Otter at takeoff, with a ratio of ≈ 0.27 compared to ≈ 0.28 of the Twin-Otter.
However, the chosen propeller configurations largely differ, due to different cruise and
climb characteristics.

Once again the concept uses the same 4-bladed constant-speed propellers (Dowty Rotol
Type (c)R.333/4-82-F/12) as the reference Jetstream 31. Operation remains at 1,591
rpm at max takeoff power meaning a more aggressive pitch is required to produce the
additional 2 kN of thrust.

The increase in thrust requirement in due, in part, to the increase in mass of the electric
propulsion system relative to that of the gas turbines as well as increases fuselage length
aft of the passenger cabin to accommodate the hydrogen storage tanks. Therefore,
although the mass of hydrogen is less than the mass of kerosene carried by the
conventional aircraft, the overall mass is increased. Regardless, concept G1 remains
within the Part 23 airworthiness requirements (8,618 kg or 19,000 lb), as well as the
Annex 16 Chapter 10 noise certification requirements.

Concept D1 is a 40 passenger high wing, wing-mounted ducted fan configuration aircraft.
The 40 seat aircraft was based on data generated as a result of the 19 seat concept B7
and B8 studies. The propulsion system is a liquid hydrogen fuel cell propulsion system,
driving electric motor ducted fans. The wing has been resized to meet principle
operational constraints consistent with the approach used for the 19 seat aircraft. Once
again details of the propulsor units are not available.

Concept Z1 is a liquid hydrogen burning turbofan, based on the Airbus A220-100. The
concept has been produced by matching the existing baseline aircraft mission profile in
cruise only. The lift-to-drag ratio is kept constant, as well as the structural mass and
airframe dimensions. The concept uses a liquid hydrogen turbofan propulsion system. In
order to accommodate the hydrogen tank volume a reduction of passenger capacity from
125 pax at 30in pitch to 90 pax at 30in pitch is implemented. This gives a hydrogen
storage volume of 34.3 m3, with reserve requirements being matched to the baseline
A220-100. All electrical components are assumed to have constant efficiency values.
Details of the modifications required to directly combust hydrogen fuel within the
turbofan engines are not available. The following noise predictions assume identical
architecture to current technology high-bypass ratio, geared fan engines used be the .

The concept was designed with MTOW target of that of the baseline aircraft. This
target was set from two perspectives, first propulsion system sizing and second noise
certification classification. For the former, a major redesign of the installed propulsion
system was being avoided, the assumption being that minor modifications to the
existing baseline gas turbines would allow the direct combustion of hydrogen. Assuming
the modified engines could match the A220-100 (Pratt & Whitney PW1000G) engine
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rating requirements, size and mass, allowing for the installation on the airframe to be
very similar, in not identical.

From the noise perspective, targeting the same MTOW as the baseline implies that the
concept will be certified under the same Chapter of the ICAO Annex16 and will be
positioned in a similar region as the baseline with respect to the maximum acceptable
noise limits, as these are functions of MTOW. Additionally, considering similar
propulsion system rating and MTOW, both noise certification and operational
performance will closely resemble that of the baseline. Undeniably, this assumption of
constant MTOW between concept and baseline, impacts the final design in other critical
areas, such as useful payload (and therefore number of passengers in the case of a civil
aviation aircraft) and maximum range, in order to accommodate the hydrogen fuel
storage and distribution systems. Such an assumption may result in some practical flaws
both from an engineering design point of view, as well as the business argument and
viability of an aircraft concept with reduced payload and range capability relative to its
predecessor. Detailed design can reveal major changes required to both airframe and
propulsion system in order to accommodate the hydrogen systems. Examples of such
incurred penalties relative to conventional kerosine aircraft are, tank structure,
pressurisation/cryogenic components, fuel delivery components etc. On an airframe level,
major design changes could be necessary to accommodate changes in centre of gravity
positioning due to the tanks size and positioning.

These implications on the choice for MTOW, demonstrate the closely coupled field of
aircraft design and noise prediction, and allow for trade studies to be performed on the
conceptual design stage, as chosen by the author and NAPKIN consortium [215].

8.4 Concept Performance

Performance data at the conceptual design stage is limited. Operational performance
data at different aircraft configurations and weights can not be estimated due to lack in
design definition. The noise predictions, as a result have to assume constant performance
at max takeoff power, which is a direct consequence of being at MTOW. This is not a
problem for the estimation of sideline certification point levels, as this is a full-power at
MTOW event. However, the other two certification points (flyover, approach), as well as
operational noise for the estimation of noise exposure contours, are impacted.

The flyover certification point is a complex point to estimate. This is due to engine
cutback taking place, as well as a change in the flight climb profile. The location and
time, relative to the certification microphone, at which cutback occurs may significantly
change the levels at the flyover certification point. In addition to the complexity of
timing and flightpath geometry, the aircraft power setting is reduced. This would
require additional thrust and operational parameters in order to calculate a cut-back
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power NPD. For this reason, an empirical method of estimating the flyover certification
point is used. The difference between the reference aircraft lateral and flyover
certification points is used a correction factor. Using the estimated lateral certification
levels for the concepts and adding this correction factor, the flyover level for the
concepts are estimated. This approach is taken in the estimation of the flyover
certification points for the larger Chapter 14 certified aircraft.

The approach operation and certification point requires additional considerations.
Limited data is available for all concepts for the approach operation. As MLW thrust
requirements and high-lift devices have not been provided, it was decided to model the
approach performance using % of maximum takeoff thrust. Using performance data of
the reference aircraft at MLW approach conditions, ratios of MLW to MTOW thrust
were calculated. In addition to MLW performance settings, the same ratios were
calculated for the minimum landing power setting (minimum landing weight) available
in the ANP database for the reference aircraft. These ratios were then used on the
concept MTOW to estimate the approximate maximum and minimum lading power
settings. The resulting ratios are presented using a % in Table 8.2.

Although these values may not be the realistic operational values of thrust, this method
allows for direct comparison to the reference aircraft, while also providing a possible
range within which the aircraft might be expected to lie. Assuming identical % of max
takeoff thrust assumes the concepts have the same landing performance (lift and drag
characteristics etc.) as the reference aircraft. This might be the case for retro-fit design,
whilst clean sheet designs might look to improve on the reference design. Where given,
landing airspeeds have been taken into account.

Table 8.2: Power setting range assumptions for the approach operation, and NPD
calculation.

Power settings
Islander Twin Otter ATR42-600 ATR72-600 A2202-100

Min (%) 26.6 30 16.7 16.7 12
Max (%) 58.2 100 30 30 26

8.5 Noise source considerations

In order to put together an appropriate lumped source model for each of the concept
aircraft within MONTANA, the dominant source of noise need to be considered. As
evident from previous sections, in many concepts minimal changes occur in the thrust
generating portion of the propulsion system. This means the dominant noise source
mechanisms will be the same between reference aircraft and concept; with exceptions
discussed in sections 8.5.2.
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The principal aircraft noise sources considered for the estimation of the NAPKIN
concept NPD data are, propulsion system noise sources and airframe noise sources.
Propulsion system noise sources considered, depending on the concept, are the fan and
jet components of engine noise for ducted fan configuration and turbofan configurations;
steady loading and thickness noise for propeller configurations.

First, the airframe noise source ∆PWL contribution is calculated, as in previous section
of this thesis, using the Fink model [64]. In most cases, takeoff and landing
configurations between the concepts and reference aircraft are non-existent. In the cases
that differences do exist, the adapted Fink model [12] takes into account high-lift
(specifically flap) devices deflection angles and landing gear size and shape. The main
parameter changing the airframe noise is the airspeed.

Fan noise is modelled using the Heidmann model [53] while jet noise variation is
modelled using the Stone model [69, 216] for coaxial nozzle jets, again as modified by
Synodinos [12] for the use within the lumped source model. Both of these sources are
used in the case of the ducted fan implementations (concepts B7 and D1) as well as the
direct hydrogen combustion turbofan implementation (concept Z1). Fan variation is
captures as function of net thrust FN , bypass ratio BPR, fan diameter df , aircraft speed
V0, primary (core) jet speed Vj , secondary (bypass) jet speed VBP and finally LP shaft
speed (or fan speed) N1. Jet noise variation is calculated using net thrust FN , geometric
jet exit area Aj , aircraft speed V0 and a mixed jet velocity Vm which is a function of the
core and bypass jet velocities.

In the case of propeller aircraft, the propeller itself is the dominating source of noise.
For the concept lumped source models, the modifications to Hanson’s steady discrete
noise from chapter 4 are used. A summary of the individual noise sources, the baseline
noise predictions model and the specific parameters that determine the noise emission
that were applied in MONTANA, are listed below:

• Ducted fan / turbofan engine

– Fan (FN , BPR, df , V0, Vj , VBP , N1), Heidmann model [53]

– Jet (FN , Aj , V0, Vm), Stone model [69]

• Propeller (Hanson frequency domain model [60, 198])

– Steady loading noise (FN , D, RPM, V0, Vm, blade geometry)

– Thickness noise (D, RPM, V0, Vm, blade geometry)

• Airframe (Fink model [64])

– High-lift devices (δf , V0)

– Fuselage + wing (FN , V0, D)
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– Landing gear (FN , V0, D)

The selection of these particular individual sources and respective models has been made
following the results of total aircraft noise breakdowns for conventional turboprop
aircraft [217]. References [218, 219] provide source breakdowns for conventional turbofan
engines and identify the dominant sources. The methodology used within MONTANA
that performs the source balance is presented by Synodinos in [12, 52].

Particular attention is given to concepts B7 and D1 using the ducted fan architecture.
The fan configuration was modelled with the following assumptions:

• The Heidmann model was used, although strictly its is applicable to turbofan (and
turbojet) aircraft. The main assumption of a single stage fan justified the use for
concepts B7 and D1.

• The directivity pattern was assumed to be similar to that of a turbofan [20].
Specifically, two dominant lobes, one in the forward arc and one in the rear arc,
represent the emission of the fan source in the forward arc, and the fan and jet
combination in the rear respectively. The purpose of the specific directivity
pattern is to capture the blockage effects due to the duct.

• Flight effects and additional sources due turbulence (including boundary layer)
ingestion were not taken into account, as per the Heidmann model.

• Stator/strut interaction contributions are not taken into account at this stage due
to limited design data. Duct characteristics and stator size, number and position
were not specified therefore rotor-stator interaction (multiple pure tone noise)
noise was not accounted for.

• Typically, ducted fan configurations lend themselves to the implementation of
acoustic liners for further noise abatement. However, again due to lack of
knowledge of the dimensions of the ducts, benefits due to liner technology are not
implemented.

• The number of blades and fan geometry was not specified, therefore the
parameters of the 19pax high-wing, wing mounted propeller configuration were
used. Essentially assuming that the ducted fan has 5 blades.

Finally, a few notable amendments were made due to the limitations of available noise
(NPD) data in the ANP database. These come in the form of substitutions of the
baseline aircraft used in the noise prediction within MONTANA. First, concept G1
predictions were made based on the DHC-6 Twin Otter. This aircraft was chosen to
maintain consistency amongst the smaller regional concepts. Both the Jetstream 31 and
the Twin Otter are certified for noise under Chapter 10 of the ICAO Annex 16. Second,
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is the substitution of the ATR42 baseline aircraft of concept D1 with data from the
ATR72. This is a minor substitution, as the design and operation of aircraft is very
similar.

Probably the largest (and possibly most impactful) substitution was that for concept Z1.
The reference aircraft chosen for calculations is the A320neo, a significantly larger single
aisle aircraft (MTOW = 79 t compared to 48.2 of the concept). As, no NPD data is
available for A220-100, the NPDs of the A320neo are used and an appropriate power
setting chosen as the baseline point. Both the A220-100 and A320neo are powered by
high-bypass ratio, geared turbofans of the P&W PW1000G family, using common
technology levels.

8.5.1 Directivity and Installation effects

Two main categories can be used to categorise installation effects. First, impacts that
change the aircraft’s directivity and how the determined sound power is dispersed.
Usually, shielding and reflection effects are involved. The second category consists of
installation effects, which themselves produce noise and add to the total system’s sound
strength. The source balance of propeller-wing interactions setups has recently been
quantified by investigations [220, 221, 222], whereas the installation effects that are
evident on traditional tube and wing aircraft are reviewed in reference [176].

Examples of total aircraft measured noise for turbofan aircraft with underwing and
fuselage tail mounting are given in the reference [21]. Effects of installed shielding and
noise reflection are also described. Due to the ground microphones being protected by
the aircraft wing, the forward noise, where fan noise is dominating, is significantly
reduced for engines installed on the tail of the fuselage. Because of the wing’s sound
reflection, underwing placed engines make more noise that travels to the ground. Finally,
the azimuthal variation of noise due to jet blockage effects and wing reflections is
demonstrated by Moore et al. [206].

Taking the above as considerations a series of corrections are applied to the lumped
source models of each concept depending on the configuration of each. These corrections
are applied as a delta dB change to the OASPL of the noise sources that are dominant
at the angle of interest. A summary of installation effect noise adjustments pertinent to
the ideas computed from the cited references is given in Table 8.3.

The directivity of the individual noise sources is modelled using data from the NASA
ANOPP tool [20], Appendix F briefly discusses this data, while the use and
implementation of the data in the MONTANA model are discussed in Chapters 4 and 5
while also by Synodinos [52] when implementing a lumped source model specifically for
turbofan aircraft architectures. Propeller loading and thickness noise directivity is



8.5. Noise source considerations 263

Table 8.3: Summary of installation effect noise corrections for ducted-fan and propeller
propulsion systems.

Installation effects corrections
Correction (dB) Direction Ref

Under-wing mounted ducted-
fan, flap noise (forward arc)

-2 0◦ < θ < 45◦ [9]

Under-wing mounted ducted-
fan, flap noise (rear arc)

2 140◦ < θ < 180◦ [9]

Underwing mounted ducted-
fan, jet, turbomachinery flap
noise

2 0◦ < θ < 180◦ [8, 10]

Underwing mounted ducted-
fan, fan forward arc reflection

2 0◦ < θ < 90◦ [11,12, 13,14]

Underwing mounted ducted-
fan, fan rear arc reflection

2 90◦ < θ < 180◦ [11,12,13,14]

Fuselage tail mounted ducted-
fan.

-3 0◦ < θ < 90◦ [15]

Underwing mounted propeller
reflection

3 45◦ < θ < 135◦ [15]

modelled using the Hanson model approximation of Chapter 4 surprised by the following
directivity indices1 (DI),

(DI)V =
sin θ

(1 −Mx cos θ)3JmB

(︃
mBzMT sin θ
1 −Mx cos θ

)︃
ΨV (kx) (8.1)

for propeller steady loading noise, and,

(DI)L =
sin θ

(1 −Mx cos θ)2 (M
2
r cos θ−Mx)JmB

(︃
mBzMT sin θ
1 −Mx cos θ

)︃
ΨL(kx) (8.2)

for propeller steady loading noise.

8.5.2 Noise prediction risks

It is important to identify potential additional sources of noise that are unique to the
hydrogen concepts discussed herein, and that could have potential of dominating the
sound profile under specific operating conditions if care is not taken. In addition to the
risks of additional sources, the noise prediction methodology used does not account for
noise abatement design choices implemented or planned for the concept aircraft.
Examples of such design choices could be the use of fan intake liners or the use of novel
propeller/fan design for quiet operation.

1Nomenclature of Equations 8.1 and 8.2 is as presented in Chapters 2 and 4.
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Table 8.4 summarises the risks associated with unaccounted for noise sources.

Table 8.4: Potential unaccounted for noise sources.

Source Mechanism Description

Rotor Stator inter-
action

Interaction of periodic velocity fluctuations with downstream
outlet guide vanes (stator) produces discrete frequency noise
or pure tones. Increasing the strength of the interaction or
increasing the efficiency with which the source radiates acoustic
waves. Correct choice of blade/vane count ratio and vane
location.

Multiple propulsor
interaction

Interaction of individual propulsor potential fields, as well as
wake/tip-vortex interaction with or without the interference
of the propulsor structure itself.

Propulsor-airframe
interaction

Interaction of airframe component potential fields with the
propulsor field causing unsteady effects on noise generating
mechanisms. Propulsor wakes interacting with the airframe
structure and vice-versa.

Fuselage Scoop/In-
take noise

Flow over open cavities or cut-outs in the surfaces of aircraft
often produces intense pressure oscillations in the cavity which
radiates discrete noise.

Hydrogen combus-
tion noise

Flame attachment due to high reactivity of H2 has a significant
effect on how low-swirl injectors respond to self-excited flame
oscillations. This leads to significantly higher acoustic driving
due to the compact shape of the flame and its flame folding
dynamics. Mitigation of flame attachment and/or deferring
the formation of the outer shear layer is needed to avoid such
noise generation dynamic mechanisms. Approach operations
are at risk due to the higher impact of core noise, and possible
higher idling power settings to maintain flame.

Electric motor The dominant source of noise in electric motors comes from
the interaction of a rotor and stator that induces vibration of
the motor frame. Preliminary research shows that levels are
expected to be low compared to other propulsion noise sources
like the fan, however, it is possible that a portion of a flyover
during approach will include motor noise depending on the
motor installation.

8.6 Noise predictions

8.6.1 NPD curves

Taking the above modelling assumptions and practices in regard to performance and
noise sources of the concept aircraft, Figures 8.5 to 8.11 present takeoff NPD curves for
all concepts. Approach NPD curves are presented in Figures 8.12 to 8.18.



8.6. Noise predictions 265

0 2000 4000 6000 8000

20

30

40

50

60

70

80

90

100

(a) LA,max

0 2000 4000 6000 8000

40

50

60

70

80

90

100

110

(b) SEL

Figure 8.5: Predicted departure NPD curve for Concept A1 (solid line) compared to
the baseline Islander departure NPD curves (dashed lines).

NPD curves are presented in two metric, LA,max and SEL, both represent single event
metrics with the first being instantaneous and the second an exposure metric. LA,max is
chosen an indication of maximum sound power emission, whereas SEL being an
exposure metric, is used to demonstrate the effect of directivity over an event.
Additionally, these two metrics are used for the certification of small regional aircraft as
discussed in Chapter 2.

Departure

For takeoff NPD curves maximum power setting is assumed at MTOW. This is indicated
with the solid line for the concept aircraft. For comparison, the baseline NPD data for
the reference aircraft at MTOW, in each case, is shown in dashed lines of the same
colour. For the reference aircraft (with the discussed substitutions), additional power
settings have been plotted in other colours. A red cross indicated the baseline noise
point chosen for the predictions. The noise level at this point is back-propagated to the
source (1 m lumped source sphere) to determine the baseline level to which deltas are
then applied. The spectra for the baseline aircraft are the normalised one-third octave
band spectra provided within the ANP database [98].
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Figure 8.6: Predicted departure NPD curve for Concept B4 (solid line) compared to
the baseline Twin Otter departure NPD curves (dashed lines).
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Figure 8.7: Predicted departure NPD curve for Concept B7 (solid line) compared to
the baseline Twin Otter departure NPD curves (dashed lines).
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Figure 8.8: Predicted departure NPD curve for Concept B8 (solid line) compared to
the baseline Twin Otter departure NPD curves (dashed lines).
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Figure 8.9: Predicted departure NPD curve for Concept G1 (solid line) compared to
the baseline Twin Otter departure NPD curves (dashed lines).
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Figure 8.10: Predicted departure NPD curve for Concept D1 (solid line) compared to
the baseline ATR72-600 departure NPD curves (dashed lines).
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Figure 8.11: Predicted departure NPD curve for Concept Z1 (solid line) compared to
the baseline A320neo departure NPD curves (dashed lines).
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Approach

In the approach scenario the upper limit of the range of % of max takeoff thrust (as
presented in Table 8.2) was chosen for NPD curve calculation, to represent worst case
scenario. This is indicated in Figures 8.12 to 8.18 with the solid lines. For the reference
aircraft, that same power condition (in terms of % of max takeoff representing approach
at MLW) is indicated with a dashed line of the same colour. An additional power setting
is shown for the reference aircraft, representative of the minimum power setting available
in the ANP and as shown in Table 8.2. Again, a red cross indicates the baseline level
chosen for the MONTANA predictions.

0 2000 4000 6000 8000
20

30

40

50

60

70

80

90

100

(a) LA,max

0 2000 4000 6000 8000
40

50

60

70

80

90

100

110

(b) SEL

Figure 8.12: Predicted approach NPD curves for Concept A1 (solid line) compared to
the baseline Islander approach NPD curves (dashed lines).
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Figure 8.13: Predicted approach NPD curves for Concept B4 (solid line) compared to
the baseline Twin Otter approach NPD curves (dashed lines).
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Figure 8.14: Predicted approach NPD curves for Concept B7 (solid line) compared to
the baseline Twin Otter approach NPD curves (dashed lines).
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Figure 8.15: Predicted approach NPD curves for Concept B8 (solid line) compared to
the baseline Twin Otter approach NPD curves (dashed lines).
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Figure 8.16: Predicted approach NPD curves for Concept G1 (solid line) compared to
the baseline Twin Otter approach NPD curves (dashed lines).
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Figure 8.17: Predicted approach NPD curves for Concept D1 (solid line) compared to
the baseline ATR72-600 approach NPD curves (dashed lines).
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Figure 8.18: Predicted approach NPD curves for Concept Z1 (solid line) compared to
the baseline approach NPD curves (dashed lines).

8.6.2 Discussion

Concept A1

As expected the NPD curves of concept A1 very closely resemble those of the reference
aircraft. Instantaneous maximum sound pressure level (LA,max) of straight level flyover
increases by 1.4dB at all altitudes, relative to baseline. The time averaged sound
exposure level (SEL) remains relatively unchanged at low altitudes, with a small
increase observed at higher altitudes due to increase in levels of the lower frequency
harmonics, which are less affected by atmospheric attenuation. The frequency signature
is dominated by propeller discrete tone sources and remains unchanged relative to
reference aircraft B-N Islander. Operation requires higher loading of blades and increase
in power to accommodate slight increase in thrust requirement during takeoff. The tip
Mach number is 0.823, equal to that of reference aircraft. The increase in noise levels
observed is primarily due to difference in operating thrust, equivalent to higher power
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setting operation. The margin to Chapter 6 is therefore reduced, however still within
current limits.

The noise of the 7-seater NAPKIN aircraft is dominated by propeller tone sources. The
propeller geometry remains unchanged relative to the reference aircraft, the
Britten-Norman Islander, resulting in higher loading of blades and increase in power to
accommodate a slight increase in thrust requirement during takeoff. The tip Mach
number of 0.823 equals that of the reference aircraft, considered relatively high, so the
design could benefit significantly by a reduction in tip speed. During operation, the need
for increased thrust leads to an increase in instantaneous maximum SPL of 1.4dBA
relative to the baseline aircraft. Despite this, there is still significant margin to ICAO
Chapter 10 levels and the time averaged sound exposure level (SEL) remains relatively
unchanged at low altitudes, with a small increase observed at higher altitudes due to
increase in levels of the lower frequency harmonics, which are less affected by
atmospheric attenuation.

Concept B4

As with concepts A1, the main sources of sound due to the propulsion system are
relatively unchanged with respect to the reference aircraft. The geometry of the
propeller is identical to the reference Twin otter. Despite this, Concepts B4 shows the
greatest noise benefits relative to reference aircraft. Reduction of loading of individual
propellers due to the increase in number of propulsors to four.

Additional benefits occur due to the reduction in tip speed as takeoff and landing rpm of
the propeller is reduced. A reduction in Tip Mach number from 0.8472 to 0.8072 has a
significant effect, as operation is already in the transonic regime. Exposure times of
Concept B4 are slightly increased (contributing to approximately +0.36 dB SEL),
however are almost negligible relative to the noise benefits due to reduction at the
source (of the order of 6 dB SEL). Overall noise benefits are observed, regardless of the
increase in MTOW.

Concepts B7 & B8

The reference aircraft for B7 & B8 is the DHC-6 Twin Otter, despite the huge difference
in MTOW. It is important to note that the Twin Otter is certified under Chapter 10 of
the ICAO Annex 16, however both 19-PAX concepts exceed the MTOW limit and would
be certified under Chapter 14.

Despite the relative increase in MTOW, comparing the NPD curves, the noise
performance relative to the DHC-6 is almost identical. Slight benefits are seen in the
case of concept B7 and its ducted fan configuration, versus the propeller powered B8.
The increase in number of blades to 5 also account for additional noise reduction.
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The significantly reduced tip Mach number of approximately 0.45 of concept B7 and
therefore per unit thrust, a much-improved design relative to the reference aircraft
provides that benefit. The tip Mach number is also significantly reduced in the case of
concept B8 at Mt = 0.74. Both designs take advantage of the higher solidity propeller
due to the increased number of blades, therefore reducing both the lift and drag
contributions of the propeller harmonic noise. Finally, in both cases exposure times are
reduced, and distances to the flyover microphones are larger due to increased takeoff and
landing performance (ground speed and climb speed).

Concept G1

As with A1 and B4 concepts, propeller geometry and operation is unchanged relative to
the design reference aircraft (Jetstream 31), however relative to the Twin Otter, design
and operation vary. The change in noise immissions of the Concepts relative to the Twin
Otter can be attributed to: the difference in MTOW and therefore thrust requirement
per engine. The design and operation of the propeller is significantly better in the case
of the Jetstream 31 and therefore the concepts, relative to those of the Twin Otter, in
the context of noise output. This can be trivially verified by the significant difference in
certification values of the Jetstream 31 and the Twin Otter (77.1 dBA and 85.6 dBA).

First the propeller Tip Mach number at takeoff is approximately 0.66 relative to 0.8472
of the Twin Otter. The almost 25% reduction in rotational speed of the propeller
contributes to a reduction in instantaneous SPL in the order of 5-7dB. Additional
reductions are observed due to the additional blade of the concept propeller bringing the
total number of blade per propeller to 4. The increase in number of blades
counterbalances the reduction in rotational speed, to slightly increase the BPF (blade
passing frequency). This has an effect of increasing the frequency of all subsequent
harmonics, therefore maintaining (or even improving) atmospheric attenuation. The
increased performance capabilities of the concepts contributes to additional reductions
due to reduced noise exposure times, and larger distance to certification microphones.

Concept D1

The reference aircraft was chosen as the ATR42-600. In terms of Noise-Power-Distance
curves the ATR42 is indistinguishable from the ATR72 in the ANP noise database,
although EASA certification levels for the two aircraft are different.

The fan configuration of the GKN-40 aircraft was modelled as a propeller with the
following modifications: the directivity was changed from the dipole like directivity of a
typical open propeller, to a directivity pattern similar to that of a turbofan. Two
dominant lobes, one in the forward arc and one in the rear arc, represent the emission of
the fan source in the forward arc, and the fan and jet combination in the rear
respectively. The purpose of the specific directivity pattern is to capture the blockage
effects due to the duct. Corrections to account for reflections of main wing and
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horizontal tailplane reflections, and reductions in blockage effects have been added. The
high wing, wing-mounted design offers no benefits due to shielding effects.

It is important to note that the only source modelled is the fan rotational self-noise.
Effects and sources due to acoustic coupling with the duct, turbulence (including
boundary layer) ingestion, stator/strut interaction are not taken into account at this
stage as detailed design of the ducted fan geometry would be required. Typically, ducted
fan configurations lend themselves to the implementation of acoustic liners for further
noise abatement. However, due to lack of knowledge of the dimensions of the ducts,
benefits due to liners are not implemented. The number of blades and fan geometry was
not specified, therefore the parameters of the 40-seat high-wing, wing mounted propeller
configuration were used. Essentially, assuming that the ducted fan has 5 blades. Data
on stator number, geometry and position was not available at this stage of the design
process.

Operation of such a fan at the rotational values specified would mean a significantly
reduced tip Mach number of approximately 0.45 relative to the ATR tip Mach number
of 0.72. Additionally, the low pressure ratio, ducted fan geometry, reduces blade
loading,and per unit thrust to an improved low noise design relative to the ATR
reference aircraft; further contributing to noise reductions. These two design choices,
although preliminary, with major assumptions, are the major contributors to the
reduced noise footprint, with fundamental tone SPL reductions of the order of
40 log10 (Mh/Mh,0) = −6.16dB , while the second harmonic is reduced approximately
by -3.21 dB, for maximum takeoff power condition.

Overall, the concept leverages the position of the fan, and its preferential directivity to
reduce maximum SPL and SEL noise levels relative to the ATR42-600. The cumulative
(arithmetic sum of levels at the three certification points) change in noise level relative
to the current generation baseline aircraft is -13.06 EPNdB. The largest benefit is
achieved at the flyover certification point with a reduction of -5.15 EPNdB (lateral delta
- 4.15 EPNdB, and approach delta -3.76 EPNdB).

Concept Z1

The takeoff LA,max of the 90-seat concept is equivalent to the noise generated by the
larger A320neo at an operational weight significantly below MTOW. Specifically, the
power setting on the A320neo required to match the noise of the concept would equate
to an operational weight of approximately 63t (identical to the MTOW of the A220-100),
or 16t below MTOW. This gives a lateral certification value of 81.2 EPNdB relative to
86.1 EPNLdB of the A320neo and a flyover value of 76.5 EPNLdB relative to the 81.3
EPNLdB of the A320neo. Approach levels are reduced by approximately 3 dBA relative
to the A320.

Noise recommendations
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The above results indicate that noise considerations were not appropriately taken into
account in these iterations of the concept aircraft. Design for low noise could be
achieved through the leverage of the operational characteristics of electric motors, which
replace the constant speed operation of the propeller/turboprop configuration. High
torque electric motors could be coupled with modifications to propeller geometry such as
diameter, pitch etc. to gain noise benefits due to reduction in Tip Mach number. The
design could benefit significantly by reduction in tip speed, and more consideration in
propeller choice.

Overall, from an acoustic/noise point of view, preliminary calculations point to the
fuselage mounted fan being the best choice for noise reduction on the ground (in-line
with literature).

The design however could benefit from more closely replicating the design choices of the
Jetstream 31 (and therefore the CAeS Concepts G1, G2 and G3) or in a slightly more
extreme case the set-up of the ATR42. In both cases the combination of a larger
diameter and decreased rotational speed are used to meet thrust requirements. In both
cases this achieves a reduced Tip Mach number. The number of blades of the concept
would not require a change, as any acoustic benefit from increasing the count further
would diminish when considering the complexity of hub design at this scale.

8.6.3 Certification points compared to baseline

This section outlines the predicted certification levels for each of the concepts. The
process for calculating the levels follows that outlines in Section 2.6 of Chapter 2, taking
into account the performance and noise consideration discussed previously. A single
NPD curve is used for each prediction, assuming constant power at MTOW and MLW
for takeoff and landing respectively. The trajectory is assumed to be linear at the takeoff
and approach angles as specified by the design capability or certification requirements
(e.g. approach glide scope of 3 deg.).

Two types of deltas are presented, the first being the delta relative to the reference
aircraft. In the context of the certification levels, the reference aircraft is original design
reference aircraft. The second delta is the difference between the predicted noise level at
the certification point and limit as indicated by the appropriate Annex 16 chapter; this
is also referred to as a “margin”.

Figure 8.19 shows the deltas for concept A1 relative to Chapter 6 and the B-N Islander
for the flyover conditions, and for all three conditions for concept D1 relative to chapter
14. As expected from the NPD curves, concept A1 reduces the margin to the limits as it
receives a 1.4 dB penalty relative to the Islander. Conversely, concept D1 outperforms
the ATR42 at all certification points further increasing the margin to the limit.
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Figure 8.19: Difference in concept flyover certification level relative to reference aircraft
and margin to corresponding limits.

Concepts B4, G1, B7 and B8 leverage their superior propulsion system configurations
and designs relative to the Twin Otter to provide large benefits to the flyover
certification point of Chapter 10. The results are seen in Figure 8.20.
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Figure 8.20: Difference in concept flyover certification level relative to reference aircraft
and margin to Chapter 10 limit.

Finally, the larger D1 and Z1 certification levels for Chapter 14 concepts are plotted on
a diagram against the regional market current generation dominant aircraft; these are
the ATR42-600, the ATR72-600 (or -212A) in terms of turboprops and the Embraer
E190-E2, the Airbus A220-100 and A320neo in terms of jets. The direct hydrogen
combustion turbofan concept Z1, outperforms all aircraft in the category due to
significant reduction in MTOW. This reduction, comes at a penalty in terms of number
of PAX, but allows room for possible noise penalties induced by risks of the hydrogen
combustion turbofan and subsystems.

Concept D1 significantly increases the margins across all point to the limits, through the
low speed ducted fan configurations. No weight penalties are induced by the addition of
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the duct nacelles, that would otherwise manifest through increased thrust requirement.
However, the payload carrying capacity is almost half that of the similarly sized ATR72.
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Figure 8.21: Summary of certification level for larger regional concepts. Chapter 14
limits for flyover, lateral and approach certification points are indicated for reference as

well as the level of the baseline aircraft.

The choice of takeoff and approach flight profiles impact the noise estimated on the
ground. Certification point levels calculation also suffer from this subtlety, despite being
a rigorously defined procedure. As was previously said, the concept aircraft’s
certification and operational takeoff and/or approach flight profiles might differ from
those of the baseline ones. Therefore, defining these profiles would be necessary for
further in-depth noise comparisons, which is a work outside the purview of the current
case study.

Differences in the flightpath impact the noise exposure on the ground, through the
following main mechanisms: changes in geometrical trajectory, changes in air vehicle
configuration, and changes in the propulsion system power (and therefore thrust).
Changes in geometrical trajectory impact the distance between the observer (or
certification microphone locations) and the source of the noise, as well as the time
period the air vehicle spends close to the ground. Steep approach glide-scopes, as a part
of a continuous decent approach strategy (CDA), as well as steep departure climbs are
often chosen as noise mitigation operational procedures. Depending on the aircraft
aerodynamic and propulsion system performance, alterations the air vehicle
configuration, such as high-lift devices and landing gear, introducing new sources of
noise at sensitive parts of the flightpath. Finally, required power for approach and
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takeoff operations, is a function of the above, as well as being driven by the operational
mass of the air vehicle and the sizing process to account for requirements, as is the case
for safety, in the case of the one engine inoperative condition. Variation in engine power
requirement inevitably impact the noise generation at the source.

8.6.4 Single operation footprints

From a noise perspective, it is of interest to understand the impact of the concepts
surrounding airports. The differentiating factors between the concepts in terms of noise
are therefore two: i. the noise generated at the source i.e. the acoustic performance of
each individual concept relative to the baseline/replacement aircraft, ii. the impact of
the concept operational differences.

The assessment, therefore, has been performed on a 1-1 basis to the current generation
baseline aircraft. For each of the Concepts A1, B8, D1 and Z1 the combined noise
contours were calculated as a result of two events, a departure and approach. Three
predictions were performed, a benchmark AEDT prediction for the reference aircraft, a
baseline RANE v2 prediction for the reference aircraft and finally a prediction for the
concept itself. The metric of choice is the single event SEL footprint. Two contours are
shown for each case, representative of two levels.

Discrepancies in modelling methodology between RANE and AEDT result in expected
variation in the contours predictions, primarily due to the finite nature of the aircraft
flight trajectory. AEDT assumes that the aircraft trajectory ends abruptly at some
specific altitude. This has no effect when looking at high noise levels and metrics that
are averaged over a large period of time. However, in the case of the SEL metric and low
dB levels (e.g. < 60 dB SEL) this has the effect of limiting the calculation of the
contour to the contribution of the flight trajectory that has been modelled, giving the
contour a semicircular like closing shape rather than the expected ellipsoidal shape.
RANE’s assumption of infinite length segments allows for the last segment of the
modelled trajectory to be extended to infinity, therefore providing the correct closure to
the contour. An example of such an effect may be seen in Figure 8.22 where between x
= 40 km and x = 60 km there is a large discrepancy in the shape and area of the two
contours. In the case of RANE this effect has been depicted in two different way: as in
Figure 48 the whole contour is depicted, as it is not significantly different to the AEDT
prediction, and as is Figure 8.23 where the rest of the contour is not depicted and has
been cut to match the length of the AEDT contour to allow for comparison.
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Figure 8.22: SEL noise footprint comparison for one approach and one departure
operation of the baseline B-N Islander and Concept A1. Calculations for baseline aircraft

performed with AEDT and RANE.

Figure 8.23: SEL noise footprint comparison for one approach and one departure
operation of the baseline DHC-6 Twin Otter and Concept B8. Calculations for baseline

aircraft performed with AEDT and RANE.

Figure 8.24: SEL noise footprint comparison for one approach and one departure
operation of the baseline ATR42-600 and Concept D1. Calculations for baseline aircraft

performed with AEDT and RANE.
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Figure 8.25: SEL noise footprint comparison for one approach and one departure
operation of the baseline A220-100 and Concept Z1 (Rolls-Royce plc). Calculations for

baseline aircraft performed with AEDT and RANE.
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8.7 Discussion & Final Remark

Overall, the performance of the NAPKIN aircraft relative to the expected noise
reduction goals set by the ICAO (see Table 1.1) is in line with what is expected of the
next generation of regional aircraft.

Tables 8.5 and 8.6 summarise the cumulative certification levels relative to the reference
aircraft and Chapter 14. These margins however, as a result of the three-point
certification procedure, are based on single event operation and classification using the
absolute value of MTOW of the aircraft. This disregards the effect of reduced passenger
capacity and range capability of some concepts. The notion of applying a correction
factor (noise penalty, ∆ EPNLdB) to account for these reductions, before calculation of
the applicable limits for these aircraft is something to be considered. Another approach
to classifying and generating the limits for noise certification levels of future aircraft
would be the use of payload (kg/tonnes) or payload fraction. This could help identify
the efficiency of an aircraft of a specific MTOW at carrying useful payload and reward
or penalise said aircraft appropriately. This discussion forms part of the future work
required on noise impact of novel hydrogen aircraft.

Table 8.5: Predicted noise margins expressed as cumulative EPNdB below reference
aircraft noise levels for project NAPKIN concepts.

Margin to reference aircraft (∆ dB)
EIS Medium Regional Medium Regional Medium Regional Single Aisle

Concept D1 Concept E1 Concept E2 Concept Z1
2035 13.2 8.3 16a 11.4

aBased on empirical evidence and previous work on regional DEP architectures. Actual predictions
are part of future work recommendations.

Table 8.6: Predicted noise margins expressed as cumulative EPNdB below Chapter 14
levels for project NAPKIN concepts

Margin to Chapter 14 (∆ dB)
EIS Medium Regional Medium Regional Medium Regional Single Aisle

Concept D1 Concept E1 Concept E2 Concept Z1
2035 44.5 34.4 42.1 34.9

The impact of the NAPKIN concept fleet will have on noise immissions is best assessed
through the method described by the ICAO Balanced Approach to Aircraft Noise
Management [5, 6]. Reduction of the noise at the source involves the design and
introduction of quitter aircraft relative to current generation aircraft. This involves
aircraft manufacturers including noise specific input into the design process. The next
three points on the balanced approach involves the operation of the aircraft in the
vicinity of airports while attempting to optimise for minimal noise exposure on the
ground. The main stakeholders responsible for aircraft operations are airports and
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airlines alongside organisations and authorities such as the CAA and EASA who set and
oversee the regulations regarding these operations. Finally, and maybe the most
important is the impact on the community itself.

Historically technology improvements have had the effect of lowering the noise immission
of individual aircraft. Broadly this trend is continued with hydrogen fuelled aircraft
when judged against their corresponding kerosene fuelled baseline, but with less (or no)
improvement in approach noise compared to takeoff noise.

Limitations of the NAPKIN noise study mean that there is an element of risk in this
conclusion in so far as additional sources of noise introduced by the fuel change have
been underestimated (or not included at all). For example, direct hydrogen combustion
noise is assumed comparable to that of kerosene combustors and any additional noise
due to fuel cell cooling systems has been disregarded. To offset this, however, there are
opportunities for noise mitigation that have not been considered, such as advanced liners.

Hydrogen aircraft concepts often involve propeller or ducted fans as propulsors, and it
should be noted that these aircraft have a more tonal noise signature than turbofan
powered aircraft. Thus, there is likely to be a change in the overall nature of noise heard
around airports and the impact of this may not be correctly captured by current
certification metrics.

To maximise the potential for decreased noise R&D programmes addressing both risk
and opportunities will be required. There is also the opportunity to decrease noise via
changed operational procedures such as increased approach angle.

Whilst individual aircraft noise may decrease, airport noise is also dependent on the
number of operations which, given aviation growth, tends to act to increase noise. How
the introduction of hydrogen aircraft affects airport noise depends broadly on the size of
the airport and the fleet composition.

For small airports (in terms of aircraft movements) there is little change in noise.
Equally, for large airports such as Heathrow, the size of aircraft considered in NAPKIN
have such a small contribution to the overall airport noise that, again, little or no
difference in noise is discernible.

Between these two extremes it has been found that for medium airports the introduction
of hydrogen aircraft may act to decrease or increase noise. This is because the (generally)
lower PAX capacity of hydrogen aircraft may entail an increased number of operations
to maintain overall passenger numbers (although this depends on assumed load factors).

8.8 Summary





283

Chapter 9

Case Studies II: Electric VTOL
rotorcraft

9.1 Overview

This Chapter aims at demonstrating the full capabilities of MONTANA in terms
acoustic prediction, as well as incorporating the initial sizing algorithm presented in
Appendix A to explore the noise impact of a simple AAM network operating in the city
of London. The chapter may be viewed as three individual sections, starting from the
definition and intentions of the mission, each section feed into the next, leading to the
final assessment of noise in the London urban area.

In order to assess an AAM network, two main components must be defined. Firstly, the
operating network, a series of London locations that would benefit from the existence of
a vertiport providing connections to other such locations around the city. Second, the
aircraft or rotorcraft in this particular case operating within this supposed network. To
tackle the network part of the study, a series of London locations were chosen according
to current means of public transport (e.g. London Underground and buses) popularity.
Included within these locations are the 5 London airports, Heathrow, Gatwick, London
City, Luton and Stansted, in order to provide city-airport connection alternatives.

The aircraft flying these networks are defined according to individual missions
(point-to-point). Three aircraft concepts are explored. All concepts are fully electric
Vertical takeoff and Landing (VTOL) rotorcraft. The distinction between concepts is the
propulsion system of choice. Concepts 1 through 3 as they are referred to as, vary in the
number of propulsor units (or simply rotors) starting at 4, 12 and 2 for concept 3
respectively.

After performing preliminary performance analysis and sizing of the aircraft, NPD
curves are constructed for three different operating conditions, departure, approach and
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level flyover for each concept. The NPD curves are then used to generate noise
footprints and contours along the previously defined networks. The noise exposure
around vertical takeoff helipads is assessed as functions directivity, allowing for possible
population exposure effects to be carried out in the communities bellow the operation of
these concepts.

9.2 Mission Planning

The problem of creating an efficient AAM transport network, that integrates efficiently
and seamlessly with existing infrastructure and transportation networks is a logistics
problem beyond the scope of this thesis. However, simple assumptions and a high level
approach allow for the demonstration of the MONTANA model capabilities, that may
be used in the future to estimate noise and community noise exposure of actual
optimised routes and flightpath trajectories. Example networks have been presented by
AAM manufacturers, with a prominent proposal being that of Lilium and the network
connecting major cities in the south-west of Germany (Figure 9.1 from reference [223]).

Figure 9.1: Conformed and proposed AAM network operating in the south-west of
Germany currently being designed and studied by Lilium and partners [223].

9.2.1 London VTOL network

A similar approach is taken in this Chapter, in order to design a simplified AAM
network that operates over London. The decision of where to situate potential AAM
vertiports in central and suburbs of London is based on data from the London
underground. According to Transport for London (TfL) [224, 225] and London train
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station usage [226], London’s busiest underground stations from 2004 to 2019 have
approximately stayed the same. Figure 9.2 shows the number of passengers in the
busiest stations in 2019 and 2020, noting the large decrease due to the COVID-19
pandemic. Ignoring the unprecedented effect of the pandemic and assuming traffic will
resume as normal in the following years a list of possible vertiport locations is created.
The list includes the five major London airports as well. Figure 9.3 shows these
locations on the map of London. In addition, four locations in districts of Greater
London are added to the networks. These may be seen in Figure 9.4.

Figure 9.2: Busiest London underground stations of passengers in 2019 and 2020 (in
million entries and exits to tube stations). Figure and data by [227].

In order to generate a reasonable network of connections between these possible
vertiports, a distinction is made between airport connections and what is referred to as
inner city connections. For the London airport network, the main hubs are assumed as
Heathrow, Gatwick and London City airports. These hubs are used for connecting the
airports with the inner city network. Single route length range between 2 and 17 km for
the inner city network, whilst for the airport network the connections are between 9 and
86 km long. The maximum distance within the networks will act as range objective for
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Figure 9.3: Map of Greater London, identifying possible locations for vertiports in
a future AAM network. All five major London airports are included. Red dots show

these possible locations.

the sizing procedure of the rotorcraft concepts to follow. Diagrammatic representations
of what is referred to as the “inner city” network can be seen in Figure 9.5.

The routes have been coloured according to the airport hub that it belongs to, with
black red and green, being Heathrow, London city and Kings Cross, respectively. The
networks and their connections are not optimised for operation or efficiency by any
metric. They do however try and cover a wide range of possible scenarios of short hop
style flights to mid and longer range urban connections.
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Figure 9.4: Map of central London, identifying possible locations for vertiports in a
future AAM network. Red dots show these possible locations.
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Figure 9.5: London inner city AAM network.

9.2.2 Vertical flight profiles

Three vertical flight profiles are assumed to be flown by the aircraft. The distinction is
done according to the flight altitude. Three flight altitudes are flown depending on the
total distance covered. For connections above 20 km the flown altitude is assumed to be
2,000 m. Between 5 and 20 km the altitude is 1,000 km and for any connection smaller
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than 5 km the altitude is that of 500 m. All profiles are comprised of 5 main segments.
These are: vertical takeoff, climb, cruise, decent and vertical landing. The vertical
takeoff height is assumed to be 20 m, at which horizontal acceleration and climb may
begin (as holds for landing operation). The climb and decent angles vary with the
altitude/length of the connection. Short, low altitude hops are assumed to have nearly
perpendicular (75◦) to the ground climb and decent phases, in order to maximise the
cruise segment. Whilst climb angles of 45◦ and 10◦ are chosen for the remaining
altitudes of 1,000 m and 2,000 m. It is worth noting that these climb angle may not
represent the minimum power climb constraint (best climb velocity) for each concept,
rather represent a variation in operating geometry in and out of vertiports. Concept
performance will be discussed in the following section.

Transition from vertical to horizontal flight is mostly relevant for concept implementing
lift plus cruise configuration; whereby lift generation transitions from the rotors to the
main wing. Such transition phases are not explicitly modelled herein. From a power
requirement perspective, and therefore considered in the sizing process, transition power
requirement bridges the gap from high power vertical flight phase, to the lower power
climb and/or cruise. Other authors choose to model this phase explicitly by estimating
the transition power requirement as the average value between the power at the start of
transition (hover or vertical climb) to the end of transition (design dependant - in this
case fixed wing climb). Additionally, time spent in transition is negligible relative to
cruise. In this thesis, the transition power is assumed to be included in the hover or
vertical climb phase for a conservative approach, slightly increasing the time spent in
this phase. For pure rotorcraft design, transition is neglected all together, as the step
jump from vertical climb/ hover to accelerated climb is smaller.

From the noise modelling perspective, the typical NPD process for helicopter operation
is followed as discussed in Chapter 2. This involves the generation of NPD curves for
hover, flyover, approach and departure operations, all of which are steady state
operations. This is enforced by the lack of concrete baseline data for such manoeuvres.
Additionally, in terms of noise exposure, the time period in transition is outscaled by
that in hover and cruise.

However, future studies could consider noise during the transition phase, leveraging the
modelling approach in Chapters 4 and 6, using appropriate noise methods, to capture
the complex aeroacoustic interaction noise (a possible risk as the source balance
transitioning meaning interaction sources could dominate the signature), and
appropriate baseline NPD data.

The simplified diagram of the three flight profiles may be seen in Figure 9.6.

Figure 9.7 shows a three-dimensional view of the network, where the differences in
altitudes and vertical flight profiles may be seen.
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Figure 9.6: Vertical flight profiles possibilities. Flight altitude is determined by total
distance covered.

Figure 9.7: Three-dimensional illustration of network connections and the trajectories
of aircraft operating the inner city connection network.

9.3 Architecture and design space discussion

This section is dedicated to the design, performance assessment, and sizing of three
electric vertical takeoff and landing (e-VTOL) rotorcraft concepts. As will be evident
the performance is largely limited by the nature of fully electric air vehicles and the
battery technology available. The vehicles are conceptualised as rotorcraft meaning that
rotors provide lift throughout the entire flight. As discussed in Chapter 3, hover
efficiency grossly benefits large rotors with low loading. Helicopters are typical examples
of high hover efficiency, as they are commonly designed to have high loiter endurance for
surveying applications. The concepts are based on a Bell 429 GlobeRanger, a single
rotor vehicle.

The distinguishing factor between concepts is the propulsion architecture system. The
main parameters that are different between concepts are: i. number of propulsors, ii.
diameter of rotors, iii. number of blades. . These parameters are not allowed to vary, for
optimisation or design convergence purposes. In addition, one concept is designed as a
tilt-rotor with lift + cruise (VTOL and fixed wing flight) capability.

The other two are assumed to take a multirotor approach. The multirotor architecture
nature, lacks in cruise efficiency compared to a fixed-wing aircraft or lift & cruise
architecture AAM vehicle. However, the application within this chapter, considers
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flights of maximum distance of 86 km with the majority of trips being in the 20 to 40
km range. This allows for a significant sacrifice in terms of maximum capable range of
the vehicles in order to accommodate the electric propulsion systems. As range is not
the primary objective, the propellers may be sized for ‘hover’ condition alone and not
the intermediate state of a typical lift & cruise where drag penalties of the inoperative
hover propellers drive the cruise efficiency significantly. Hover condition sizing allows for
rotors of larger blade numbers and chord lengths.

All other parameters are assumed to be the same for the across the concepts, unless
otherwise specified in the following sections. These constraints will allow for acoustically
examining three majorly different interpretations of what could be the same design,
within the context of conceptual design.

The driving mission design parameters are payload and range. These parameters will
allow the aircraft to operate within the networks previously defined. In the case of a
comprehensive design, other parameters may also be of equal importance such as cost
and operational safety. A single design iteration is considered, with no optimisation
techniques utilised. Noise analysis, and other subsystem and performance studies, would
feedback into the design calculations in order to generate the next iteration of the
concepts. The goal of MONTANA is to provide the aircraft and airport noise analysis at
each iteration of conceptual design.

9.3.1 Baseline Aircraft

The concepts are referenced to the baseline helicopter, Bell 429 GlobalRanger (Figure
9.8), a multipurpose utility helicopter of a MTOW of 3,175 kg and a passenger capacity
of 7 (8 including the pilot).

The Bell 429 GlobalRanger is a twin-engine, light-medium helicopter designed for a
variety of roles including corporate transport, air ambulance, law enforcement, and
utility operations. It is manufactured by Bell Textron Inc., a major aerospace and
defence company based in the United States.

The Bell 429 is powered by two Pratt & Whitney PW207D1 turboshaft engines, each
capable of producing up to 738 horsepower. It has a maximum speed of 155 mph and a
range of up to 345 miles, depending on the mission and payload. The helicopter can
accommodate up to seven passengers in its standard configuration, but can be modified
to carry up to 12 passengers or additional cargo. The helicopter is equipped with a
four-blade main rotor with composite blades, which provide increased performance and
stability in a variety of conditions.
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Figure 9.8: Baseline aircraft, Bell 429 GlobalRanger.

9.3.2 Design

Although the concepts presented in the rest of this section are far from optimised
detailed design points, the constraints chosen for the initial sizing procedure are those
reflecting realistic requirements and specifications of this class of air vehicles. As
certification specifications (EASA CS) for AAM vehicles are currently not available, the
airworthiness standards used to guide the design are those of EASA CS-27 for “Small
Rotorcraft”. However, at this level of conceptual design, the CS does not constrain the
designs significantly, with the exception for the following considerations:

• CS 27.65 a.1: “The steady rate of climb, at VY must be determined: (i) With
maximum continuous power on each engine;”

• CS 27.65 a.2: “The climb gradient, at the rate of climb determined in accordance
with sub-paragraph a.1, must be either: (i) At least 1:10 if the horizontal distance
required to take off and climb over a 15 m (50 ft) obstacle is determined for each
weight, altitude, and temperature within the range for which certification is
requested; or (ii) At least 1:6 under standard sea-level conditions.”

As a result, the maximum climb velocity requirement is set to a conservative 5 m/s (or
≈ 984 fpm), which also limits the climb power requirement. Horizontal flight velocity is
chosen separately for each concept according to rotor performance. The
one-engine-inoperative climb requirements of CS 27.67 is also applied.

In order to meet the network requirements set in the previous sections the aircraft range
it set between a minimum of 50 km and a maximum of 100 km. The upper limit on the
range ensures that the energy storage system is not oversized. The concepts are assumed
to be capable of carrying 8 persons in total including one crew member or an equivalent
of 1,250 kg of payload. Assuming an initial MTOW identical to the baseline helicopter,
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the payload mass fraction is therefore mp/m0 = 0.3937, where mp is the payload mass
and m0 is the total air-vehicle mass.

An overall hover efficiency factor of 0.7 is assumed [228, 229]. This includes sub-system
individual efficiencies such as the motor, power electronics and battery efficiency. A
reserve requirement of 20 min which is a FAA standard for helicopters is also applied.

9.3.2.1 Subsystem considerations

Fuselage

The concepts are assumed to use approximately the same 10 m long by 2 m wide by 1.5
m-ft tall fuselage, adapted from the baseline helicopter to carry the eight-passenger
payload. Weight and drag estimations are based on empirical models
[230, 228, 229, 231, 232] through NASA NDARC model [233]. The fuselage drag is taken
into account by applying a fixed drag coefficient to the calculated fuselage drag area.

Landing gear

For simplicity, all three concepts are assumed to have the same fixed main landing gear.
The decision to use fixed landing gear was made because the weight penalty and
complexity of retractable gear was not worth the modest improvement in cruising
efficiency. A simple frontal area model is also used to estimate the drag.

Rotors

The precision of low fidelity analysis is constrained since the rotor is a complicated
system. As momentum theory is used to estimate the rotor performance, the diameter
specification suffices. However, for the estimation of operating rotation speed, XROTOR
is used with its classic lifting-line representation of propeller/rotor blades. Due to this,
existing rotor systems with comparable dimensions and operational characteristics were
used to estimate the basic rotor aerodynamic dimensions and performance parameters.
These are the same inputs that are carried over into MONTANA for the noise
estimation, and NPD curves.

Aerodynamic surfaces

Concepts A and B are assumed to employ helicopter/multirotor control and stability
techniques. This results in no additional aerodynamic surfaces. On the contrary,
Concept C fundamentally relies on a fixed-wing for the cruise phase of its missions. The
first-order conceptual design tool PHOENICS requires information regarding the
lift-to-drag ratio (L/D) to perform the sizing. For Concept C the lift-to-drag ratio is
estimated for cruise condition only.
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L/D estimation is configuration arrangement dependant. A suitable place to start for
the baseline model are the Bell XV-15 [234] and Bell Boeing V-22 Osprey [235, 236]
wing specifications. Optimizing trust-weight ratio and wing loading is out of the scope of
this conceptual sizing approach. The aspect ratio and and configuration arrangement,
determines the wetted area ratio(by extrapolating statistical data [237]). Wing wetted
area and span are scaled accordingly using MTOW and initial values for those of the
Bell Boeing V-22 Osprey. Due to the large prop-rotors and power delivering motors on
the wingtips, tiltrotors require rather thick wings, hence the wing thickness is 20%,
based on insight from Raymer [237]. The wing’s conceptual design does not rely on any
particular aerofoils.

A typical tail design is used for conceptual sizing, although considerations for a H-tail or
V-tail design in accordance should be made in subsequent design phases to account for
the large rotor wakes, and stability characteristics.

Propulsion

The design code will scale the motor’s size, but the parameters are based on the 500-hp
model. The motor weight will scale with power because the weight of the motor in this
model scales to be 34% of the engine’s horsepower.

Battery

Battery technology may well be the greatest limiting factor. Lithium-ion batteries are
assumed as currently they offer several technical advantages in comparison to other
chemistry based batteries, in particular shallow-cycling capabilities, charge acceptance,
and low weight. An initial value of eb = 350 Wh/kg is chosen for the battery specific
energy, which is on the optimistic side current technological capability [238, 151]; this
takes into account a mark-down due to unusable energy and installation weight. Similar
level of technology is assumed by Lilium [239] to be deployed in their first built concept.
The upcoming, lithium metal or lithium sulphur chemistries promise batteries that could
deliver 650 Wh/kg on a battery cell level and 400 Wh/kg of installed power density
[240].

Table 9.1 summarises the high level design characteristics that defer between concepts.

9.3.3 Performance

The performance and sizing calculations are executed by tool PHOENICS (Preliminary
Helicopter & Novel air vehicle Conceptual Sizing) from Appendix A. The tool
combines the previously described design and performance parameters with momentum
theory for rotors and propellers, first-principle flight mechanics and an energy sum to
evaluate the power requirement and hence energy requirement for the concept air
vehicles to perform a specific mission.
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Table 9.1: Design characteristics of the Concepts.

Design of AAM Concepts
Concept 1 Concept 2 Concept 3

MTOW [kg] 3,341 3,515 3,232.8
No. of rotors 4 12 2
No. of blades per rotor 6 4 4
Rotor diameter [m] 4 2 8
Hover RPM 1,200 2,200 500
Mt 0.73 0.67 0.61
Battery mass [kg] 1,022 1,075 990
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Figure 9.9: Forward flight performance of Concept 1 rotorcraft.

After calculating the power required for the given flight condition, the engine sizing is
performed based on a combination of electric machine scaling laws from data of existing
electric motors [150, 73]. The performance estimations are completed when the
estimated weight of the air-vehicle converges with the power requirement.

The tools findings for the forward speed variation closely mirror the well-known
relationship between forward speed and power, with the typical minimum required
power occurring at medium forward speeds, as expected from momentum theory.
Figures 9.9, 9.10 and 9.11 show the power demand for the three driving flight conditions
as a function of forward speed.

A summary of the power requirement for the three main operational modes: hover,
forward flight and climb for the three concepts can be seen in Table 9.2.
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Figure 9.10: Forward flight performance of Concept 2 rotorcraft.
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Figure 9.11: Forward flight performance of Concept 3 rotorcraft.

Table 9.2: Performance characteristics of the Concepts.

Performance of AAM Concepts
Concept 1 Concept 2 Concept 3

Range [km] 56 46 117
Hover power [kW] 1,433 1,653 1,014
Forward flight power [kW] 690 821 377
Climb power [kW] 1,061 1,237 696
Installed power [kW] 1,500 1,700 1,050
Forward flight speed [m/s] 48 52 40
Climb speed [m/s] 5 5 5

9.4 Noise Predictions

A note on noise metrics: SEL versus Lden,Lnight
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(a) LA,max (b) SEL

Figure 9.12: Departure NPD curves generated with MONTANA for all Concept
rotorcraft.

Arguably, a more appropriate noise metric for an AAM/UAM scenario would be one
that weights against the time of day the operations take place. An example of such is
Lden which averages the noise out over an 8-hour day, a 4-hour evening and an 8-hour
night, with 5 and 10 decibels added to the evening and night figures respectively to
account for generally lower background levels at those times. Lnight averages the noise
only during the night period.

9.4.1 NPD curves

NPD curves for the three concepts are constructed for the three main operating
conditions defined for a mission. These are hover, departure, approach and flyover. The
process for generating the NPD curves follows exactly that of Chapter 7 for the three
helicopters. Figures 9.12 to 9.15 show the computationally generated LA,max and SEL
NPD curves. These will form the main inputs for the noise exposure footprint study in
Section 9.4.2.

In Figures 9.12 to 9.15 two curves for the baseline rotorcraft are shown, one representing
the published data provided by AEDT, while the other is a baseline prediction using
MONTANA.
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(a) LA,max (b) SEL

Figure 9.13: Approach NPD curves generated with MONTANA for all Concept
rotorcraft.

(a) LA,max (b) SEL

Figure 9.14: Flyover NPD curves generated with MONTANA for all Concept rotorcraft.

Figure 9.15: Hover NPD curves generated with MONTANA for all Concept rotorcraft.
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(a) Noise exposure contours.

(b) London map.

Figure 9.16: 65dB SEL sound exposure contour comparison between the three Concept
air vehicles.

9.4.2 Noise exposure contour maps

The following contour maps have been generated assuming single flight events over each
of the routes between the 9 vertiports chosen within London. Geographic and
population data has not been incorporated in the generation of the contours. A flat
ground plane across the entire map is assumed. As discussed, the missions between the
concepts are identical, but vary slightly depending on distance between the origin and
destination vertiports.

Figure 9.16 show the 65 dB SEL noise exposure map the three different concepts.
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Noise benefits of Concept 3

It is evident that Concept 3 demonstrates the least noise exposure over the entire map.
As operational differences can be neglected (identical missions flown - note: transition
noise has not been explicitly accounted for in any of the concepts. ), the benefits in
noise immissions are related to performance and operation differences, which are direct
results of the starting (and differentiating) design assumptions/decisions. These may be
summarised as:

• Larger rotor diameter - hover efficiency and therefore hover power requirements
are directly influenced by the diameter of the rotor. The larger diameter rotors of
the tilt-wing have a positive impact on performance in two ways: lower power
draw overall resulting in reduced battery size for a given distance flown and
reduced power requirement impacts the size and weight of the propulsion system.
Thrust requirements reduce relative to the other concepts resulting in beneficial
loading characteristics of the rotor.

• Fixed wing cruise capability - the rotor power requirement for cruise is significantly
reduced as it no longer need to support the weight of the aircraft. This increases
cruise efficiency, resulting in lighter batteries for a given distance flown.

• Reduced tip Mach number - as a result of the previous design decisions, the
resulting required rotational speed in hover reduces the loading and thickness noise
contribution of the rotor.

However, it is worth noting that the weight of Concept 3 could be underestimated at
this initial design stage, with subsystems and components contributing to the til-rotor
mechanisms and additional weight of the larger fairings and fixed-wing not being
accurately captured. Further iterations of the vehicle, with increased detail in weight
estimation would be required to confirm. These are beyond the scope of this Chapter.

Figures 9.17, 9.18 and 9.19 show the 65dB and 75dB SEL contour areas for the three
concepts, except in the case of concept 3 were the 55dB contour is added as its area
scale is almost identical to the 65 dB contour of the other two concepts. In addition,
reduction of the 65 dB and 75 dB contours for concept 3 is attributed to the absence of
cruise noise to the contours separating the contours into two individual contours
surrounding the vertiports. This is not the case for concepts 1 and 2, when flying at the
identical altitudes and routes.

The effect of simple route optimisation may be interpreted by analysing the contours in
all three Figures. Creating flight “corridors”, by overlapping individual segments of the
network, alleviating noise exposure from areas that could be otherwise not affected.
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(a) Noise exposure contours.

(b) London map.

Figure 9.17: SEL sound exposure contour map for Concept 1. Inner city network.
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Figure 9.18: SEL sound exposure contour map for Concept 2. Inner city network.
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(a) Noise exposure contours.
(b) London map.

Figure 9.19: SEL sound exposure contour map for Concept 3. Inner city network.

9.4.3 Effect of noise source Directivity

An assessment of the effect of the overall directivity of the AAM vehicles on community
noise exposure is carried out. Three different patterns are used to demonstrate the
flexibility of the directivity functionality added to MONTANA in Chapter 5.

First, a case where the assumption is that no available directivity data is available. In
this case a simple three-dimensional analytical function may be used, in particular, a
spherical harmonic, to define the radiation pattern. This allows a quick definition of a
radiation pattern, based on empirical knowledge of the designers and the design choices
they have made. The impact of changing the directivity of the vehicle may be quickly
assessed by swapping out simple spherical harmonics, or even spherical harmonic
expansions. Once more data is available, it may be used to generate more detailed
representations of the overall directivity as will be illustrated in the following two cases.

In this first case, a single spherical harmonic of degree ℓ = 2 and order m = 2, leading
the directivity function to D(θ,φ) = Y 2

2 (θ,φ). This choice is made arbitrarily, and does
not physically represent the AAM concepts in this Chapter. The highly directive pattern
of Y 2

2 was chosen to precisely illustrate the effect, a simple dominant directive source for
example, may have in redistributing the energy to different areas on the ground. A
simple illustration of the Y 2

2 spherical harmonic can be seen in Figure 9.20. Figure 9.21
shows the resulting noise exposure contours for concept 3.

The change in the shape of the contour is obvious, with regions of the map the
previously unaffected by levels of a specific value now falling in the contour, and possibly
experiencing noise levels much higher that the level indicated by the contours.

A more general observation is made in regard to power normalisation and acoustic
energy conversation. Although the directivity function ensures that the same amount of
energy is generated and radiated from the source relative to the omnidirectional case,
the energy radiated in the direction of the ground may be different in each scenario
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Figure 9.20: Visual illustration of the Y 2
2 spherical harmonic. The distance of any

point on the surface from the origin equals the value of the spherical harmonic at that
location defined by (θ,φ).
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(a) Noise exposure contours.
(b) London map.

Figure 9.21: SEL sound exposure contour maps for Concept 3, using with the directivity
function defined as D(θ,φ) = Y 2

2 (θ,φ). Inner city network.

depending on the directivity function of choice. This results in contour areas not
necessarily having the same areas is addition to the differences observed in the position
of the contour lines (or otherwise shape of the contours).

Examples of such highly directional noise source, that could be modelled using single
spherical harmonics (or a combination of few) propeller/rotor self noise, tones generated
by cavity resonance, bleed valve noise, noise exiting ducts. In the case such sources of
noise become dominant, the whole aircraft noise signature also takes a highly directive
nature, the effect of which was demonstrated.
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For the second case, the directivity function is constructed from the spherical harmonic
expansion coefficients (Table 9.3 gives the vales of the coefficients for the 500 Hz band,
while Figure 9.22 provides a visual illustration of the noise radiation pattern) calculated
by Krebs et al. [185] after flyover directivity measurements were made for fixed wing
aircraft. Once again, this directivity function does not represent that of the concept,
however it illustrates the versatility of using experimental measurements to generate the
required coefficients for the expansion. The noise exposure contour results are presented
in Figure 9.23.

Table 9.3: Spherical harmonic directivity coefficients Am
ℓ of the 500 Hz one-third

Octave band for a fixed-wing turbofan aircraft. Data from [185].

Am
ℓ coefficients

m
ℓ 0 1 2 3 4 5 6 7
0 76.1 3.31 -7.38 3.16 -0.976 -0.428 -1.314 -0.146
1 -1.48 0.06 -0.14 0.052 -0.214 -0.029 -0.196
2 0.19 0.06 -0.021 -0.037 -0.019 -0.009
3 0.02 0.004 0.006 8.0E-04 -1.3E-03
4 -0.003 0.004 5.6E-04 2.1E-04
5 0.001 1.2E-04 4.6E-05
6 1.9E-05 -3.4E-07
7 8.7E-06

Figure 9.22: Visual illustration of the spherical harmonic expansion given by coefficients
of Table 9.3. The distance of any point on the surface from the origin equals the value
of the spherical harmonic expansion at that location defined by (θ,φ). Data from [185].

Finally, the Boeing Vertol directivity used in Chapter 7 is once again implemented.
Figure 9.24 shows the effect of it on the London AAM network. The large lobe of the
static directivity impacts the overall shape of the contour, connecting regions that in the
previous cases were not.

The preliminary results presented within this Chapter can already trigger questions
regarding the noise immissions of any concept AAM vehicles in the conceptual design
stage. These questions can feed into more detailed parametric or trade-off studies, on
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(a) Noise exposure contours.
(b) London map.

Figure 9.23: SEL sound exposure contour maps for Concept 3, using with the directivity
function defined as a spherical harmonic expansion using coefficients measured by Krebbs

et al. [185]. Inner city network.
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(a) Noise exposure contours.
(b) London map.

Figure 9.24: SEL sound exposure contour maps for Concept 3, using with the directivity
function defined as a spherical harmonic expansion using static directivity data for a

Boeing Vertol, [214]. Inner city network.

behalf of performance, weight and also noise. Such studies can impact the design space
exploration and steer the design in a direction completely different to what may have
been originally intended. Some questions are discussed bellow:

• Hover and vertical climb decent are high power operation that dominate the
contour from a PWL perspective. This is especially true for cases where cruise
levels are not audible on the ground. As expected, communities around vertiports
become the sensitive areas. Route optimisation and careful location selection for
the vertiports could reduce the number of them required, while achieving a level of
noise mitigation.

• The number of vertiports poses an interesting problem. Assuming the operation of
the same fleet of AAM vehicles (number of operation, and composition - types of
aircraft) at all vertiports, the overall exposure area over a city like London is
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directly proportional to the number of vertiports. Typically, for conventional
aircraft, this is not a problem as the origin and destination airports of flights are
hundreds if not thousands of kilometers apart. In the case of the AAM, in the
worst case scenario, a single observer location may be impacted by multiple
vertiports, and their flight paths.

• Directivity during high power operational modes significantly drives the overall
shape of the contour. This is not the case for the climb/decent and cruise part of
the mission. Although the area within the contour is affected by directivity during
these phases of flight, the overall shape of the contour is driven by the flight track.
In the static cases however, a single observer is exposed to the same source
directivity angles throughout the event, therefore influencing the shape of the
contour. Leveraging VTOL capability as well as individual air vehicle directivity it
is possible to direct noise to unpopulated areas. Additional noise exposure
alleviation may be achieved by taking advantage of takeoff orientation in the same
way as flightpath dispersion to spread noise over a larger area, rather that
concentrating it in one direction. Finally, this effect can help optimise trajectories
and flight paths according weather, wind in particular, conditions. The ability to
control the direction of the noise, through knowledge of the directivity and the
flexibility of VTOL operations, could in fact make highly directional air vehicles
more desirable over omnidirectional ones.

• At the altitudes considered within this Chapter, low to medium noise exposure
levels will affect the majority of urban population in London. This is especially
true when cruise noise is audible on the ground, and flight levels are not chosen
carefully with noise in mind. As in the case of the number of vertiports, if cruise
noise for a particular noise level is audible on the ground, the total area of the
corresponding contour is proportional to the length of the mission and to the
number of distinct routes within the network. Consideration of other urban noise
sources (e.g. rail, roads) in trade-off studies, could allow masking of the
subordinate sources, to reduce overall exposure area.

• Finally, a trade-off exists between exposure area during vertical takeoff/landing
and accelerated climb - equivalent to cutback procedure in conventional turbofan
aircraft. Tilt rotor transition altitude provides an interesting case study from the
noise perspective for future research.

9.5 Summary
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Chapter 10

Conclusions and Future studies

The aim of this research was to extend the capability of the whole aircraft and airport
noise tools SyNoPoD and RANE, to account for novel propeller powered aircraft,
including the effects of three-dimensional noise source directivity. Of particular interest
is the problem of estimating the noise that future novel aircraft types are likely to make.
This includes electric and hybrid electric aircraft both as replacements for conventional
gas turbine powered aircraft and for completely new types of aircraft such as air taxis.

The objectives set-out were: (i) to develop scaling laws for the noise due to novel sources
that novel aircraft will possess, (ii) adapting the scaling laws for known sources to apply
to the novel aircraft types (iii) integrating such scaling laws into a whole aircraft noise
model that includes the effects of three-dimensional directivity, (iv) implement said
model into an airport/community noise tool to research the likely operational
characteristics of novel aircraft while evaluating the effect of a number of potential
design scenarios, and how they affect communities around airports.

The results of this research is presented in the form of the MONTANA (Modular Novel
Transport Aircraft Assessor), a whole aircraft noise prediction framework. The existing
ISVR methodologies and tools were brought together and developed upon to meet the
new aims and objectives.

The principal behind the MONTANA framework is that of a lumped noise source
definition. The individual noise source mechanisms that contribute to the overall noise
emissions are described by a single point source, some PWL, a directivity and a spectral
shape, equivalent to the sum of the contributing components. The characteristic PWL,
directivity and spectral shape are estimated by calibrating existing NPD data for
conventional aircraft with noise level deltas of the individual noise source components to
account for changes in design and operation. The calibration deltas are calculated
through simple scaling relations resulting from modifications to existing empirical,
semi-empirical or analytical models.
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Specific attention was given to the development and implementation of a scaling relation
for propeller steady harmonic noise, as propellers were identified as a common
propulsion system archetype, and therefore dominant noise source, across novel
fixed-wing and rotary air vehicles.

The framework was designed to include the following functionality:

• Generalisation of the framework introduced by Synodinos et. al. A mathematical
insight to the dependency of changes in noise levels, relative to a baseline scenario,
on the Jacobian matrix of the function giving the noise for any particular noise
source.

• Three-dimensional lumped source definition. The acoustic radiation pattern is no
longer restricted to the polar angle, with use of spherical harmonic expansion.

• Derived scaling relations for propeller harmonic noise based the model proposed by
Hanson [60]. These scaling relations were used to derive variation in PWL,
spectral (tonal) content and directivity between baseline scenarios and novel
aircraft designs.

• Modification of the simplified airport noise tool RANE, to include
three-dimensional characterisation of noise sources

• Modification to the flightpath definition of RANE, to allow for the flexibility
required to capture the unconventional operation of helicopter and UAM air
vehicles.

• Use of Bezier curves to correct errors and discontinuities in the contour generating
process of RANE.

• Modification to the definition of noise surfaces to include the possibility of defining
conical surfaces in order to model linear power variation along a single segment.

• Methods for accounting for aircraft power setting variation and noise source
rotation were also introduced.

• Preliminary design and implementation of a framework for the generation of noise
exposure contours due to lumped source rotation and translation, and application
to a VTOL scenario.

Generally, prediction accuracy drops for large deviations of the concepts from the
baseline aircraft, as the underlying linearisation of the individual noise prediction breaks
down. In general use cases, appropriate baseline vehicles may be chosen, for both
fixed-wing and rotorcraft air vehicles, resulting reasonable and reliable results.

MONTANA provides the means to assess the noise exposure of concept aircraft at a
wide range of design stages; from “paper” aircraft and propulsion systems to detailed
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designs. It allows for the assessment of fixed-wing aircraft and rotorcraft against all four
elements of the ICAO balanced approach to aircraft noise management, looking at how
advances in technology and design influence noise generation at the source and how
changes in operation have a meaningful impact on communities in their vicinity.

The assessment of design/technology variation on noise output was complemented by an
additional module developed within the scope of this thesis.PHOENICS (Preliminary
Helicopter & Novel air vehicle Conceptual Sizing) is the first version a preliminary sizing
tool for propeller powered fixed wing aircraft and rotorcraft, aimed at integrating the
noise as an additional objective in conceptual aircraft design.

Lumped noise source and propeller noise scaling relations

A scaling relation for propeller steady tonal noise was presented. A linear approximation
assumption was used as a method to estimate changes in noise levels between a known
baseline scenario and an unknown modified case. The changes in noise levels are coupled
with the well established SAE AIR 1845 methodology for generating NPD curves. An
error analysis of the linear approximation assumption showed that under reasonable
deviation of the design and operating parameters from the baseline condition, the
method produces highly accurate predictions. Depending on the parameters, for ±50%
variation in parameters the error remains below 3%, while for variation of ±100% the
error remains below 10%.

The scaling of the fundamental tone and first few harmonics (up to m = 4) was
demonstrated by the collapse of the results when normalising to Ω4 for the axial (lift)
component of the loading noise, and Ω3 for the tangential (drag) component and
thickness noise source.

The capability of predicting changes in noise levels was compared against ESDU 76020
and an detailed implementation of the full Hanson model, using XFoil and CRotor to
estimate the aerodynamic inputs of rotors. Changes in the fundamental tone levels, were
in most scenarios predicted within ± 1.5 dB, depending on the variation of the input
parameters described above. Harmonic shape was captured accurately for MT < 0.6,
with large errors being introduced for Mach numbers above that. Large errors were also
evident for non-static cases as the argument of Bessel function no longer obeyed the
small argument approximation.

The framework produced estimates with an average error of ± 1.5 dB for the LA,max

NPD curves and ± 2 dB for the SEL NPD curves, both of which are within the ECAC
Doc 29 [34] tolerance, despite the sources of error described. Due to the framework
being computational by design, it eliminates the inaccuracies associated with
experimental measurements of flyover techniques. The effect of the choice of the baseline
aircraft was investigated using the DeHavillad Canada Dash 8-300 (DHC-8 300). Four
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different aircraft were chosen as baseline aircraft with the aim of replicating the DHC-8
300 measured NPD curves. The spread of the results was approximately 2.5 dBA SEL
for large slant distance, while only 1.2 dB dBA SEL for slant distance smaller than 1,500
m, with difference from the baseline being on average only 0.55 dBA SEL.

The applicability of the model to helicopters and more generically rotorcraft was tested
with prediction of three-types of steady state NPDs, characteristic of helicopter
operation: idle/hover, departure and flyover. Errors followed the same trends as the
conventional fixed wing aircraft.

The NPD curve prediction capability was bench-marked using published NPD for
propeller piston engine aircraft, as well as larger turboprops. Using a single initial point
a number of different power settings at all standard slant distances were calculated. The
error was deemed acceptable by the standards of the ECAC Doc 29. This reinforced the
assumption that the dominant noise sources in take-off for the particular aircraft are the
loading and thickness contributions of the steady tonal propeller noise.

The proposed framework therefore provides NPD calculations in a time and
computationally efficient manner, that captures all the high level design variations
expected to occur at the preliminary design stage of a propeller powered aircraft. Noise
calculations of the entire vehicle may be performed in parallel to the design iteration
process and leveraged to provide constructive feedback. As the design matures the
details in design will improve the predictions, and coupled with higher fidelity
aeroacoustic and airport noise models can provide a comprehensive assessment of the
noise for certification purposes as well as impact of the novel concepts around
communities.

RANE v2

The introduction of a directivity function to describe the three-dimensional emission
patterns of real aircraft was validated in two specific ways. The first comparisons against
the in-house grid point method, confirmed that acoustic energy is preserved over the
flyover procedure. Contour predictions for simple turns, cut-back procedures and
vertical take-off provided proof that the Bezier curve treatment to extremities and
connecting regions provides a simple, yet highly effective method for interpolating
between contour segments and eliminating discontinuities. Decrease in the error of
contour area prediction were also observed. Secondly, RANE v2 was bench-marked using
realistic fixed wing and helicopter case studies. The air vehicles of choice were propeller
powered fixed-wing aircraft of varying size, design and operation and three helicopters,
due to the inherent high directivity. Two different examples of input data were used in
order to generate the required directivity function as input to RANE v2. The presented
case studies provide reassuring evidence that the framework can provide predictions and
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may be integrated within design systems of UAM and AAM (Advanced Air Mobility) air
vehicles to help minimise the impact of such vehicles on community noise.

On an aircraft level, assessment of individual noise source directivity effects on noise
contours, allows the exploration of engine installation, reflection and blockage effects to
maximise the potential benefits on noise exposure. The incorporation of directivity
effects may then be coupled with models for generating NPD curves for novel aircraft
[12, 241] and therefore predicting the PWL outputs, to provide global assessment of the
noise impact of new technology and/or implementation of noise abatement operational
procedures Improved assessment of single runway, single event or fleet movements is
possible.

The capabilities of MONTANA to predict changes in noise emissions were demonstrated
through two case studies, appropriate to the two major applications areas of the tool.
First, a case study on the noise performance of next generation regional hydrogen
powered aircraft, and second a case study of a simplistic UAM network operating in
London. The study demonstrated the impact of high level design decisions and noise
source directivity on the final noise exposure contours. The studies included several air
vehicle concepts, raging from regional fixed-wing aircraft to UAM rotorcraft:

• Current generation reciprocating engine and turboprops.

• Novel hydrogen powered aircraft:

– fuel cell electric propulsion (propeller and ducted-fan driven)

– gaseous/liquid hydrogen gas turbines (propeller driven)

• Current generation single or dual (main) rotor helicopters

• Novel UAM rotorcraft, with novel operation characteristics

10.1 Recommendations for future research

A series of improvements have been identified throughout this research, that could
provide opportunities for further development of whole aircraft and airport noise
prediction and specifically the MONTANA tool.

The definition of a lumped aircraft noise source for propeller powered aircraft in this
thesis lacks contributions from three other propeller noise sources, that literature
indicates, could be dominant in certain operating conditions and emission angles. These
are propeller broadband noise due to turbulence ingestion and trailing edge self noise
and, unsteady loading noise. Inclusion of the sources could provide a better insight to
the propeller source balance and explain the consistent NPD under-prediction observed
in this thesis.
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The three-dimensional directivity function implemented in MONTANA through the
spherical harmonic expansion assumes common directional features across all frequencies.
This is fundamentally inaccurate, especially for spectra with high tonal content.
However, the use spherical harmonics would allow a simple solution, as the directivity of
each frequency band (one-third octave or otherwise) could be described by its own
spherical harmonic expansion. This would allow for the total aircraft directivity to be
described as the sum over the individual directivities of each band for each contributing
noise source. Such an implementation would resolve the subsequent limitation of
propagation across all polar and azimuthal emission angles.

Current NPD development practices correlate power setting parameters (e.g. thrust,
rpm) and aircraft configuration modes to sets of noise levels. Complex operations are
then modelled by describing phases of the flightpath by these constant NPD curves.
Complex operations in UAM (i.e. hover, transition, etc.) may not lend themselves to
adopting such techniques. Transient non-linear modelling approaches for flight paths
(continuous curved), power setting and velocity variation (accelerated, decelerated flight)
throughout segments of flight could provide more accurate description of realistic
operations. Such improvements would require the balancing of the trade-off between
computational cost, complexity and predictive capability.

Finally, the preliminary sizing tool (PHOENICS) although adequate for the
requirements of this thesis, is based on first principle flight mechanics and open source
empirical data for initial weight and size estimation. Limitations exist in the capability
to assess general fixed wing and rotorcraft configurations beyond an initial power and
energy requirements. Two key elements identified as critical to future updates to the
model are: propeller performance evaluation (beyond the capability of momentum
theory) as the outputs are direct inputs to the noise estimation modules of MONTANA;
aircraft/airframe aerodynamic performance evaluation. Currently, the air-vehicles lift
and drag configurations are not included in the sizing-loop, grossly limiting the design
space and capability of the tool.
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Appendix A

PHOENICS: Preliminary sizing
tool

This Appendix describes the PHOENICS (Preliminary Helicopter & Novel air vehicle
Conceptual Sizing) tool. PHOENICS is a conceptual air-vehicle design tool, aimed to
complement MONTANA and its components discussed in part I and II of the
methodology chapters. It is a model that provides performance (power requirement)
assessment and initial sizing for both fixed-wing propeller powered aircraft along with
rotorcraft vehicles flying particular missions. The approach uses momentum theory
(actuator disk theory) to estimate the ideal performance of the installed propeller/rotors,
first-principle flight mechanics for both rotorcraft (based on helicopter theory) and
fixed-wings, while also a typical, energy based, aircraft sizing procedure is implemented
to size the energy storage requirements of fully electric air vehicles.

A.1 Outline

The design of any air vehicle starts at the requirements set by the stakeholders or
potential customers of the given aircraft. These requirements may range from nominal
operating speed, number of passengers, mission range and ability to perform VTOL
operations etc. Other requirements that are not performance indicators may also be
required, such as low noise and air pollutant emissions, specifically CO2 and NOx. All
these requirements have an effect on the design choices implemented at any stage of the
design process and may cause the designers to back-track or re-iterate a version of the
concepts in order to meet all of them. An example of the design process typical of civil
aircraft may be seen in Figure A.1.

The requirements enable the creation of a simplified flight mission. A flight mission is
considered as the entirety of a single operation performed by a vehicle from
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Figure A.1: Schedule of the civil aeroplane development process [242]. Adapted from
J.H. McMasters

start-of-engine at takeoff to engine shut-off at landing (usually taxing is not included at
this not included at this stage). The study of the mission allows for the power
requirements of the vehicles at the various phases of flight to be estimated. The peak
power requirement over the entirety of the mission will be used along with safety buffer
considerations to size (choose) the propulsion system. The power requirement of each
individual phase is used to appropriately size the energy storage and delivery system.
PHOENICS performs exactly this analysis for two very different types of vehicles,
however using a very similar thrust generating apparatus, the propeller/rotor. The two
types of vehicles are the typical fixed-wing aircraft and the VTOL rotorcraft.

A.2 Background: Aircraft performance

Aircraft performance falls under the general discipline of flight mechanics (or flight
dynamics). It dictates how an aircraft will “interact” with the air surrounding through
the management and response to the four forces of flight: lift, drag, thrust, and weight
A.2. These forces will dictate the aircraft’s performance and to what degree the mission
objectives are satisfied. These may be, a maximum cruise velocity, climb capability,
maximum range or for civil aviation applications fuel economy, emission and noise.

An aircraft’s performance in closely tied to the eventual size and weight. Efficient cruise
aircraft for example require high aspect ratio wings, leading large wing spans increasing
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Figure A.2: Primary forces acting on fixed wing aircraft (A) and rotorcraft during
hover (B) and forward flight (C).

the demand and size of structural components within it, such as the spars and ribs. The
propulsion system, in charge of thrust generation, has to do so in manner that allows the
aircraft meet the mission and certification requirements, while at the same time not
incurring a weight penalty to the entire aircraft. The ability to generate thrust and lift
while minimising drag (and losses in general) also dictates the type of operations and
manoeuvres an aircraft if capable of performing.

Understanding the operation of an aircraft is important when studying an aircraft as a
noise source for two particular reasons: 1. The acoustic sources on the aircraft are
heavily dependent on the operational/performance parameters during any specific phase
of the flight. This is important for what is known as noise mitigation at the source,
which discussed is focused in reducing the total amount of energy radiated as noise. 2.
Understanding the capabilities of an aircraft and the trade-offs that exist within aircraft
design allow for aircraft operations to be optimised for noise, through noise abatement
operational procedures.

Constraint analysis

The performance analysis of an aircraft may be initialised by the construction of
constraint analysis diagram. It is used to assess the relative importance of the various
phases of flight performance required to be met in the final design. A couple of example
diagrams may be seen in Figures A.3 and A.4. The diagrams are constructed using the
equations of motion for each individual operation and are commonly presented in the
form of thrust-to-weight ratio (T/W ) versus wing loading (W/S). The involvement of
wing loading implies the use of constraint analysis is typical applied to fixed-wing
aircraft (see Anderson [232] for more details).
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W/S

T/S

Figure A.3: Typical constraint analysis diagram indicating the possible design space
for a fixed wing aircraft. Combination of T/W and W/S that lie in the white region

constitute viable design. Adapted from [243].

Figure A.4: Calculated wing-loading versus thrust-to-weight-ratio diagram. The
indicated design point is that of a Cessna 172 Skyhawk.

Helicopter performance on the other hand is analysed using power requirement diagrams,
an example of which may be seen in Figure A.5. The power requirement for every
operation (hover, forward flight, vertical ascending and descending etc.) through the
calculation of the induced, profile, parasite and climb powers. An important parameter
is the power loading, P/T (or power-to-thrust ratio).

For every operation an optimum disk loading exists that minimises the power loading.
For a given gross weight, this optimal disk loading will determine the optimum radius of
the rotor.
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Figure A.5: Helicopter power required for level flight at a given gross weight and
altitude. Figure replicated from expressions in reference [244].

A.3 Propulsive efficiency in electric aircraft design

The use of rotating wings, in all the different applications begs the questions of why so
many variants of rotating wings exist, what parameters drive the decision-making and of
particular interest to this thesis, which of these parameters drive the quest for
performance and which that of low noise emission. Rotating wings are propulsive
devices used by certain air vehicles to generate thrust (propulsion), such examples are
propellers and fans on convectional fixed wing aircraft. Others utilise them to provide
lift, propulsion and control. The traditional example is that of a helicopter using one or
maybe two rotors to generate the required aerodynamic forces.

The reason of existence of the various propulsion systems may be understood by the
simplified analysis of any generic propulsive device illustrated in Figure A.6. The device
is set in a medium (fluid) of uniform flow velocity V∞. The function of the device is to
generate a propulsive force or else thrust T , acting towards the left direction. This force
is generated as a reaction (Newton’s third law) to the force imparted on the fluid by the
propulsive device itself. The thrust may be given by Newtons second law, stating that
the net force imparted on an object is equal to its time rate of change of momentum.

Therefore, for a generic propulsive device the thrust equation may be written,

T = ṁ(Vj − V∞) (A.1)

where Vj is the jet velocity down stream of the propulsive device, and ṁ is mass flow
rate through the propulsive device. It is interesting to note at this point that the thrust
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Propeller 
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with velocity,
Vj - V∞

relative to a stationary 
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Figure A.6: Illustration of a propulsive device moving through stationary air with
velocity V∞

generated by any propulsive device of this nature, is directly proportional to the change
in velocity it imparts on the fluid.

The propulsive efficiency of such a device may be quantified by the ratio of the useful
available power, PA (the power required to generate thrust T to propel an aircraft
forward at velocity V∞) to the total power generated by the device. The total power
generated is equal to the useful power plus the additional wasted power (flow
recirculation, vertices etc., phenomena that do not contribute to the generation of thrust
but carry part of the energy imparted on to the fluid by the propulsive device). After
some algebraic simplification, the propulsive efficiency may be given by,

ηp =
2

1 + Vj/V∞
(A.2)

At this point it is evident that a contradiction exists between the generation of thrust,
and the efficient generation of thrust. High jet velocities with respect to the freestream
velocity result in high thrust, but in low efficiency. This means that in order to generate
a give amount of thrust, the propulsion device must be supplied by enough power to
account for the wasted power.

However, thrust may also increase with mass flow rate, Equation A.1. The larger the
amount (mass-wise) of air accelerated by the device the larger the change in momentum,
resulting in a larger thrust. Efficient propulsive devices therefore, accelerate vast
quantities of air to velocities not much higher than the freestream velocity. This
trade-off between jet-velocity and mass flow rate is what contributes to the various
propulsion devices including propellers, rotors and fans.

To gain a slightly more detailed insight to the flow generated by a propeller, and the
effect of the previously mentioned parameters a useful analysis is that of
momentum-theory. The momentum-theory model is based on placing a propeller within
a uniform flow, as in Figure A.6. The propeller its-self is modelled as a uniform actuator
disk providing a static-pressure jump across is surface. It is a result of applying the
principle of conservation of mass, momentum and energy assuming an inviscid,
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incompressible, irrotational, radially uniform, and azimuthally uniform flow.
Momentum-theory thus relates the thrust and the induced velocity at the
propeller/rotor by the use of the result w = 2vi, which states that the induced velocity
in the far wake (w) is twice that at the rotor/propeller disk. An induced power loss may
then be calculated. Equations A.3 and A.4 show the induced power loss results that
momentum theory gives for a static or hover (V∞ = 0) operation and for cruise or
vertical climb (V∞ > 0) operation respectively.

P = Tv = T

√︄
T

2ρA (Static / Hover) (A.3)

P = T (v + V∞) = T

⎛⎝V∞
2 +

√︄(︃
V∞
2

)︃2
+

T

2ρA

⎞⎠ (Cruise / Vertical Climb) (A.4)

These expressions may be used in an equivalent fashion to Equation A.2 to estimate the
ideal efficiency of a rotor/propeller.

ηi =
Tv

Ptot
=
T
√︂
T/(2ρA)
Ptot

( Hover,V∞ = 0) (A.5)

ηi =
TV∞

T (V∞ + v)
=

2
1 +

√︂
1 + T

qA

(V∞ ̸= 0) (A.6)

where q is the free stream dynamic pressure. The efficiency ηi is similar to the
propulsive efficiency of a rotor/propeller, although the latter is not appropriate for a
hovering rotor as the useful power is that required to generate the thrust. Generalising
the propulsive efficiency to ηp = T (V∞ + v)/Ptot and may be used to cover the entire
range of axial flow.

As evident by Equations A.5 and A.6, the efficiency of a propeller/rotor at hover and
moving through the air at V∞is a function of thrust and the area over which its
produced. This yields the singular parameter called the disk loading which has a direct
correlation to the achievable level of efficiency in the production of the required thrust.
Figure A.7 depicts the hover efficiency of various implementations of propulsive systems
for VTOL with their associated disk loading’s.

The helicopter (large single rotor) and all low disk loading lifting systems are capable of
delivering significantly more thrust per kW than higher disc loading devices. This makes
them favourable for missions involving extended-duration hover or loitering manoeuvres.
Powered flight however, is unfavourable for cruise missions as the rotor power
requirement extends beyond the typical requirement of the propulsion system, that
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Figure A.7: Comparison of the hover efficiency of various aircraft designs. Figure
adapted from [245].

being the generation of a forward propelling force. The rotors must also supply the lift,
due to the absence of the fixed wing. The efforts of optimising both hover and cruise
performance lead designers to highly unconventional designs, including those of the
tilt-rotor / tilt-wing aircraft as well as the more recent electric AAM lift + cruise
concepts.

Conventional eVTOL aircraft designs follow the steps of traditional helicopters,
attempting to minimise this disk loading via larger diameter rotors but at the expense of
other attributes, such as noise, cruise efficiency and ground footprint. This leads to
aircraft architectures that are either (i) low-disc load, low range, multicopter concepts or
(ii) more complex open-rotor, higher range concepts.

DEP concepts attempt to maximise both hover and cruise performance, by utilising
technology and architectures discussed in Section 3.3 and 3.1.1. The distribution of
many propulsor units across the airframe generally leads to a decrease of the individual
propulsor area and therefore the overall effective propulsion area. This was simply
demonstrated by A. M. Stoll and colleagues [246], where using the momentum theory
approach they showed the relation between the installed power and total thrust
generated as a function of number of distributed propulsion units to be,

8NpηiPtot

q∞V∞πb2
blown

= Tc(1 +
√︁

1 + Tc) (A.7)
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Figure A.8: Figure generated using Equation A.7 from method within [246].

where Tc = T/(q∞A) is the ratio of disk loading to free-stream dynamic pressure or
ideal thrust coefficient, Np is the number of propeller distributed across a fixed wing
aircraft of wing span bblown.

In Figure A.8, the total thrust generated decreases as the number of propulsors
increases, for a given installed total power. This is effectively due to the fact that
increasing the number of propulsors over a constant “blown” wing span, causes the
diameter of the individual propulsor units to decrease. For a given propulsor unit the
thrust generated would be Tp = Ttot/Np, however its area over which the thrust is
produced is given by AP = π(bblown/2Np)2. It is evident that area decreases at a faster
rate than the thrust, causing the disk loading of each individual propulsor to increase as
Np grow larger. This again proves that single rotor helicopters are the most efficient
implementation of the rotating wing (especially for hover), although novel DEP
architectures allow for a middle solution to the trade-off problem. An exchange of hover
efficiency for cruise efficiency, allows aircraft to maintain the capability to perform
sufficiently efficient VTOL manoeuvres while at the same time providing a much more
optimal cruise operation than traditional helicopters.

A.4 Momentum Theory

Three distinct cases for momentum theory are used for the estimation of ideal power
requirement of propeller/rotor for both fixed wing aircraft and rotorcraft. These cases
are as follows,

• Hover; the rotor is assumed to be stationary relative the air surrounding it. The
pressure differential across the rotor creates an induced velocity at the rotor plane
which propagates into a wake down stream. This application of momentum theory
is used only the case of rotorcraft hover operations.
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• Forward flight in the direction of the on coming flow; The rotor plane is
perpendicular to the on coming freesteam air. The total velocity at the rotor plane
is equal to the freestream velocity plus the induced velocity. The down stream
wake is now a combination of the induced velocity and the freestream velocity.
This application of momentum theory is used in the case of cruise (assuming the
rotor axis is aligned to the direction of flight), climb and takeoff condition of fixed
wing aircraft.

• Forward flight at an angle to the on coming flow;The rotor plane is at an angle to
the on coming freesteam air. The total velocity at the rotor plane is equal to a
component of the freestream velocity perpendicular to the propeller plane plus the
induced velocity. The down stream wake is now a combination of the induced
velocity and that component of the freestream velocity. This application of
momentum theory is used in the case of forward flight of rotor craft (similar to
helicopters).

As typical for momentum theory, for each of the three cases, conservation of mass,
momentum and energy is applied to generate three equations used to calculate the
induced velocity at the propeller/rotor plane. The induced velocity is then used to
calculate the ideal induced power requirement.

For brevity and to avoid duplication of derivation, the final expressions for the induced
velocities and power are given. For exact details on the derivations, the reader is
encouraged to see references [244, 228].

A.5 PHOENICS: Conceptual design tool

The conceptual design methodology in this thesis may essentially be seen in Figure A.9.
It is comprised of three different main components that each require their own inputs
and outputs. These three components are the contents of the larger light blue and red
boxes in Figure A.9, and they are: Initial weight estimate, performance requirements
and analysis, and finally better weight estimate whose output is appropriately sized
aircraft capable of performing the mission requirements and ready to move to the
preliminary design stage. The outputs however of this stage are useful to the contents of
this thesis as the high-level acoustic model components are designed in such a way as to
intervene at this stage of the design and provide important insight on the acoustic
performance of the aircraft. This information may then be used in a feedback loop to
adjust design parameters, and after an additional iterative procedure the output is now
a conceptual design that has accounted for noise immissions.
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Figure A.9: Diagram of conceptual design flowchart as performed in this thesis. The methodology is applied to both fixed-wing and rotorcraft
vehicles.
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The initial weight estimate block relies on traditional aeronautical design practices. The
requirements are best fit to a current aircraft with similar capabilities and size. This is
regarded as the baseline aircraft. All initial parameters (can be thought of as initial
conditions) are based off of the baseline line, along with reasonable assumptions that
would differentiate the concept aircraft from the baseline and allow it to meet all
requirements. The performance analysis block uses simple Newtonian force analysis and
balance equations to estimate the thrust, or specifically for fixed-wing aircraft the
thrust-to-weight ratio (T/W ) as a function of the wing loading (W/S). This is done
with the use of a constraint analysis diagram. The required thrust is then used to
estimate the required power if propellers/rotors are used. The efficiency of conversion of
shaft power to propulsive power is estimated using momentum theory for each of the
flight phases. The required shaft power may therefore be used in the final block, along
with simple empirical models for estimating aircraft component weight to get a better
estimate of the aircraft total weight.

The performance block brings together different models from traditional aircraft and
helicopter design texts such as the ones in the following references
[232, 237, 228, 244, 243].

A.6 PHOENICS: Performance estimation

Fixed-wing performance

A typical mission for a fixed wing aircraft is made up five simplified successive operations:
takeoff, climb, cruise, decent and landing. The analysis is performed using the equations
of motion for steady flight (for manoeuvres/phases of the flight that are non accelerating
i.e. cruise, steady climb) and for accelerated flight (i.e. takeoff, landing, turning). As a
simplification only translational is of interest therefore the aircraft is assumed as a point
mass at the centre of gravity, with all forces acting through this point. Anderson [232]
gives the three equations of motion of the aeroplane of mass m as (diagrams of the
forces acting in each of the three directions/planes may be seen in Figure A.10),

m
dV∞
dt

= T cos ϵ−D−W sin θ (A.8)

m
V 2

∞
r1

= L cosϕT sin ϵ cosϕ−D−W sin θ (A.9)

m
(V∞ cos θ)2

r2
= L sinϕT sin ϵ sinϕ (A.10)
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where L, D, W and T represent the four main forces, lift, drag, weight and thrust,
respectively. V∞ the instantaneous aircraft speed along a given flightpath. The angles ϕ,
θ and ϵ represent the roll angle (angle of the aircraft plane of symmetry w.r.t the
vertical), the local climb angle (instantaneous angle of the flight path with respect to the
horizontal) and the angle of thrust vector w.r.t the flight path direction. r1 and r2 are
the local radius of curvature of the flight path in the vertical and horizontal directions
respectively.

Figure A.10: Force balance diagram for aircraft following arbitrary tree-dimensional
flightpath. The vertical (left) and horizontal (right) planes are shown.

These equations of motion may be applied to the various flight conditions to address
performance characteristics of the desired aircraft.

For all phases of flight of a propeller/rotor, we may assume that the total power required
by a propeller/rotor may be given by,

P = Pi + P0 + PP + Pc (A.11)

where the individual components are induced, profile, parasite and climb power terms.
In non-dimensional terms

CP = CPi +CP0 +CPP
+CPc (A.12)

where
CP =

DPV∞
ρAΩ3R3 +

D0V∞
ρAΩ3R3 +CTλi (A.13)

where the non-dimensional parameters are the coefficient of thrust and power given by,

CP =
P

ρAV 3
tip

=
P

ρAΩ3R3 (A.14)
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CT =
T

ρAV 2
tip

=
T

ρAΩ2R2 (A.15)

The most commonly used profile power model given by [228] and [229] is used, providing
an estimate for the coefficient as,

CP0 =
σCd0

8 (1 + 4.6µ2) (A.16)

where µ is the advance ratio of the rotor. Frequently used approximation for rotor
profile drag, it is accurate to about 1% for µ = 0 to 0.3 and to about 5% for µ up to 0.5.
The parasitic drag is calculated using an estimated drag area Sref , giving

CPP
=

DPV∞
ρAΩ3R3 =

0.5ρV 2
∞SrefCDf

V∞

ρAΩ3R3 (A.17)

or

CPP
=

1
2

⎛⎝SrefCDf

A

⎞⎠µ3 =
1
2

⎛⎝ f
A

⎞⎠µ3 (A.18)

Obviously, the power required for climb, Pc, is zero for all flight phases where vertical
speed is zero, this includes takeoff and cruise for the fixed-wing case; and hover for
rotorcraft. The rest of the section concerns the estimation of thrust and the induced
velocity at the rotor/propeller disk.

takeoff and Landing

The performance analysis of any aircraft starts with the takeoff. The takeoff manoeuvre
is important from both performance and noise perspectives. It is important to
understand the implications design parameters have on the take of performance and
recognise the capabilities along with the limitations and sensitivity of various designs.
The lift-off speed (speed at which the aircraft lifts-off the runway) is assumed to be 1.1
times the stalling speed [247],[248],[243], therefore it may be calculated using the
maximum lift coefficient, the reference area and air density. And therefore, the following
expression may be used to determine the T/W required to achieve a given ground roll
distance during takeoff, [243]:

T

W
=
V 2

LOF

2gSG
+
qCD,T O

(W/S)
+ µ

⎛⎝1 − qCL,T O

(W/S)

⎞⎠ (A.19)

Landing performance, in many cases does not contribute directly to the propulsion
system sizing (unless particular requirement have been set e.g. short landing distance,
STOL). However the ability to generate lift at low speeds and range of different aircraft
mass significantly impacts the aerodynamic considerations for aircraft sizing.
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Additionally, the landing gear must also be considered and sized appropriately to
withstand landing at all operational configurations.

Given the takeoff thrust requirement may be estimated using equation A.19, the ideal
power requirement may now be estimated using momentum theory. Figure A.11
illustrates an aircraft in a takeoff manoeuvre, with the associated slipsteam created by
the propeller. Momentum theory may be applied assuming a forward speed of the
aircraft, and therefore airflow through the rotor, V∞. The mass flow through the
propeller is simply,

ṁ = ρAU , with U = (vi + V∞) (A.20)

where vi is the induced velocity in the rotor disk plane and A is the propeller disk area.
Applying Conservation of Momentum in the direction normal to the disk:

T = ṁ (w+ V∞) − ṁV∞ = ṁw (A.21)

where w is the flow velocity in a plane located in the far wake.

Figure A.11: Force diagram of fixed-wing aircraft in the takeoff operation. Momentum
theory considerations are also shown.

Finally, conservation of energy of the closed system gives,

Pto = T (vi + V∞) =
1
2ṁ (w+ V∞)2 − 1

2ṁV∞
2 =

1
2ṁ

(︂
w2 + 2wV∞

)︂
(A.22)

Therefore, it is clear that:
w = 2vi (A.23)
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Substituting into Equation A.21 and rearranging:

vi =
T

2ρA (vi + V∞)
⇔ v2

i + V∞vi =
T

2ρA (A.24)

We get a quadratic equation for vi , with solution:

vi =
−V∞ ±

√︂
V 2

∞ + 4 T
2ρA

2 (A.25)

Simplifying and recognising the negative sign in front of the radical represents a
non-physical condition we get,

vi =
1
2

[︄
−V∞ +

√︄
V∞2 +

2T
ρA

]︄
(A.26)

Therefore the inflow ratio can be written as,

λi =
vi

ΩR
=

1
2

⎡⎣− V∞
ΩR

+

√︄(︃
V∞
ΩR

)︃2
+

2T
ρAΩ2R2

⎤⎦
or λi =

1
2

[︃
−µ+

√︂
µ2 + 2CT

]︃ (A.27)

Cruise

The cruise manoeuvre is typically what an aircraft is designed to perform, that should
highlight its importance. While fundamentally a simple manoeuvre the goal is to achieve
this as efficiently as possible; meaning reducing fuel consumption for a given cruising
airspeed. The analysis of the cruise condition requires a drag model in order for
calculations to be carried out. For the purpose of this preliminary study, a simplified
drag model is assumed, whereby the drag consists of a zero angle of attack drag (profile
drag) and lift induced drag. Therefore, the thrust requirement for a given aircraft weight
in order to achieve a specified cruising speed at a desired altitude is given by [243]:

T

W
= qCD,min

⎛⎝ 1
(W/S)

⎞⎠+K

⎛⎝1
q

⎞⎠⎛⎝W
S

⎞⎠ (A.28)

Considering the set-up in Figure A.12 for cruise, using a similar approach as in the
takeoff condition, the propeller power requirement may be given by,

Pcr = T (V∞ + vi) = TV∞ + Tvi (A.29)
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the first term TV∞ represent the power required to propel the rotor (and entire vehicle)
forward and is called the useful power. On the other hand the second term Tvi is the
induced power and represents the rotor inefficiencies in generating thrust.

Figure A.12: Force diagram of fixed-wing aircraft in the steady, level cruise operation.
Momentum theory considerations are also shown.

Climb and decent

The takeoff manoeuvre is followed by the climb manoeuvre. It is vital to study and
understand the climb rates and slopes, as great climb performance not only determines
the time and rate at which an aircraft can reach an altitude but also its noise footprint.
The climb analysis primarily involves the definition of one of two parameters, the rate at
which the aircraft gains altitude, rate-of-climb (ROC) or the angle its flight path makes
to the ground, the angle-of-climb (AOC).

The power requirement during climb is again given as the sum of the useful power and
the induced power. However the useful power must account for the power required to
overcome drag and the power required to gain altitude. Simple force balances on the
diagram in Figure A.13 result in the following expressions,

sinα =
T −D

W
or V∞ sinα =

V∞T − V∞D

W
(A.30)

V∞ sinα is defined as the vertical component of the flight velocity (or Rate-of-climb)
and denoted Vv .

After algebraic rearaging and using a simple drag polar for the aircraft drag, The
required T/W in order to achieve a specific rate-of-climb can be calculated by [243]:
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Tcl

W
=
V 2

V

V
+
qCD,min

(W/S)
+
K

q

⎛⎝W
S

⎞⎠ (A.31)

Decent on the other hand, may be seen as a negative climb. Descent is usually flown at
cruise velocity and idle power, unless this cause extreme descent rates/angles.
Rearranging Equation A.31 for the vertical velocity gives,

VV = V

⎛⎝ T

W

⎞⎠− ρV 3CD,0
2(W/S)

− 2K
ρV

⎛⎝W
S

⎞⎠ (A.32)

Its trivial to notice that for T = 0, the vertical velocity becomes negative and denoting a
descent. By setting the thrust to T ̸= 0 the descent phase may be extended, by essential
reducing the ROC and AOC at the cost having an addition power requirement to
generate said thrust.

Figure A.13: Force diagram of fixed-wing aircraft in the climb operation. Momentum
theory considerations are also shown.

Substituting in to the main power equation we now have:

P = T (V∞ + vi) = DV∞ +WVV + Tvi (A.33)

Decent is essentially a negative climb, thus the thrust is less than the drag.

• For a loiter decent (i.e. thrust = 0) the power requirement is obviously also zero.

• For a prolonged decent, the thrust requirement to maintain a specific decent rate
(which is less than for T = 0), can be calculated by the decent rate its self:
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T =
VV

V∞
W +

1
2ρSV

2
∞CD,0 +

2K
ρS

(︃
W

V∞

)︃2
(A.34)

The same drag model is used as in cruise and climb and in this case L = W is assumed.
Decent is usually flown at cruise velocity and idle power setting, unless this produces an
extreme descent angle:

sin−1
(︃
VV

V∞

)︃
(A.35)

VTOL performance

The aim of this section is to provide an insight to the performance considerations when
sizing an VTOL aircraft, particularly an fully-electric variant. The particular
methodology is applied to tilt-rotor or tilt-wing type aircraft, where the lift in the
vertical takeoff and landing is provided by the rotors/propeller whilst in the cruise
configuration a fixed wing is used. This implies a transition region (or phase) in the
flight envelope that allows the vehicle to accelerate to the point where enough lift is
generated by the fixed-wing thereby allowing the propulsion system to reduce the power
delivery in order to maintain the appropriate thrust requirement.

The analysis begins from the definition of an average flight mission. As with the fixed
wing case, the mission may be broken down into smaller individual phases. These phases
are,

• Hover: During this phase the aircraft is landing or taking-off vertically. The
ascending and descending speeds are very small and may almost constitute a
constant altitude hover. The power requirement from the power supply (battery in
this case) may be denoted Ph, and is constant.

• Transition and re-transition: This is flight phase where the aircraft transitions
from vertical/hovering flight to horizontal forward flight, and reversely respectively.
As mentioned the source of lift transitions from the propulsion system to the
wings, meaning that the power requirement is not constant. Specifically, a simple
approximation of a quadratic relation of the power reduction with time is used
[239]. The power during this phase is denoted Ptr.

• Climb and Decent: During this phase of flight the aircraft accelerates to cruise
velocity and altitude. This phase is almost identical to fixed wing aircraft as the
flight forces are identical. The power requirement is denoted Pcl and is assumed
constant for a given climb rate.

• Cruise: This phase is assume to be a steady level flight, meaning the aircraft is
kept at a constant altitude and cruise velocity. The power requirement is denoted
Pcr and is assumed constant.
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The aim of performing such an analysis this the understanding of the power requirement
to perform a whole mission. This information is used to appropriately size the power
supply system, and to gain physical understanding of the key trades that are involved.
As discussed already in this Chapter, designing electric aircraft to meet range
requirements is almost impossible due to the limitations imposed by current battery
technology. The approach many take is to try and maximise the range of a given
installed power supply by minimising the power and energy requirement of the hover and
climb phase as efficient and short at possible to enable the vehicle to spent the majority
of the flight time in the cruise phase (the most efficient in terms of aerodynamics and
propulsion phase). Nevertheless, cruise optimisation is also a crucial factor.

Hover Power

In the case of hover (Figure A.14), the mass flow through the rotor is given by,

Figure A.14: Force diagram of rotorcraft vehicle in a hover operation. Momentum
theory considerations are also shown.

ṁ = ρAU , with U = (vi) (A.36)
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while the conservation of energy and momentum again give w = 2vi.

Thrust may therefore be given as

T = ρAviw = 2ρAv2
i (A.37)

Rearranging and defining the induced velocity for Hover:

vh ≡ vi =

√︄
T

2ρA =

√︄(︃
T

A

)︃ 1
2ρ (A.38)

And the Power required to Hover is therefore:

P = Tvi ≡ Tvh = T

√︄
T

2ρA =
T 3/2

√
2ρA (A.39)

Inflow ratio:

λh ≡ λi =
vi

Vtip
=

vi

ΩR
=

1
ΩR

√︄
T

2ρA =

√︄
CT

2 (A.40)

In the case of hover, a simple force balance in the vertical direction requires T = W .

Forward Flight Power

In forward flight, the mass flow rate through the rotor:

ṁ = ρAU where U =
√︂
(V∞ cosα)2 + (V∞ sinα+ vi)

2 (A.41)

Again using the simple result from momentum theory that w = 2vi and T = ṁw, the
thrust in forward flight may be written as,

T = 2ρAUvi = 2ρAvi

√︂
(V∞ cosα)2 + (V∞ sinα+ vi)

2 (A.42)

Rearranging for the induced velocity,

vi =
T

2ρA
√︂
(V∞ cosα)2 + (V∞ sinα+ vi)

2
(A.43)

From Momentum Theory for hovering flight we have v2
h = T/(2ρA) therefore:

vi =
vh

2√︂
(V∞ cosα)2 + (V∞ sinα+ vi)

2
(A.44)
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Figure A.15: Solution to the inflow equations A.49 and A.50 for a series of forward
speeds, using two different numerical solutions.

Deviding by the advance ratio µ = V∞ cosα/(ΩR) of the rotor,

λi =
λ2

h√︁
µ2 + λ2 (A.45)

Therefore the inflow ratio (non-dimensional normal velocity) :

λ =
V∞ cosα

ΩR
+

vi

ΩR
= µ tanα+ λi (A.46)

Again the power required for forward flight may be written as the sum of the induced
and useful power,

P = TV∞⏞ ⏟⏟ ⏞
Useful power

+ Tvi⏞⏟⏟⏞
Induced power

(A.47)

We can reference the rotor power in forward flight to the hover results:

P

Ph
=

P

Tvh
=
T (V∞ sinα+ vi)

Tvh
=
V∞ sinα+ vi

vh
=
λi

λh
(A.48)

It is also obvious that the result depends on the disk angle of attack, which must always
be tilted forward slightly for propulsion. From Equation A.46,

λ = µ tanα+ λi = µ tanα+
λ2

h√︁
µ2 + λ2 (A.49)

or
P

Ph
=

λ

λh
=

µ

λh
tanα+

λh√︁
µ2 + λ2 (A.50)

Using the vertical and horizontal force balance with reference to Figure A.16, we get the
ratio of power in forward flight to power in hover to be,

P

Ph
=

µ

λh

(︃
D

T

)︃
+

λh√︁
µ2 + λ2 (A.51)
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where drag it assumed to be the total drag (rotor and airframe parasitic drag).
Assuming again the simple polar drag model, the power required,

P = TV∞ sinα+ Tvi =
W

cosαV∞ sinα+ Tvi (A.52)

relying on the assumption that tanα ≈ D/W the power is,

P = WV∞
D

W
+ Tvi = DV∞ + Tvi or

P = (DP +D0) V∞ + Tvi

(A.53)

where DP and D0 represent the parasite and profile drag of the vehicle.

Figure A.16: Force diagram of rotorcraft vehicle in a forward flight operation. Forward
flight accounts for climb and decent operations. Momentum theory considerations are

also shown.

A comprehensive expression for the power requirement during forward flight is given
bellow,

Preq = ρAΩ3R3

⎛⎝ C2
T

2
√︁
µ2 + λ2 +

σCd0

8 (1 + 4.6µ2) +
1
2

(︃
f

A

)︃
µ3

⎞⎠ (A.54)

A.7 PHOENICS: Range estimation

For conventional aircraft, the fuel mass is commonly determined using the Breguet range
equation. Many analytical variations of the Breguet range equation have been proposed
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for fully-electric vehicles [232], [139] and [249]. Simple analysis of the cruise condition for
a fixed wing aircraft (T = D and L = W ) allow for the distance covered to calcuated by,

R = E∗mbatt
mtot

1
g

L

D
ηtot (A.55)

where R the range of the aircraft and E∗ the battery specific energy. This formulation
captures the biggest difference in the range calculation with respect to fuel burning
aircraft, constant mass (weight) throughout the length of the flight, opposed to the
gradual decrease in aircraft mass due to fuel being burned that traditionally takes place.
This effect drastically changes the power requirement of electric aircraft during the
cruise phase, leading to decreased range for a specific amount energy stored.

A slightly more in depth analysis by Traub [139] investigated the impact of battery
behaviour and whilst also implementing a polar drag model for the aerodynamic force
calculation.

In the case of PHOENICS, cruise is not the only part the flight envelope of interest. The
mission range is estimated as the sum of the individual components that make up the
entire flight. This requires the consideration of the power requirements in those various
flight conditions as discuseed previously. It is worth noting that, the two main
parameters of interest are range and battery mass. For a given battery mass, the aircraft
has a predetermied range, and vice versa.

Battery mass estimation

First assuming a target range is set, we estimate the mass of the required bettery to
perform a mission. The vailable energy stored on board in the form of batteries:

Ea = E∗mbatt η (A.56)

The required energy to perform a segment i of flight at overall power requirement of
Preq is,

Ereq,i =
∫︂ tR

0
Preq,idt (A.57)

Assuming constant power requirement, mass and speed and additional conditions that
assure that the power estimation techniques of this Appendix are valid for each phase of
flight independantly

Ereq,i = Preq,iti (A.58)

The total required energy therefore is:

Ereq,i =
s∑︂
i

Preq,iti (A.59)
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where R is the range covered during that particular segment of flight. Therefore if the
available energy onboard is equal to the energy required to perform a flight of range R,
we have,

E∗mbatt η =
s∑︂
i

Preq,iti (A.60)

Expression A.60 gives the mass of the battery mbat given its specific density, E∗. The
specific density of the battery depend on battery technology available. However, the size
of the installed battery depends on the mission requirement for the particular concept.

Finally, the total range for a given mission may be estimated as the sum of the ranges
covered in the individual segments,

R =
s∑︂
i

Ri = Viti (A.61)

where s is the total number of flight segments and Vi is the constant horizontal speed
along that segment.

Cruise Range

In the case a battery specification and mass are provided, the total range of the aircraft
may estimated in reverse. The energy required by the battery for the entire mission may
be given by the integral of the power requirement with respect to time. The time
interval [tini, tend] represents the time between lift off and touch down. As with fossil
fuel aircraft, assuming certification will require aircraft to carry additional energy for
cases of emergency or possible diversion from the flight plans due to weather. Whilst for
battery systems a minimum state-of-charge (SOCmin) is assumed therefore giving the
final accessible energy, Eacc for mission to be,

Eacc = εsafeEs(1 − SOCmin) (A.62)

where Es is total energy stored in the battery and εsafe is the additional energy fraction
required for safety. The accessible energy for the mission is therefore given by,

Eacc =

tend∫︂
tini

Preq(t) dt (A.63)

The integral may evaluated for each individual segment of the flight separately, and
since the power requirements for each of the flight phases is assumed constant, Equation
A.63 may be written,
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Eacc = thPh + 2ttrPtr + tcl(Pcl + Pdes) + tcrPcr (A.64)

Finally, the cruise range of the aircraft may calculated as the distance that the air
vehicle can cover while requireing Pcr power at cruise, at speed vcr using up the
remaining energy stored in the battery,

R =
vcr

Pcr

[︃
εsafePs(1 − SOCmin) − thPh − 2ttrPtr

−tcl(Pcl + Pdes)

]︃
+ 2tclvcl

(A.65)

This range equation may be applied to the preliminary sizing of any electric vehicle. The
approach of calculating the required power for each of the individual phases of the flight
will deffer depending on the operations and the type of vehicle being assessed.

Before the powers for the various phases of flight are integrated over the mission, a few
additional considerations are made.

Hover

The power requirement during hover Ph may be evaluated using the overall efficiency of
the propulsion system during the hover phase. This may be done with the use of the
ideal efficiency of a open rotor/propeller from Equation A.5, accounting for additional
losses due to the motor, power electronics, batteries and propeller itself through the use
of efficiency terms,

Ph =
Ideal hover power

ηh,tot
=

Th

√︂
Th

2ρNpAp

ηh,bηh,pηh,mηh,pe
(A.66)

where ηh,b, ηh,p, ηh,m, ηh,pe denote the battery, propeller, motor and power electronics
efficiencies respectively. Th denotes the thrust which is equal to the MTOW for the
hover operation.

Cruise

The power required during the cruise phase is equal to the power required to overcome
the total drag on the aircraft, Dcr. Therefore using the same energy train of losses as
the hover phase, the cruise power may be calculated as,

Pcr =
Ideal crise power

ηcr,tot
=

∑︁
iDcr,ivvr

ηcr,bηcr,pηcr,mηcr,peηcr,ideal
(A.67)

where the index i indicates the sum over all the individual components of drag, and vcr

the cruise velocity of the aircraft. In addition, the ideal propulsive efficiency, ηcr,i is
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added to the chain as a conversion factor between the power from the jet to the the
power to the aircraft.

Transition and re-transition In the case of a tilt-rotor, an additional power requirement
term is added to the sum, this transition and retransition. A simple linear variation of
power is assumed. The transition phase relates the power requirement from hover to
that of the beginning of climb. As mentioned the power requirement drops quadratically
with time, from the power at the start of transition which is equal to the hover power,
Ph to the power Ptr,end = Ph/κ, at the start of the climb phase. κ represents the factor
by which the power at hover relates to the power at the end of the transition phase. It
depends on the climb gradient and acceleration chosen during climb. For initial
estimates it is common to size the transition phase using the average power, meaning,

Ptr,av =
Ph + Ptr,end

2 (A.68)

This approach is conservative as assuming an average power requirement overestimates
the required energy for the entire transition phase. The same power requirement may be
assumed for the re-transition phase of the flight.

Climb and descent

The climb and decent phases are again similar those of the fixed wing aircraft.
Additionally the only difference between the climb phase and cruise is the extra power
required to overcome the weight component in the direction of flight. This may be
written as,

Pcl =
Ideal climb power

ηtot,cl
=

(︃∑︁
iDcl,i +W sin γ

)︃
vcl

ηcl,bηcl,pηcl,mηcl,peηcl,i
(A.69)

where γ the constant climb angle and W the MTOW, as discussed in previous sections.
In practice, the velocity of the aircraft does not remain constant throughout this phase,
as it is still accelerating to cruise velocity. Again for initial sizing approximation, the
velocity is assumed to be constant at a mean climb velocity vcl,mean, whilst the power is
calculated at a constant altitude.

The descent power in many cases may be assumed to be negligible as the weight
components during this phase is in the direction of flight, allowing for the propulsion
system to be set to idle. However, for conservative approaches, and allowing for the
possibility of extending the decent phase, the power requirement may be assumed to be
20% that of cruise, or Pdes = 0.2Pcr.
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Appendix B

Technical details and assumptions
of the SAE AIR 1845 procedure
for developing NPD curves

This Appendix is essentially identical to Appendix C of reference [52] replicated for the
ease of the reader.

The main steps of the SAE AIR 1845 [89] experimental procedure for developing NPD
curves are:

• Atmospheric conditions for each sound recording are established experimentally.

• The terrain around the microphones is at and unobstructed.

• The test flight path is parallel to the ground (SAE AIR 1845 describes it as
‘nominally level’) at a nominal height ranging from 100 m to 800 m.

• Noise measurements are made directly under the flight path so are unaffected by
lateral attenuation.

• The aircraft configuration remains constant throughout each flyover duration.

• Flyover effective duration is normally determined by the 10 dB down-time (i.e. the
period during which the noise level is within 10 dB of the maximum level).

• The noise is recorded at 0.5 seconds intervals. SPLs are obtained for the 24
1/3-octave-bands with centre frequencies from 50 to 10000 Hz.

• Measured SPLs are corrected for instrument calibration and adjusted to account
for differences between actual and reference atmospheric conditions.

• A flyover at the nominal height is repeated for each engine power setting.
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developing NPD curves

The noise at the remaining NPD standard distances is then evaluated using
extrapolation, accounting for effects of spherical wave spreading, atmospheric absorption
as well as for differences on the effective duration. This procedure is detailed in
Appendix C.



343

Appendix C

Step by step methodology of
applying the SAE AIR 1845
computational step

This Appendix presents the methodology of computationally generating NPD curves
using the knowledge of how propeller noise changes as a function of changes in the design
and operational parameters. The same approach to the derivation of computational
NPD curves can be seen in [12], where NPD curves for fan, jet and airframe noise
sources were calculated. The work in this section is novel in regard to the propeller noise
sources, and aims at extending the methodology presented in said publications.

The steps in producing NPD curves for propeller powered aircraft from a baseline
measured NPD point and aircraft noise variation due to design or operational changes
are almost identical to that of conventional aircraft, although differences do occur in the
treatment of the spectral content of the sound levels, as changes to the discrete tonal
content are also accounted for by the propeller scaling model. For brevity reasons a
detailed explanation is omitted but is intended for future publications. For detailed
explanation the reader is encouraged to follow the procedure described in [12] and [34]
along with the SAE AIR1845 [89] computational step.

The procedure is outlined in a number of bullet points where differences between
propeller aircraft and conventional turbofan aircraft are specified.

• A baseline scenario is chosen with experimentally measured LA,max NPD level at
distance d and polar angle θ

• The change in SPL ( ∆Lp(d, j)) is calculated using the changes in individual noise
sources noise level. The changes in individual sources are calculated using publicly
available noise prediction methods. In the case of propeller harmonic noise source,
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the change in noise is calculated with the procedure describe in the previous
section.

• ∆Lp(d, j) is added to the baseline NPD level to yield the aircraft Lp corresponding
to the new scenario at the same power setting, and slant distance.

• Changes ∆Lp reflecting changes in power settings of the modified scenario are
calculated using the same procedure only using the Lp corresponding to the new
scenario as a baseline.

• The levels at the remaining engine power settings at the same distance d are
obtained by adding the noise level variation ∆Lp resulting from changing the
engine power to the first level Lp(d, j) of the modified scenario.

• The SAE AIR1845 computational step is then used to propagate the levels at
distance d, the remaining NPD distances.

At this point LA,max NPD curves have been derived. The next few steps summarise the
procedure for the development of SEL or LAE NPD curves,

• Using the estimates of the total sound power emitted (at power setting j) of the
modified scenario and the directivity characteristics of the aircraft, computational
flyover is performed at an altitude equal to distance d, and the SEL / LAE is
calculated at an observer point directly under the flightpath.

• Using the SEL / LAE and the previously derived LA,max NPD curve (at power
setting j) the SEL / LAE is calculated at the remaining NPD slant distances.

• This procedure is carried out for every power setting of interest.
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Appendix D

Implementation of full Hanson
frequency domain model for
discrete propeller noise

The implementation of the Hanson propeller tonal noise model in the frequency domain
has followed the methodology presented by Hanson [60, 198], while also using the
numerical workflow for generating the required inputs (geometry and aerodynamic
loading).

An overview of the implementation used in this thesis is given. The whole procedure
from generating aerodynamic inputs to performing the aeroacoustic prediction is
visualised through the help of a flow diagram.

The propeller loading and geometry are important as they determine the performance of
the propeller and are the main inputs for the Hanson harmonic noise model. A well
documented process for propeller preliminary design is used in calculation of the
propeller performance. This calculation is performed with two well-established tools,
XFoil [196] and XRotor [197]. A more detailed flow diagram of the calculations
performed by the propeller performance tools and how these interface with Matlab is
also provided. Details on the Hanson model are not replicated here, as an in-depth
discussion is already in place in the main text, and can be found in original article by
Hanson [60]. The “Helicoidal Surface Theory” are a set of far-field radiation equations
that predict the axial (lift), tangential (drag) components of steady loading noise as well
as thickness noise. The combination of XFoil, XRotor and the Helicoidal Surface Theory
is used a validation and bench-mark in the thesis for comparisons to the developed
asymptotic scaling relations.



346
Chapter D. Implementation of full Hanson frequency domain model for discrete

propeller noise

D.1 Methodology Overview

In order to integrate the three individual codes (XFoil, XRotor and Hanson model) a
main script was developed within Matlab to interface with the aero component of the
calculation.

The computational methods from the different disciplines involved in the calculation of
propeller noise are all implemented in Matlab. Figure D.1 gives a general overview of
the process. The first step is the definition of the propeller geometry and operational
conditions. The variables (inputs) are processed and used to generate the input
commands (replicating user interaction) for the use the aerodynamics and performance
computations of the propeller. When these calculations are complete and all individual
solutions (XFoil, are aerofoils are treated independently. A single solution is obtained by
XRotor for the entire propeller) have converged, the results are parsed back into matlab
for the computation of the noise.

Define
propeller
geometry

Define
propeller
operation

Calculate 
aero 

performance 

Calculate steady 
harmonic noise Noise results

Start 
implementation 
of Hanson model

(Xfoil & Xrotor/CRotor)(NASA SR-2 propeller)(Matlab script)

Figure D.1: Flowchart showing the general overview of the main processes involved in
the implementation of the Hanson method.

D.2 Propeller Performance

The decision to use XFoil and XRotor (more specifically CRotor) for propeller
aerodynamic estimation was trivial, as they provide a well-documented, robust
frameworks that support preliminary design process of a wide range of fluid dynamics
applications. The general XFoil methodology is described in [196]. Various additions
were later implemented to account to for viscus boundary layer, blunt trailing edges and
others [250, 251, 252]. XRotor [197] is a program for the design and analysis of ducted
and free-tip propellers and windmills. It allows for rotor/propeller design and analysis
using three main formulations for the calculation of the induced velocities: 1. Graded
Momentum Formulation [253, 254, 255], 2. Potential Formulation [256] and 3. Vortex
Formulation [257]. Due to being easier to establish an easier interface with matlab,
CRotor (an modified version of XRotor for enabling the option of counter-rotating
propellers) was used. In addition to the simplicity and robustness of these tools, it is
important that the run time is kept low while still being flexible in changing design
parameters of a propeller.

A propeller lifting line theory is applied by XRotor. The circulation, induced velocities,
local angles of attack, lift, and drag coefficients are all iteratively calculated using this
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lifting line theory until convergence is reached. The propeller performance coefficients
and the loading of the propeller blades are output once a solution has converged.

Details of the three approaches of calculating the induced velocities are summarised
bellow:

• The Betz-Prandtl tip loss fudge factor is used in the graded momentum
formulation, which is a classical theory. Up to pi/2 advance ratios can use this
loss factor. As a result, higher advance ratios should not be calculated using this
approach. The computational efficiency provided by the graded momentum
formulation is a benefit. The range of advance ratios for which the propeller
performance parameters can be estimated is constrained, which is a drawback.

• The prospective formulation is a more complex strategy. The helically-symmetric
potential flow around a stiff helicoidal wake is solved using this technique. It is
applicable to all blade counts and has a wide range of radial load distribution
capabilities. Although this approach is more computationally intensive than the
graded momentum formulation, it is nonetheless promising. However, the possible
formulation enables the inclusion of rotor hubs and nacelle assembly. The
Betz-Prandtl fudge factor, for which a low advance ratio is assumed, prevents the
graded momentum formulation from handling this issue correctly.

• Finally, XRotor incorporates the vortex formulation, which determines the induced
velocity by using a discrete vortex wake. The distinct vortices are found on the
rigid helicoidal wake surface and extend downstream from the lifting line. This
method enables the analysis of propellers with swept blades and raked tips as well.
Compared to the other two approaches, the computational runtime is longer, but a
wider range of propeller geometries can be considered.

In this particular implementation, the induced velocities are calculated using the
potential formulation. This method is chosen as the propellers analyses throughout this
thesis utilise straight blades and thus do not have sweep. The slight increase in fidelity
provided by the vortex formulation, is not required as this will increase the
computational run time.

A summary of the required inputs (and particular nomenclature) required by XRotor
can be seen below:

• α0,L, the zero-lift angle of attack

• dCl
dα , the lift slope

•
(︂

dCl
dα

)︂
stall

, the lift slope at stall

• Cl,max, the maximum lift coefficient
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• Cl,min, the minimum lift coefficient

• ∆Cl, increment to stall

• Cd,0, the minimum drag coefficient

• Cl,0, Cl at minimum Cd

• dCd

dC2
l
, quadratic coefficient

• Reref, reference Reynolds number

• f, Reynold number scaling exponent

• Cm, the pitching, moment coefficient

• Mcrit, the critical Mach number

• Geometry of the propeller

XFOIL & XROTOR operation details

All the required inputs for XRotor are generated by a combination of XFoil outputs and
additional parameters specified in the main Matlab script. XFoil is responsible for
carrying out the 2D analysis of the pre-specified aerofoil sections. The aerodynamic
performance (in terms of non-dimensional aerodynamic coefficients) are determined for
every location that is distributed radially from the propeller hub to the tip.

The parameters used to define the XFoil calculations, are the geometry of the propeller,
the Reynolds number scaling exponent f , [250, 196] and the critical Mach number.

A relatively detailed description of the geometry of the propeller is required and is
defined through the chord-to-radius ratio clocal

R , the local blade pitch angle β for every
blade section that is used in the calculation. The location of each blade section is
referred to as z = r

R , as in the rest of the thesis. Finally, the radius and the total
number of blades complete the definition of the propeller/rotor. XRotor uses the
Reynolds number scaling exponent f is used to calculate the

The drag is scaled by a Reynold’s number scaling based on a reference Reynold’s
number and a scaling exponent. In the unstalled region, CD has a quadratic dependence
on CL and a power-law dependence on Reynolds number as follows,

Cd =

(︄
Cd,0 +

dCd

dC2
l

(Cl,0 −Cl)
2
)︄(︄

Re
Reref

)︄f

(D.1)

where Re is the local blade section Reynolds number and Reref is the reference Reynold
number, i.e. the Reynolds number at which XFoil is run for a blade section. This scaling
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parameter is not required in this case as all sections’ aerodynamic performance are being
calculated independently by XFoil.

The critical Mach number is the Mach number of the flow in front of the blade section
for which the flow over the blade section reaches a Mach number of 1 locally. The critical
Mach number can be estimated using the relation between the pressure coefficient and
Mach number. This relation is known as the Prandtl-Glauert relation [231]

Cpr =

⎡⎣(︄1 + [(γ − 1) /2]M2
∞

1 + γ
γ−1

)︄ γ
γ−1

− 1

⎤⎦ (D.2)

where Cpr is the pressure coefficient, γ is the specific heat ratio and M∞ is the
free-stream Mach number. Equation 3.3 is used to generate the so-called aerofoil
independent curve which can be seen in Figure 3.2. In order to determine the critical
Mach number an additional relation is used.

The pressure coefficient is computed with the following Cpr = Cpr,0/
√︁

1 −M2
∞, where

Cpr,0 is the minimum incompressible pressure coefficient at the suction side and Cpr is
the compressible pressure coefficient. The pressure distribution of a blade section
depends on the local angle of attack. The critical Mach number therefore depends on
several parameters like the local angle of attack, Reynolds number and aerofoil thickness
and camber. Estimation of a critical Mach number is performed for each aerofoil section
using independent calls to XFoil.

Mcr is used to a Prandtl-Glauert compressibility correction ∆Cd = K(Mlocal −Mcr)n

where n is an exponent which is set to 3 by default in XRotor and K is a scaling
constant. The viscosity option is turned on and the Reynolds numbers are given as input.
The Mach number is set to zero in XFoil. If a Mach number is given, XFoil performs the
same compressibility correction using the Prandtl-Glauert ∆ from above, therefore to
avoid this correction being applied twice, the Mach number given in XFoil is set to zero
but the correct Reynolds number is given as input in XFoil. The angles of attack for
which every section is run for is from -30 to 30 degrees with increments of 0.25 degrees.

Finally, an the en method [196] that models the boundary layer, attempts to simulate
the effect of disturbances on the transition point.

The default value for n used within XFoil is 9 for the en method, which represents the
situation of an average wind tunnel. Based on a sensitivity analysis by [258] a value of
n = 0.01 is chosen as most appropriate for propeller application.

After XFoil is run and a 2D aerodynamic data set is created, a fitting is performed. The
input for this fitting are the lift, drag and moment coefficients together with the
corresponding angles of attack. The output of this fitting are the other input parameters
for XRotor that are given in the previous section which are not assumed. All the input



350
Chapter D. Implementation of full Hanson frequency domain model for discrete

propeller noise

Define
propeller
geometry

Define
propeller
operation

Calculate local 
parameters for every 

blade section

Calculate steady 
harmonic noise

Start 
implementation 
of Hanson model

(NASA SR-2 propeller)(Matlab script)

within Matlab

Initialise 
interface 
with Xfoil

Setup Xfoil 
Parse airfoil 
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to Xfoil
Run Xfoil
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results

Check 
calculation/
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data structures for 

aero data 

Start-up

external codes

Interfacing w/ external codes

end of performance calculations

Figure D.2: Flowchart of the performance calculation process in order to generate the
appropriate inputs for the Hanson method.

variables are written in an input file for XRotor with a specified format. In XRotor the
settings can be changed as well. As is addressed before the potential formulation is used
for the calculation of the induced velocities of propeller blade sections. Furthermore, the
number of iterations is set to 150 which is found to be sufficient. Often a convergence is
achieved before this amount of iterations is reached. When XRotor is run, all the
outputs are written in a specified file. This is then checked for convergence and the
performance coefficients and induced velocity components are obtained.

D.3 Hanson method for propeller harmonic noise

Section 2.3 and in particular Equation 2.29 is implemented in order to generate the
complex Fourier coefficients and therefore the time domain noise signal. At this stage all
required input parameters have either been explicitly defined or calculated using the
combination of XFoil and XRotor.

An important notable difference exist in the definition of lift and drag coefficients
between XRotor and the advance frame in which they are defined in the Hanson
implementation. Notes on this may be seen in [60, 36]. The procedure for changing the
frame of reference is briefly discussed bellow.

The lift and drag coefficients used in Equation 2.29 need to be defined in the advance
direction. The coefficients obtained from the propeller performance tool XRotor however
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are slightly rotated due to the induced effects of the propeller as can be seen in Figure
D.3.

Advance 

direction

Induced

flow

zMt

Mx Mx

zMt

CD

CL

C'D

C'L

Figure D.3: Lift and drag axes in advance direction and including induced flow [60].
Note that the term z is also referred to as r/R

Using Figure D.4 as a reference, the following expressions may be used to calculate the
rotated lift and drag coefficients,

Cl =
V 2

e(︁
V∞ + Ω r

RR
)︁2 (C ′

l cosϕinduced −C ′
d sinϕinduced) (D.3)

Cd =
V 2

e(︁
V∞ + Ω r

RR
)︁2 (C ′

l sinϕinduced +C ′
d cosϕinduced) (D.4)
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Figure D.4: Velocity diagram including the induced velocity.

All required inputs may be calculated using the data generated by XRotor and the
geometry of the propeller; including the local angle of attack ai and local pitch angle βi.
The relationship ϕi = βi − αi can be used to compute the inflow angle including the
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induced effects, which is referenced as ϕi (the subscript i indexes through all the various
aerofoil sections). The local inflow angle ϕi,0 can be calculated using the formula
ϕi,0 = tan−1 (︁V∞/

(︁
Ω r

RR
)︁)︁

, where R is the propeller radius and r
R is the location of the

radial blades with respect to the radius. The angle of the induced velocity vector may
be calculated using the formula ϕinduced=ϕi

− ϕi,0. The equation for the effective velocity
experienced by a propeller blade section, which takes into account the effects of induced
velocity, is Ve =

√︂
(Va + V∞)2 +

(︁
Ω r

RR− Vt
)︁2, where Va denotes the induced velocity

component parallel to the axis of rotation and Vt.

D.4 Validation

Validation of the Hanson model implementation was performed using input and
predicted noise level data from references [259, 260, 261]. The propeller used, was the
SR-2 propeller in various full scale and model configurations. The full scale propeller is
an eight-bladed propeller with a diameter of 0.622 meters and adjustable pitch
developed at NASA. Results presented in this section are for two variations of the SR-2,
one 4-bladed configuration with a diameter of 0.429 meters operating at 7,200 rpm and
10,080 rpm. The second, is a eight-bladed configuration at 0.622 meters operating at
6,420 rpm and 7,059 rpm, representative of helical tip Mach number of Mh = 0.664 and
Mh = 0.741, respectively. The two configurations were part of separate experimental
campaigns, detailed in [259] for the 4-blade configurations and [261] for the 8-bladed
configuration.

The NACA-65 series aerofoil makes up the blade sections of the SR2-propeller from the
root to about 37% of the radius, while the NACA-16 series aerofoil makes up the blade
sections from about 45% of the radius till the tip. Other design parameters (twist,
thickness etc.) of the blade may be seen in Figure D.5.

As discussed, the combination of XFoil and XRotor where used to generate the loading
characteristics of the propeller blades. Examples of a range of predicted thrust and
power coefficients as a function of propeller advance ratio are shown in Figure D.6. The
literature data used as a comparison is published by Stefko et al. [260] for the SR-2. A
much larger test matrix and experimental campaign was performed than what is shown
herein. Figure D.7 shows the spanwise lift distribution for a single condition, for an
advance ratio of J = 1.4 and flight Mach number of Mx = 0.1.

Figure D.8 shows comparison between the experimental data in [259] and predictions
made the implementation of the Hanson model, for the four-bladed SR-2 propeller. At a
tip Mach number of Mt = 0.67 and low flight Mach number of Mx = 0.09 the
fundamental tone matches the data reasonably well for polar angles between 20 deg and
160 deg. Under predictions are observed at angles approaching the propeller axis, while
the maximum radiation is observed at an angle of approximately 100 deg, similar to the
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Figure D.5: SR-2 propeller design characteristics.
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Figure D.6: Validation of performance parameters of the propeller at various opera-
tional conditions. Flight Mach number is set to Mx = 0.1 and 75% pitch set to 38 deg.

Literature data from [260].

results of ESDU 76020[193]. The OASPL matches data the field shape in the forward
arc, while an over-prediction is observed in the rear arc, with differences greater than 5
dB at an angle of 120 deg.

Larger errors are observed in the prediction of the eight-bladed propeller, shown in
Figure D.8, in both levels and field shape. The flatter field shape indicates the possible
presence of broadband noise sources, not captured by the Hanson model. Figure D.9b
presents an example of a comparison to data at a distance of 0.8D (0.8 times the
diameter) measured from the tip. A distance < D from the tip of the propeller is
typically considered in the near field [261]. Nevertheless, sufficient agreement is found in
the prediction of the field shape. It is noted that for predictions of the eight propeller
validation performance data was not available.
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Figure D.7: Radial lift distribution for the same conditions as Figure D.6 and an
advance ratio of J = 1.4, representing tip relative Mach number of Mt ≈ 0.24
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Figure D.8: Comparison of the fundamental tone and OASPL polar directivity
prediction versus literature data [259]. Conditions replicated, J = 0.423, Mt = 0.67 and

Mx = 0.09

Predictions for additional test cases at relative tip Mach number above Mh = 0.85 were
performed with accuracy and reliability of the results greatly diminishing.
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(a) Conditions, J = 1.05 and Mx = 0.203 and
75% pitch 32.8 deg

(b) Conditions, J = 1.50, Mx = 0.32 and 75%
pitch 40.3 deg.

Figure D.9: Comparison of far-field OSPL polar directivity prediction versus literature
data [261].
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Appendix E

Finite segment correction
integrals.
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Appendix F

Individual noise source directivity
data.

This Appendix purely reproduces the directivity adjustments used throughout this thesis
for the modelling the jet (single and dual stream) and fan (inlet and discharge)
individual noise sources. The data herein is from the original ANOPP theoretical
manual part 2 [20], and does not by any means reproduce the entirety of the data sets
included in the methods, it is merely a reference.

The figures depict the directivity index (DI) versus the polar angle θ for various
operating conditions in the case of the jet, and a distinction between the broadband and
tonal source of the fan inlet and discharge.

For more information about the data itself, acquisition, and the jet and fan noise models
they were used with, the reader is strongly advised to refer to the ANOPP manual, and
the individual publications for the prediction methods [53, 262, 263, 264, 265].
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Figure F.1: Fan inlet noise directivity index [53, 20].
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Figure F.2: Fan discharge noise directivity index [53, 20].
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Figure F.3: Single stream jet noise direcitivity adjustment [262, 263, 20].
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[186] W. Krebsand, R. Bütikofer, S. Plüss, and G. Thomann. Modeling of
three-dimensional sound directivity patterns of helicopters. 89(273 – 279), 2003.

[187] F. S. Mobley. Further development of 3-D rotary-wing acoustic directivity using
spherical harmonic representation. PhD thesis, 2012.

[188] A. J. Torija, R. H. Self, and I. H. Flindell. Airport noise modelling for strategic
environmental impact assessment of aviation. Applied Acoustics, 132:49–57, 2018.



BIBLIOGRAPHY 377

[189] S. A. Rizzi, D. L. Huff, D. D. Boyd, P. Bent, B. S. Henderson, K. A. Pascioni,
D. C. Sargent, D. L. Josephson, M. Marsan, H. He, et al. Urban air mobility noise:
Current practice, gaps. Technical report, and Recommendations, 2020.
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