
Towards estimating Noise-Power-Distance curves for propeller
powered zero emission hydrogen aircraft

D. C. Amargianitakis ∗, R. H. Self † and A. P. Synodinos‡

Institute of Sound and Vibration Research, University of Southampton, Southampton, Hampshire, SO17 1BJ, United
Kingdom

A. R. Proença§

Applied Aerodynamics Group, School of Aerospace, Cranfield, Bedford, MK43 0AL, United Kingdom

A. J. Torĳa¶

Acoustics Research Centre, University of Salford, Manchester M5 4WT, United Kingdom

As part of the UK Research and Innovation project NAPKIN (New Aviation, Propulsion,

Knowledge and Innovation Network) a high-level framework was developed for the assessment of

the noise impact of the proposed regional sized hydrogen powered aircraft. This study consists

of the methodology used to generate the industry standard Noise-Power-Distance curves from

individual component noise analysis, specifically propeller tonal noise. The model is based on an

asymptotic analysis to a frequency domain propeller tonal noise model combined with a linear

approximation taking advantage of the logarithmic nature of noise. An error analysis on the

linear approximation assumption proves that the relative error between predicted and actual

values of the noise remain below 10% for appropriately chosen baseline points. Verification of

the framework was achieved through a bench-marking procedure that compared predictions of

departure NPD curves for current technology regional aircraft against published ones over a

range of operational power settings. Finally, departure and approach NPD predictions for three

of the NAPKIN hydrogen concept aircraft are presented. Concepts featuring larger, slower

rotating propeller with increased number of blades relative to the reference aircraft, showed

benefits over the reference aircraft despite in some cases increases in maximum takeoff weight.
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𝑑 slant distance, [m]

𝐷 propeller diameter, [m]

𝐵 number of blades

𝑚 harmonic of blade passing frequency

𝑝 sound pressure, [Pa]

𝑃𝑚𝐵 complex Fourier coefficient of 𝑝

𝑀𝑟 =

√︃
𝑧2𝑀2

𝑇
+ 𝑀2

𝑥 , blade section Mach number

𝑀𝑥 = 𝑉/𝑐0, flight Mach number

𝑀𝑡 = Ω𝑅𝑡/𝑐0, tip rotational Mach number

𝑀ℎ =

√︃
𝑀2

𝑇
+ 𝑀2

𝑥 , helicoidal (advance) Tip Mach number

𝑁 rotational frequency, [rpm]

(𝜃, 𝜑) spherical coordinate emission angles

𝑘𝑥 and 𝑘𝑦 axial and radial wavenumbers

Ψ𝐷 , Ψ𝐿 and Ψ𝑉 transforms of drag, lift and thickness source terms

𝐽𝑚𝐵 Bessel function of order mB

𝐶𝐿 ,𝐶𝐷 average section lift and drag coefficients

¯𝑡𝑏 average maximum thickness to chord ratio

𝑊 sound power, [W]

𝑅 distance between observer and propeller, [m]

𝑅𝑡 propeller radius, [m]

𝐿𝑝 sound pressure level, [dB]

𝐿 𝑓1 sound pressure level of fundamental tone, [dB]

𝐹1 spectral shape function

Δ indicates change in noise level, [dB]

Acronyms

AAM Advanced air mobility

AEDT Aviation Environmental Design Tool

ANCON Aircraft Noise Contour, a tool developed and used by the UK Civil Aviation Authority

ANP Aircraft noise & performance

BPF Blade passing

CNT Corrected net thrust
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DLR German Aerospace Center

EASA European Aviation Safety Agency

ECAC European civil aviation conference

EPNL Effective preceived noise level

eVTOL electric Vertical takeoff & Landing

FAA Federal Aviation Administration

GA General aviation

ICAO International Civil Aviation Organization

MLW Maximum Landing Weight

MST Maximum static thrust

MTOW Maximum takeoff weight

NAPKIN New Aviation, Propulsion, Knowledge and Innovation Network

NASA National Aeronautics and Space Administration

NPD Noise-Power-Distance

PANAM Parametric Aircraft Noise Analysis Module

PWL Sound Power Level

RANE Rapid Aviation Noise Evaluator

rpm Revolutions Per Minute

SAE-AIR Society of Automotive Engineers - Aerospace Information Report

SEL Sound exposure level

SPL Sound Pressure Level

TCDS(N) Type certificate data sheet (for Noise)

UAV Unmanned aerial vehicles

UKRI UK Research and Innovation government agency

I. Introduction

Aiming at transitioning to a future zero emission aviation network within the UK, the UK Research and Innovation

(UKRI) government agency has funded a series of research and development projects across all aspects of flight.

From small fully-electric unmanned aerial vehicles (UAVs) capable of autonomous cargo delivery, the advancement

of electrification technologies in aviation and the development of advanced air mobility (AAM) transport networks

based on large electric Vertical takeoff & Landing (eVTOL) vehicles, all the way to low and zero-carbon domestic and

short-haul aviation, the UKRI grants cover a wide gamut of activities.
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In the regional and sub-regional classes of aircraft, concepts leverage technologies such as direct hydrogen combustion

turbo-gas engines or combinations of hydrogen fuel cells and electric motors as means of energy storage and delivery

systems, to meet the zero emission goals. These propulsion architectures are most commonly coupled with propellers or

ducted fans as a means of thrust generation. In the absence of turbomachinery and reciprocating engines, the propeller

becomes the main noise generating mechnism.

The assessment of noise emission at the conceptual and preliminary design stages of novel aircraft requires high

level tools designed for significantly reduced data and input requirements. Such tools provide (i) critical information

to manufacturers about how design decisions impact the individual noise generating mechanisms and inform the

exploration of large design spaces with additional acoustical data. (ii) inform airports and airlines of the impact the

introduction of concept aircraft will have on fleet noise emissions, (iii) contribute to assessing future noise exposure

contours around airports to help minimise the effect on communities surrounding airports. The ability to quantify

the effects of changes in design parameters on the propeller noise and consequently the entire aircraft while retaining

minimal input data and computation requirements will allow for a larger design space to be explored.

An existing framework has been extended for the construction of purely computational Noise-Power-Distance (NPD)

curves for aircraft dominated by propeller harmonic noise. The original framework is based on work by Synodinos et al.

[1] for conventional fixed-wing airliners. At the foundation of the model lies a lumped noise source representative of the

whole air vehicle noise emissions. The lumped source is comprised of the individual noise generating mechanisms

that contribute to the air vehicle’s overall noise signature. This allows for lumped sources to be built and applied on a

case-by-case basis, depending on the relevant/dominant noise sources.

The framework is based on the knowledge of baseline absolute noise levels of an appropriately chosen reference

aircraft. The changes in relative levels, due to technological design and operational changes, of the individual noise

sources are calculated by scaling laws derived by analytical or semi-empirical prediction models for each source,

respectively. Once all source levels are combined, the lumped source is defined by an overall sound power level (PWL),

a directivity factor and a normalised spectral shape. The lumped source is then used in simulated flyover procedure

defined by ECAC Doc29 [2] and the SAE-AIR 1845 [3, 4] computational method. Sound propagation and atmospheric

attenuation is also handled as suggested by Doc29 using SAE-ARP 866A [5].

Evaluation of community noise may then be carried out through the assessment of noise exposure footprints and

contours generated through conventional grid-point airport noise tools such as the FAA’s AEDT [6] and Eurocontrol’s

tool IMPACT [7] or high-level community noise models such as RANE [8]. All these tools use NPD data as standard

inputs.

Specifically, the work herein is contributes two key components: 1. modifications to the framework to accept

changes in noise levels of tonal noise sources, due to changes in the harmonic spectral shapes of individual sources

and 2. a model for computing such changes in harmonic spectral content for propeller steady tonal noise. It is worth
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mentioning that the modifications allow for any tonal source to be treated identically, allowing for future applications of

the framework dealing with for example turbomachinery noise or cavity resonance. As this study is focused on propeller

harmonic noise, the model derived, provides the required changes in spectral noise levels (deltas)between the reference

and concept aircraft, as inputs to the framework.

Bench-marking of the model was performed, using four current propeller powered aircraft. The aircraft were chosen

to cover a wide range of propeller design and operation points. Finally, to demonstrate the capability of the model,

predictions for three hydrogen powered aircraft concepts are generated and discussed. The concepts were developed as a

part of project NAPKIN (New Aviation, Propulsion, Knowledge and Innovation Network).

II. Background
Whole aircraft noise models are typically characterised by three components: i. noise source definition, ii. noise

propagation and, iii. trajectory/operation modelling. Noise source definition attempts to capture and combine all

individual noise generating mechanisms on-board and air-vehicles and quantifying them through their overall acoustic

sound power contribution, spectral content and directivity, across various power settings. Depending on the nature and

difficulty of predicting individual sources, methods to estimate them vary from analytical, to numerical and calibrated

semi-empirical methods. Subsequently, the noise levels generated are propagated to observer locations using appropriate

models; taking into account spherical spreading, atmospheric absorption/turbulence (other effects may be modelled

depending on the fidelity required). Finally, as the noise impact of the vehicles in flight is of interest, appropriate

modelling of the vehicles trajectory is necessary. This accounts for location and orientation of the aircraft in space as a

function of time, as well as air vehicles and propulsion system performance.

The NPD process standardises the way of correlating air-vehicle source noise and operation. Traditionally, NPD

curves are the result of expensive experimental campaigns during the noise certification process of an aircraft. This

impedes the understanding of certification and operational noise of novel aircraft due to the lack of flight capable

prototypes and the resulting measured data. Models for computationally predicting NPD curves (from source definition

to operation) provide crucial insight to the overall impact of implementing new technologies or introducing new aircraft

(and their operations) to the already existing aviation environment. A few examples of whole air-vehicle noise models

are NASA ANOPP2 [9] and the DLR PANAM tool [10, 11]. Recent work by Rizzi et al. [12–16] has demonstrated the

entire process of computationally generating NPD curves for novel (AAM) aircraft and incorporating them into AEDT

for the assessment of community noise exposure, while a similar approach is taken for novel aircraft using physics based

models (PBM) by research groups at Georgia Institute of Technology and Purdue University [17] (FAA Ascent Project

43), including work on novel supersonic aircraft.

Finally, beyond noise type certification, NPD curves are used airport/community noise impact studies. The study

of community noise exposure revolves around the generation of noise exposure contour maps of individual aircraft
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performing single operations as well as aircraft fleet operations. These maps are important to legislators, certification

bodies and airport management committees as they provide a graphical and comprehensible mean of describing the

acoustic impact of aircraft movements around airports and densely populated areas. The industry standard in generating

them is presented by methods of ECAC Doc 29 [2] and of ICAO Doc 9911 [18], adopted by software such as the Federal

Aviation Administration (FAA) AEDT. The principal noise input requires Noise-Power-Distance (NPD) curves. Other

airport noise models also adopt NPD curves as a method for noise input. European tools that implement grid-point

methodology are Eurocontrol’s IMPACT [7] and STAPES (SysTem for AirPort noise Exposure Studies), and the UK

CAA’s ANCON2 [19] based on the original ANCON model.

III. Methodology

A. Overview

An overview of the methodology used to generate the NPD curves for propeller powered aircraft follows. Figure

1 shows a flow diagram describing the various aspects of the framework and identifying the two key components

previously mentioned. Initially, a representative baseline aircraft is chosen. This baseline matches the operation, design

and technology levels of concept as best a possible. Synodinos [20] showed that for fixed wing turbofan engines,

predecessor aircraft form the best baseline aircraft. The baseline aircraft provides absolute noise level data representative

of the the whole aircraft (NPD data) and individual source baseline data.

The concept air vehicle is then represented as a series of changes (deltas) relative to baseline aircraft; both from the

operational perspective, as well as design. Changes in noise levels (Δ𝐿) are calculated using individual noise source

methods and applied to the baseline levels, before being combined to form the lumped source representation of the

novel aircraft. The lumped noise source is then computationally flown a prescribed flightpath, while noise levels at an

observer location are calculated to form a time history for that particular flight event. The event time history is used to

calculate event metrics such as 𝐿A,max and SEL.

B. Lumped source model: Working with changes in noise, ΔPWL

Consider a baseline aircraft, which is made up of noise sources emitting a total sound power of 𝑊0. The total sound

power 𝑊 , of a concept, is then given as a function of the baseline and the individual noise source changes Δ𝑊𝑖 which

are a direct result of operational or technological changes,

𝑊 = 𝑊0 +
𝑠∑︁
𝑖=1

Δ𝑊𝑖 (1)

where 𝑖 indexes through the total number of sources 𝑠. It’s worth noting that Δ𝑊𝑖 = 𝑊𝑖 for noise sources that didn’t exist

before, and Δ𝑊𝑖 = −𝑊𝑖 for sources that were no longer present.
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Fig. 1 Flow diagram of the lumped noise source modelling framework.
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The basic definition of a lumped noise source model in terms of a SPL is given in Eq. (2).

𝐿𝑝 (𝜃, 𝜑, 𝑟) = 10 log

[
𝑊𝐷 (𝜃, 𝜑)𝑆𝑝𝑝 ( 𝑓 )

𝑟2 𝐶

]
(2)

where 𝜃 and 𝜑 are the emission polar and azimuthal angles (Fig. 3), 𝑟 is the distance between the lumped source

location and the observer of interest, 𝐷 is directivity factor normalised to possess unit power, as is the power spectral

density𝑆𝑝𝑝 and finally, constant 𝐶 = 𝜌0𝑐0/(4𝜋𝑝2
ref).

Variation in tonal content

The changes to the overall sound power manifest through changes to the distribution of energy across frequencies

and emission angles, between the baseline and the novel air-vehicle. Specifically, changes in tonal sources’ level and

frequency need to be applied to the baseline air-vehivcle spectrum.

Considering a case where modifications to a baseline aircraft are made. The baseline aircraft is defined by (i) a

single 𝐿A,max noise level retrieved from publicly available NPD data [21], (ii) an unweighted 1/3rd octave frequency

spectrum of the baseline aircraft during the same operation. This is also available in databases such as the Eurocontrol

ANP. (iii) Relative dominance of the individual sources making up the total aircraft given in terms of average dB levels

[22]. The source breakdown methodology is described by Synodinos et al. [1].

The baseline 𝐿A,max is back-propagated to the source, in the form of a 1/3rd octave frequency spectrum. The

frequency spectrum of the novel aircraft is the calculated by applying deltas across those bands. These deltas, for a tonal

source, are the result of changes in the harmonic distribution, such as the specific example of propeller loading and

thickness noise, and are implemented as follows.

Propeller discrete tone noise can be represented as the energy sum of all harmonics. Some spectra shape function

can be used to tie the distinct harmonic levels to the fundamental tone, allowing the SPL to be represented as,

𝐿𝑝,0 = 10 log10
©«

∞∑︁
𝑓

10
[
𝐿 𝑓1 ,0+𝐹1

(
𝑓

𝑓1 ,0

) ]
/10ª®®¬ [𝑑𝐵] (3)

with 𝑚 being the harmonic number, 𝑓 = 𝑚𝐵Ω and 𝑓1 = 𝐵Ω represent the frequency of mode 𝑚 and the fundamental

tone respectively, while 𝐿 𝑓1 ,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,

Δ𝐿 𝑓1 and the shape of the harmonics Δ𝐹1 are observed, leaving the new SPL as,

𝐿𝑝 = 10 log10
©«

∞∑︁
𝑓

10
[
𝐿 𝑓1 ,0+𝐹1

(
𝑓

𝑓1 ,0

)
+Δ𝐿 𝑓1+Δ𝐹1

(
𝑓

𝑓1

) ]
/10ª®®¬ (4)

where 𝐿 𝑓1 = 𝐿 𝑓1 ,0+Δ𝐿 𝑓1 represents the new level of the fundamental tone, and 𝐿𝑚 ( 𝑓 ) = 𝐿 𝑓1 +Δ𝐹1 ( 𝑓 / 𝑓1) represents
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the new sound level of the harmonics. Eq. (4) is the SPL equivalent relationship to Eq. (1), accounting not only for

changes in overall sound power, but also how the distribution of power changes across the frequency spectrum.

The change in level of the fundamental frequency Δ𝐿 𝑓1 from Eq. (4) may be estimated by,

Δ𝐿 𝑓1 = 10 log10
©«
𝑝2
𝑓1

𝑝2
𝑓1 ,0

ª®¬ (5)

The average intensity radiated over angles 𝜃 and 𝜑, which can be calculated in the far field using the root-mean-square,

may thus be used to determine the system’s overall sound power output,

𝑊 = 4𝜋𝑅2𝐼 =
4𝜋𝑅2

𝜌0𝑐0

2𝜋∫
0

𝜋∫
0

𝑝2
𝑟𝑚𝑠𝑅

2 sin 𝜃 𝑑𝜃𝑑𝜑 (6)

Integration across the spherical surface surrounding the source is required to get the mean acoustic intensity, 𝐼. The

propeller axis acts as a symmetry axis, therefore the only dependence of noise on observer location occurs over the polar

angle 𝜃. Integration over 𝜑 takes a trivial solution.

C. Propeller tonal noise variation

One particular noise source of interest is propeller steady harmonic noise. In order to generate the required input to

the proposed framework, an asymptotic analysis of the frequency domain Hanson model [23] is performed, in order to

help quantify how the acoustic energy output of the source varies as a function of changes in the parameters that it is

influenced by.

Hanson model overview

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 center of the propeller hub and the observer is given by 𝑟 . A detailed illustration of the reference frame can

be seen in Fig. 2. Forward flight effects are accounted for through amplitude and frequency shift correction relative

to stationary observers [23]. The quadrupole factors are ignored since their contributions in the subsonic regime are

negligible [24]. The noise harmonics are given in terms of their Fourier transform coefficients 𝑃𝑉𝑚, 𝑃𝐷𝑚 and 𝑃𝐿𝑚 for
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Fig. 2 The acoustic field and the rotating source’s geometry.

the thickness, drag and lift sources respectively,

The blade passing frequency (BPF) is given by the product of the number of blades, 𝐵, of the propeller times its

rotation frequency 𝑓 . The integer multiples of the BPF give the harmonics (or modes) of the propeller sound field. The

𝑚𝑡ℎ harmonic is therefore given by 𝑚𝐵Ω in terms of the angular rotation rate Ω.



𝑃𝑉𝑚

𝑃𝐷𝑚

𝑃𝐿𝑚


= −

𝜌0𝑐
2
0𝐵 sin 𝜃 exp

[
𝑖𝑚𝐵

(
Ω𝑟
𝑐0

− 𝜋
2

)]
8𝜋

(
𝑦/𝐷

) (
1 − 𝑀𝑥 cos 𝜃

)

×
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

(7)

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 Blade Passing Frequency (BPF), Ω𝐵/2𝜋 = N × 𝐵/60, where 𝑁 the revolutions per minute. The

non-dimensional wave numbers 𝑘𝑥 and 𝑘𝑦 are defined by,
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𝑘𝑥 =
2𝑚𝐵𝐵𝐷𝑀𝑡

𝑀𝑟 (1 − 𝑀𝑥 cos 𝜃) (8)

𝑘𝑦 =
2𝑚𝐵𝐵𝐷

𝑧𝑀𝑟

(𝑀𝑥 − 𝑀2
𝑟 cos 𝜃

1 − 𝑀𝑥 cos 𝜃

)
(9)

where angle 𝜃 is the polar angle measured from the propeller axis to the observer position vector, as in Fig. 2. 𝐵𝐷 is

the ratio of the chord 𝑏 to the propeller diameter 𝐷. The integral form of Eq. (7)proves simple an intuitive connection

between the radiated sound and the parameters that influence it.

Ψ𝑉 , Ψ𝐷 , and Ψ𝐿 are the Fourier transforms of the three sources, that are functions of the blade thickness 𝐻 (𝑥) and

loading chordwise distributions 𝑓𝐷 (𝑥) and 𝑓𝐿 (𝑥),



Ψ𝑉 (𝑘𝑥)

Ψ𝐷 (𝑘𝑥)

Ψ𝐿 (𝑘𝑥)


=

1
2∫

− 1
2



𝐻 (𝑥)

𝑓𝐷 (𝑥)

𝑓𝐿 (𝑥)


exp (𝑖𝑘𝑥𝑥)𝑑𝑥 (10)

The “thin-blade” model simplifies the problem however, it leads to errors in the estimation the higher harmonics of

the BPF. Observer locations far from the plane of rotation, cos 𝜃 ≠ 0 also experience accuracy reduction. Finally, the

model includes Doppler correction components in both amplitude and frequency.

Finally, the contributions of the individual sources may be added together, 𝑃𝑚𝐵 = 𝑃𝑉𝑚 + 𝑃𝐷𝑚 + 𝑃𝐿𝑚 to obtain the

Fourier transform coefficient of the pressure at the 𝑚th harmonic of the blade passing frequency, whereas the far-field

time domain pressure can be calculated directly from the Fourier transform.

Asymptotic analysis

The Bessel function 𝐽𝑚𝐵 in Eq. (7) appears within the blade integral and affects both loading and thickness sources.

Its argument 𝑚𝐵𝑧𝑀𝑡 sin 𝜃/(1 − 𝑀𝑥 cos 𝜃) equals 𝑚𝐵𝑧𝑀𝑡 when 𝜃 = 90𝑜 the maximum value within the plane off

rotation. The argument 𝑚𝐵𝑧𝑀𝑡 remains essentially equal (or slightly smaller) to the order 𝑚𝐵 of the Bessel functions

when its value peaks for subsonic tip Mach numbers suitable to regional and general aviation (GA) aircraft. The small

argument asymptotic formula can be used to approximate this behaviour. The asymptotic approximation of the Bessel

function in Eq. (7) can be given by,

𝐽𝑚𝐵

(
𝑚𝐵𝑧𝑀𝑡 sin 𝜃
(1 − 𝑀𝑥 cos 𝜃)

)
∼ 1

(𝑚𝐵)!

(
𝑚𝐵𝑧𝑀𝑡 sin 𝜃

2(1 − 𝑀𝑥 cos 𝜃)

)𝑚𝐵

(11)

The near field source distribution is defined through the sources terms Ψ𝑉 , Ψ𝐿 and Ψ𝐷 . The source terms contribute

to defining the final spectrum shape and spectrum level, as the relative location between sources in the chordwise
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direction lead to destructive or constructive interference of the signals. The lift source strength Ψ𝐿 depends on the

chordwise distribution of lift or lift coefficient 𝐶𝐿 (𝑥), which is assumed to be uniform. Respectively, Ψ𝐷 is defined by a

uniform drag distribution. The volume source, Ψ𝑉 represents the air displaced by the blade and is defined through the

thickness-to-chord ratio 𝑡𝑏. A parabolic thickness distribution, 𝐻 (𝑥) = 1 − (2𝑥)2 is assumed [25]. The source term

transformations by combining the noncompactness effect relation with proportionality relation,

Ψ𝑉 (𝑘𝑥) ≈
1
𝑘2
𝑥

=

(
𝑀𝑟 (1 − 𝑀𝑥 cos 𝜃)

2𝑚𝐵𝐵𝐷𝑀𝑡

)2

(12)

Ψ𝐷 (𝑘𝑥) = Ψ𝐿 (𝑘𝑥) ≈
2
𝑘𝑥

=
𝑀𝑟 (1 − 𝑀𝑥 cos 𝜃)

2𝑚𝐵𝐵𝐷𝑀𝑡

(13)

As a result, the source terms may be written as direct functions of the blade parameters, 𝑡𝑏, 𝐶𝐿 and 𝐶𝐷 ,

𝑘2
𝑥𝑡𝑏Ψ𝑉 (𝑘𝑥) ≈ 𝑡𝑏 (14)

𝑘𝑥 (𝐶𝐷/2)Ψ𝐷 (𝑘𝑥) ≈ 𝐶𝐷 (15)

𝑘𝑦 (𝐶𝐿/2)Ψ𝐿 (𝑘𝑥) ≈
𝐶𝐿𝑘𝑦

𝑘𝑥
≈ (𝑀𝑥 − 𝑀2

𝑟 cos 𝜃)
𝑧𝑀𝑡

𝐶𝐿 (16)

To account for the entire blade, we assume that the thickness ratio at the blade tip takes the average value over the

blade, 𝑡𝑏 (𝑧 = 1) = ¯𝑡𝑏, and the loading coefficient, 𝐶𝐷 (𝑧 = 1) = 𝐶𝐷 and 𝐶𝐿 (𝑧 = 1) = 𝐶𝐿 (Note: the loading parameters

𝐶𝐷 and 𝐶𝐿 may instead be defined in terms of thrust and torque, 𝑑𝑇/𝑑𝑧 and 𝑑𝑄/𝑑𝑧).

Combining the above and adding the contributions of the individual sources together we may estimate 𝑃𝑚𝐵 =

𝑃𝑉𝑚 + 𝑃𝐷𝑚 + 𝑃𝐿𝑚 as,

𝑃𝑚𝐵 ≈
(
𝜌0𝑐

2
0

8𝜋

) (
𝐵𝐷

𝑦

) (
sin 𝜃

(1 − 𝑀𝑥 cos 𝜃)

)
𝑀2

ℎ

(
1

(𝑚𝐵)!

) (
𝑚𝐵𝑀𝑡 sin 𝜃

2(1 − 𝑀𝑥 cos 𝜃)

)𝑚𝐵

×
 ¯𝑡𝑏 +

𝐶𝐷

2
+
𝐶𝐿 (𝑀𝑥 − 𝑀2

ℎ
cos 𝜃)

2𝑀𝑡


× exp

[
𝑖𝑚𝐵

(
Ω𝑟

𝑐0
− 𝜋

2

)]
(17)
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Sound intensity and therefore overall acoustic power is proportional to 𝑝2
𝑟𝑚𝑠 , we have,

𝑝2
𝑚,𝑟𝑚𝑠 = ⟨𝑃𝑚𝐵𝑃

∗
𝑚𝐵⟩ ≈

(
𝜌0𝑐

2
0

8𝜋

)2

︸    ︷︷    ︸
constants

(
1
𝑦

)2

︸︷︷︸
Spherical Spreading

𝐵2𝐷2𝑀4
ℎ

 ¯𝑡𝑏 +
𝐶𝐷

2
+
𝐶𝐿 (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

(18)

Eq. (18) represents the main expression to be used for the development of the scaling laws. Helpful deductions may

be made by the interpretation of the asymptotic approximation. For subsonic tip Mach numbers 𝑀𝑡 < 1 the exponential

term 𝑀2𝑚𝐵
𝑡 indicates that the acoustic energy in each mode decreases with harmonic order 𝑚. The same relation is true

for blade number.

The presence of sin 𝜃 in the Bessel function argument of Eq. (7), and hence in the approximation relation Eq. (18),

results in the propeller’s well-documented dipole behaviour. As the propeller axis is approached from both the front and

back, the radiated noise decreases. Furthermore, the Doppler factor (1 − 𝑀𝑥 cos 𝜃) causes the directivity pattern to

move into the forward arc with regard to the propeller plane.

By setting 𝑚 = 1 in both baseline,𝑝 𝑓1 ,0 and modified 𝑝 𝑓1 cases of Eq. (18) and substituting into Eq. (5). This gives,

Δ𝐿 𝑓1 = 20 log10

(
𝑦

𝑦0

)
+ 20 log10

(
𝐵𝐷

𝐵0𝐷0

)
+ 40 log10

(
𝑀ℎ

𝑀ℎ0

)

+ 20 log10

(
𝑡𝑏 + �̄�𝐷 + �̄�𝐿 (𝑀𝑥 − 𝑀2

ℎ
cos 𝜃)/(𝑀𝑡 )

𝑡𝑏,0 + �̄�𝐷,0 + �̄�𝐿,0 (𝑀𝑥,0 − 𝑀2
ℎ,0 cos 𝜃0)/(𝑀𝑡 ,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

)
(19)

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 Eq. (18) we may define a function 𝑆. This function determines

the shape of the harmonics.
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𝑆(𝑚) =
(

sin 𝜃
1 − 𝑀𝑥 cos 𝜃

)4𝑚𝐵+2 (
1

(𝑚𝐵)!

)2 (
𝑚𝐵𝑀𝑡

2

)2𝑚𝐵

(20)

Normalising this expression by its value for 𝑚 = 1,

𝑆

(
𝑓

𝑓1

)
=

𝑆(𝑚)
𝑆(1) =

(
sin 𝜃

1 − 𝑀𝑥 cos 𝜃

)4𝐵(𝑚−1) (
𝐵!

(𝑚𝐵)!

)2 (
𝐵𝑀𝑡

2

)2𝐵(𝑚−1)

𝑚2𝑚𝐵 (21)

noting that 𝑆(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,

Δ𝐹1

(
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)

) (22)

D. Propagation and corrections

Once source levels of the novel aircraft have been estimated, the NPD flyover procedures may be implemented,

which include propagating the source levels to the observer locations on the ground. The standard recommendation of

Doc29 is used for propagation and atmospheric attenuation/absorption, namely SAE ARP 866A [5] for atmospheric

absorption modelling and SAE AIR-1845 [3] for the procedure of generating the complete NPD data sets. Finally,

standard A-weighting (IEC 61672 or ANSI S1.4) is applied at the observer location in the cases where the metrics

required it. Noting that the same algorithms are used when back-propagating NPD data to the source, just applied

in reverse. Standard atmospheric conditions are assumed at all times, i.e. 𝑝0 = 101.325 kPa and 𝑇0 = 15.0◦ C. For

exposure metrics the standard duration adjustment is applied, when required, assuming the aircraft reference speed 𝑉𝑟𝑒 𝑓

to which the baseline NPD data relates.

E. Assumptions

A summary of the modelling assumptions are presented below, first for the lumped source model for whole air

vehicles noise and then for the specific propeller harmonic noise source method as implemented.

List of assumptions for lumped source model:

• The individual noise sources that make up the lumped source are assumed to be incoherently added to provide a

total PWL representative of the whole vehicle acoustic radiation.

• Individual noise sources are all assumed to be located at one location onboard the air vehicle, typically the centre
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of gravity; this defines the lumped source as single point point source representation of the air vehicle.

• All individual noise source emission reference frames are aligned and combined to give the total air vehicle’s

emission angles, as in Fig. 3.

• The directivity and spectral content of the final lumped source is defined by a sound power weighted sum of those

of the individual noise sources; directivity is assumed not to be frequency dependant.

• The PWL of the novel/concept cases are calculated using a linear interpolation from a baseline case, as demonstrated

earlier in the section and validated in the following section.

Fig. 3 Polar and azimuthal emission angles. Adapted from [20].

List of assumptions for propeller tonal noise method derived herein:

• Beyond the “thin-blade" assumption of the original Hanson model, the propeller geometry and loading character-

istics are assumed constant in the radial direction, using representative average values. This assumption manifests

to compactness of the source region on the blade.

• The radiation efficiency is determined by the small argument asymptotic approximation of the Bessel function.

• The simplified method is used to calculate changes to the PWL of propeller steady harmonic noise and changes in

the tonal distribution of the frequency spectrum; these are then implemented within the lumped source model.

IV. Error Analysis
In Section III the methodology for calculating the propeller discrete noise fundamental tone of some novel scenario

was presented. The calculation requires knowledge of the baseline level and some Δ correction as,

𝐿 𝑓1 = 𝐿 𝑓1 ,0 + Δ𝐿 𝑓1 (23)

Δ𝐿 𝑓1 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 Δ𝐿 𝑓1

using the Hanson model as in Sec. III.C, a linear approximation assumption is used. Virtually, this means that the
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Fig. 4 Approximation error as a function of change in parameters Δ𝜂 𝑗 .

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. The linear approximation is explained in

detail in Appendix A

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

 (24)

where 𝑓 represents the exact value of the functions, while 𝑔 the linear approximation. Fig. 4 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,

𝑁 = 2, 000 rpm. The x-axes portray Δ𝜂 𝑗 as the prediction start to deviate from the baseline, where 𝑗 indexes through

parameters 𝜂. The error remains small (𝜖 < 0.1) even for relatively large changes.
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V. Validation: predictions for regional aircraft
A validation of the proposed framework is presented next using noise and performance data of existing propeller

powered aircraft. The source of the data is the ANP database, where performance characteristics of the aircraft are

provided for the aircraft takeoff and landing operation as well as noise data, in the form of NPD curves in instantaneous

and cumulative metrics such as 𝐿𝐴,𝑚𝑎𝑥 , SEL, EPNL etc. Additional design and operation characteristics are obtained

from certification documents such as the EASA TCDS and TCDSN [26, 27].

The validation process is as follows: for each aircraft the takeoff operation is considered. A singular point on the

published ANP departure 𝐿𝐴,𝑚𝑎𝑥 NPD curves is appointed as the baseline point. This point corresponds to a particular

takeoff configuration of power setting 𝑗 generating level 𝐿A,max during a flyover of slant distance 𝑑.

The presented framework is then employed to estimate changes ΔPWL relative to this baseline point for the rest

of the NPD power settings 𝑗1,..., 𝑗𝑛, where 𝑛 is the total number of power settings. The predicted levels are then

propagated to the rest of the slant distances to complete the NPD data set for that aircraft performing a departure

operation. The predicted NPD set is then compared to the rest of the published ANP data set. In Appendix B, the

process for computationally creating the NPD curves is discussed in detail.

Predictions for two fixed-wing propeller power aircraft are presented in Figs. 5 to 6. Specifically, the aircraft

chosen are: the DHC-6 Twin Otter and the larger turboprop ATR 72-212A. A summary of the design and performance

characteristics may be seen in Table 1. Two additional cases are presented in the supplementary material for this paper,

the Cessna 172 and the Britten Norman BN-2 Islander.

Table 1 Validation aircraft performance and design parameters.

Aircraft MTOW, [kg] Prop Diameter, [m] No. Blades TO rpm
DHC-6 Twin Otter, 5,670 2.6 3 2,110

ATR 72-212A 22,800 3.93 6 1,200

For all cases, the baseline point was at a a slant distance of 304.8 m, and is depicted by a black cross. The published

data is represented by dashed lines, whereas the predicted data is represented by solid lines.

The first validation case shows the feasibility of predicting NPD curves for traditional turboprop aircraft, specifically,

the DHC-6 Twin Otter (MTOW 5,682 kg, still within the ICAO Annex 16 [28] defined as “small”. Referring to Chapters

6 and 10.) with a twin engine configuration. The estimated NPD curves may be seen in Fig. 5 relative to the measured

ANP NPD curves for the Twin otter. The power settings shown are 30% and 100% of maximum static thrust (MST).

Figure 6 compares the estimated versus published NPD curves sets for the significantly larger ATR 72-212A. Power

settings were chosen according to the stated values of corrected net thrust (CNT) at the measurement points. The power

setting parameter values, in both cases, are given on a per engine basis.

To understand the results, the NPD curves are split into two components: i. the estimation of the first point on any
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Fig. 5 Takeoff NPD curves for a twin engine de Havilland Canada DHC-6 (Twin Otter). Solid lines indicate the
predicted levels, whereas dashed are the baseline aircraft published NPD data.
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Fig. 6 Takeoff NPD curves for a twin-engine turboprop ATR 72-212A. Solid lines indicate the predicted levels,
whereas dashed are the baseline aircraft published NPD data.
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given power curve, and ii. the extrapolation to all other slant distances at a given power setting 𝑗 .

The first component is a direct result of the estimating the change in overall PWL of the aircraft in question using

the framework described in this paper. The first point on the baseline power curve (i.e. the chosen baseline point), as

expected matches almost perfectly with measured data. This is explained as all delta terms added to the baseline levels

are zero, retrieving the baseline levels themselves. The only slight discrepancy is caused due to the point of occurrence

of the 𝐿A,max during the NPD flyover event. The strong dipole like directivity assumption, influenced by the propeller

method, causes a mismatch relative to the published data, contributing a small delta.

Next, the estimation of all other power settings, at the same slant distance as the baseline point. The same small

𝐿A,max related delta is carried through all power settings, although not constant, as the directivity is a function of power

setting. The ΔPWL between power settings is estimated predominantly (airframe noise deltas are also accounted for,

with minor contributions in the high-power departure operations) using the asymptotic relations for the propeller method

derived in this paper. Looking at the 𝐿A,max plots in Figs. 5 and 6 at the baseline slant distance of 60.96 m (200 ft), the

method captures the changes in the overall PWL and spectral content distribution and the resulting propagation of the

flyover event adequately, with an average error of ± 0.4 dBA (𝐿A,max). It is observed however, that the error increases

significantly as points further away from the baseline point are predicted. This is expected, given the error analysis of

Section IV. This could be mitigated by using different baseline points for each power curve predictions (although this is

avoided as in many cases baseline NPD curves are limited, requiring larger deviation from the baseline point).

As explained in Appendix B, all points on an SEL power curve are estimated computationally, this means the same

𝐿A,max level is used as a baseline. As established the estimation of the overall PWL is reasonable for the point of 𝐿A,max,

and therefore as power is constant over the flyover event, we may assume that is the case for the entire event. This leads

deviations in the SEL results for the baseline 60.96 m slant distance to be a result of two factors, the polar directivity over

the exposure metric integration interval of 0 < 𝜃 < 180◦, and spectral content. The purely dipole nature of the assumed

polar directivity results in noise levels diminishing for angles of 𝜃 approaching 0 and 180 deg. For small slant distances,

this effect has little impact as the levels diminish outside the 10-dB down window in the estimation of the SEL.

The impact of spectral content on the SEL is theefold. First, the assumption that directivity is constant with frequency

impact the overall aircraft directivity with the knock-on effects previously discussed. Second, atmospheric attenuation

being frequency dependant, could contribute to under-prediction in the case of a lumped source model dominated by

mid to high frequencies, and over-prediction in the opposite case. In the case of the presented framework, the only

adjustment to the spectral content is the level and shifting of the propeller BPF harmonics. However, both presented

cases, use constant speed propeller set-ups, resulting in the frequency content (not level) between power settings to

be the same. Attenuation related errors, are therefore result of not appropriately adjusting the spectral content. This

suggests that the lumped source definition is incomplete, especially for low slant distances. Inclusion of a propeller

broadband noise method would contribute the the overall PWL at low slant distances, and also “fill in” the directivity
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in the propeller axial directions, correcting the prediction of higher slant distances. The third and final impact of the

spectral content on a SEL calculation is the A-weighting. As known, the A-weighting adjusts the OASPL to account for

the higher sensitivity of the human ear in the 1,000 to 10,000 Hz range, meaning that low frequency tonal content of

propeller noise contributes less to an A-weighted noise level, 𝐿𝐴, suggesting another source of possible under-prediction.

The second part of the calculation is the extrapolation to all other slant distances, beyond the baseline slant distance.

This process follows exactly that of the SAE-AIR1845A [3, 29]. This is based on the knowledge of the measured

𝐿A,max at a particular slant distance, as the starting point. In our case, this is the lumped source model predicted 𝐿A,max.

In addition to the dynamics discussed between the directivity, spectral content, and propagation distances that affect

the final extrapolation, an additional assumption is used within SAE-AIR1845A. This is known as the “simplified

adjustment procedure”, an additional source of possible error discussed later in text.

To summarise, variations and discrepancies between the predictions and published data may be explained by

considering two main factors:

• Deviation of the assumed idealised dipole nature of propeller harmonic noise directivity with the actual aircraft

directivity at the time of the measurements. The effects of the dependence of noise on the ground directly beneath

the flightpath on distance (spherical spreading) and directivity changes from one flyover altitude to another.

• Limited baseline spectral data. The ANP database provides single one-third octave band spectral breakdown

for aircraft of specific categories [30],[2]. Therefore the reference spectral content may not be aircraft or power

setting specific, allowing for greater “distance” between the baseline point and the intended calculation.

Despite the sources of error described, the arithmetic average of the difference of the between the published and

predicted NPD curves across all aircraft, power-settings and slant distances was ± 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 [2] tolerance. Additional insight to

possible sources of error is discussed in Section VII.

The cases presented vary in the design decisions when it comes to propeller blade design and operating envelopes,

however changes in both of these categories may be captured and quantified on a high level basis as presented.

VI. Application: Concept aircraft NPD predictions
To demonstrate the capabilities of the proposed framework, NPD curves are calculated for three hydrogen powered

regional concepts, provided by project NAPKIN [31]. These concepts are based on current flying aircraft, namely, the

DHC-6 Twin Otter and the ATR72-600. The concepts will be referred to as Concept B5, Concept B8 and Concept E1.

Concepts B5 and B8 are based on the Twin Otter, while Concept E1 on the ATR72-600. Details of the designs as well

as important performance parameters relevant to the NPD calculations may be found in Appendix C.

To accurately represent the concept aircraft in terms of the acoustic lumped source model, in addition to the

framework assumptions (Section III.E), a series of case study specific assumptions are made:
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• The aircraft as a noise source is comprised by the contributions of two individual source contributions, those are

the propeller tonal noise and the airframe components. This assumption is reasonable as demonstrated in the

validation Section V and further discussed in Section VII.

• The estimation of the baseline level of the individual sources is based on a methodology developed by Synodinos

et al [1, 20]. The breakdown of the total aircraft noise source into individual components is based on data within

[22, 32].

• As a result of the dominant sources being the propeller self noise and airframe noise, the directivity factor of the

lumped source is given by the combination of the directivity of the propeller (seen in Fig. 7) and the “dipole-like”

directivity of the airframe noise component given in reference [33]. The directivity factor of the individual sources

are combined as a weighted sum, with the weight being the individual PWL level of the respective sources. This

is shown in [1].

• The high level performance data required for the reference aircraft is acquired from open source databases such as

the ANP database [21], EASA TCDS and TDCSN certificates [26, 27] as well as factsheets by manufactures [34].

• The spectral content of the reference aircraft is limited to the data provided by the ANP database. For each

aircraft, 1/3rd octave band frequency breakdown is provided for takeoff and approach configurations. The levels

are unweighted given at a slant distance of 305 m. for centre frequencies ranging from 50 Hz to 10 kHz.

Fig. 7 Polar plot of propeller loading, 𝐷𝐿 and thickness (volume) 𝐷𝑉 noise directivity factors as derived by
Hanson [23]. Polar angle 𝜃 is measured from the flight axis in the direction of flight.

Prediction Risks

It is important to identify potential additional sources of noise that are unique to the hydrogen concepts discussed
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herein, and that could have potential of dominating the sound profile under specific operating conditions and/or emission

angles, 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.

• Multiple propeller interactions Interaction of individual propeller potential fields, as well as wake/tip-vortex

interaction with or without the interference of the propeller structure itself.

• propeller-airframe interaction. Interaction of airframe component potential fields with the propeller field causing

unsteady effects on noise generating mechanisms. propeller wakes interacting with the airframe structure and

vice-versa.

• Fuselage Scoop/Intake 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. Such design features could be a result of cooling

systems implemented.

• Hydrogen combustion 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.

A. Departure

For the departure NPD curves a single power setting is calculated for the concept aircraft. The power setting is

assumed to be at MTOW. The thrust requirements for takeoff at MTOW may be found in Table 3 of Appendix C. Figures

8, 9 and 10 show the 𝐿A,max and SEL NPD curves for the three concept aircraft.

As all concepts are in conceptual (or early preliminary) design stages, operational thrust profiles have not yet been

fully defined. The comparisons in Figs. 8 to 10 are therefore between a single full power takeoff at MTOW between

the reference aircraft and the concepts. The concepts are designed to match the flying performance of the respective

reference aircraft (this is a starting assumption and is explored in detail as a part of the contributions of the entire

NAPKIN consortium, e.g. aircraft performance may not dominantly drive aircraft take-up by airlines as costs and

infrastructure development may cause trade-off scenarios). This also ensures that for the concepts, the maximum number
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Fig. 8 Estimated departure NPD curves for Concept B5, compared against the published ones of the reference
aircraft DHC-6 Twin Otter.

of passengers are carried.

The NPD curves in Figs. (8 to 10) compare the published NPD data for the baseline aircraft with the predicted NPD

data for the baseline and finally the NPD data for each of the concepts. Importantly, all curves represent a full power

manoeuvre at MTOW for each aircraft. Arguably, a comparison normalised to MTOW (or net thrust) would provide a

clearer picture of the impact design decisions have on noise output. However, the 1-1 comparison of a current technology

aircraft and concepts using hydrogen propulsion systems provides insights within the context of understanding the noise

impact of aircraft fleets transition to zero emissions. A study conducting a sweep of operational MTOW would be the

next step in the process, when designs are consolidated and more mature.

Investigating the maximum engine power setting NPD curve allows for the possibility of calculation of noise at the

certification points and comparison to the appropriate limits of the ICAO Annex 16 [28].

Concept B5 shows greatest noise benefits relative to reference aircraft, irrespective of the increased MTOW.

Characteristics that contribute to reduction in noise are: (i) reduction of loading of individual propellers due to the

increase in number of propellers from 2 of the reference Twin Otter to 4 in the case of the concept. Although the

major contribution for loading noise is predominantly the lift component, a reduction in the drag noise source is also

observed due to reduction to the power requirement per propeller. (ii) reduction of rotational speed at takeoff and

landing conditions. A reduction in tip Mach number from 0.8472 to 0.8072 has a significant effect, as operation is

already in the transonic regime.

As with Concept B5, the reference aircraft for Concept B8 is again the DHC-6 Twin Otter. Despite the huge

difference in MTOW (10,000 kg for Concept B8 and 5,670 kg for the Twin Otter), the thrust requirement is only

increased by approximately 21%. It is important to note that the Twin Otter is certified under Chapter 10 of the ICAO
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Fig. 9 Estimated departure NPD curves for Concept B8, compared against the published ones of the reference
aircraft DHC-6 Twin Otter.
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Fig. 10 Estimated departure NPD curves for Concept E1, compared against the published ones of the reference
aircraft ATR72-212A.
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Annex 16 [28], however Concept B8 exceeds the MTOW limit, and would be certified under Chapter 14. The tip Mach

number 𝑀𝑡 = 0.7454 which is reduced relative to the reference aircraft as well as the increase in number of blades from

3 on the Twin Otter to 5 account for additional noise reduction.

The NPD curve behaviour for Concept E1 is predominantly driven by changes in MTOW relative to the ATR72-600.

Lower thrust requirements intrinsically reduce loading components of propeller harmonic noise (both lift and drag). As

operation and design of the turboprop blades was assumed identical to reference aircraft, thickness noise and propeller

tip Mach number effects are therefore the same as the reference aircraft. Additional benefits to propeller noise may be

achieved by altering the propeller geometry and operational rpm, to take advantage of the lower disk loading.

B. Approach

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 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. Alterations to the drag profile of an aircraft at approach is likely to be

accompanied by alteration in engine power setting, and therefore additional power setting may need to complete an

NPD curve set for approach. Where given, landing airspeeds have been taken into account.

Table 2 Approach power settings based on percentage of MTOW takeoff thrust. Maximum and minimum
power settings replicate those of the approach NPD curves in the ANP database for each reference aircraft.

Minumum Power Setting Maximum Power Setting

Percentage (%) Thrust (kN) Percentage (%) Thrust (kN)

Concept B5 30.00 0.96 100.00 3.20
Concept B8 30.00 2.91 100.00 9.70
Concept E1 16.70 3.26 30.00 5.85

The baseline noise levels were derived from NPD data for the reference aircraft approach NPD curves for the

power-settings mentioned above. Specific 1/3𝑟𝑑 octave band spectra from the ANP database for approach are also used
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Fig. 11 Estimated approach NPD curves for Concept B5, compared against the published ones of the reference
aircraft DHC-6 Twin Otter.

for the baseline aircraft.

Approach NPD curves were estimated using a % of maximum takeoff thrust used by the reference aircraft. The

NPD curves may be seen in Figs. 11, 12 and 13. As previously the dashed line represent the published NPD curves for

the baseline aircraft, the dotted lines represent the estimated NPD for the baseline aircraft (only in the 𝐿A,max figures)

and the continuous line are the estimated approach NPD curves for the concept aircraft. The indicated “min" and “max"

power settings are the ones equivalent to Table 2. The stating baseline point (level) is indicated with a black cross on the

𝐿A,max figures, at a slant distance of 60.96 m (200 ft).

The first observation is made against the prediction for the baseline. In all cases, a slight over prediction is observed

in the 𝐿A,max noise levels relative to the published data, for both power settings. The main factor influencing this

difference are as discussed in the departure case, the whole aircraft directivity and spectra. Additionally, this slight

over-prediction might indicate a bias towards the propulsion sources in the noise break down, suggesting a calibration of

the breakdown for approach is necessary.

Concept B5 approach noise is expected. Despite the slight increase in MTOW, the additional two propellers allow

for lower landing thrust to be achieved, through reduced rpm, and significantly different loading conditions. Additionally,

the preferential flap deflection angle of 20 deg relative to the reference aircraft (37.5 deg), significantly reduces the

airframe contribution. No additional changes to the airframe design relative to the Twin Otter are provided, suggesting

no major sources of under prediction.

Approach noise levels for Concept B8 are the most interesting of the three concepts. As mentioned, the predictions

for the baseline are slightly higher for both power setting relative the published NPD curves. However, relative to that

prediction, the “min" power setting suggests lower 𝐿A,max levels for the concept at lower slant distances, while that
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Fig. 12 Estimated approach NPD curves for Concept B8,compared against the published ones of the reference
aircraft DHC-6 Twin Otter.
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Fig. 13 Predicted approach NPD curves for Concept E1, compared against the published ones of the reference
aircraft ATR72-212A.
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difference diminishes for larger slant distance. This effect is predominately driven by the directivity differences due to

the ducted-fan architecture of concept B8. At low slant distances the blockage (redistribution of on noise radiation into

two distinct forward and rear arc lobes, as opposed to the dipole lobe, Fig. 7 of the reference aircraft). The observer

is in the direction the peak of the ducted-fan directivity at a greater distance (further away from the closest point of

approach). At higher slant distances the maximum emission angle offset between the two cases is reduced, minimising

the effect of spherical spreading at the point of 𝐿A,max and almost equalising the maximum level observed.

For the “max" power setting on the other hand, the concept is very slightly louder across all slant distances. A result

expected due the significantly larger MTOW and landing airspeed. This result is perhaps on the optimistic side of

the spectrum for Concept B8 at approach, as detailed airframe/landing gear design has not been accounted for in the

airframe noise contribution.

The results for Concept E1 are unsurprising. The reduction in MTOW is reflected through the power setting

percentages chosen and therefore a reduction in noise is observed in the approach event. Airframe and landing gear

design is unchanged relative to the ATR-72, resulting in the minor changes in levels being attributed to the change in

landing speed from 61 m/s to 58.1 m/s, contributing to the reductions. Further reductions would be observed in the

comparison of the approach certification point, due to slightly steeper approach angle.

C. Summary

Concepts with an increased number of propellers, number of blades and diameters and reduced rotational speed

relative to the reference aircraft benefited in terms of maximum observed SPL and SEL at both takeoff and approach.

Observed noise variations in takeoff noise levels are more apparent due to propeller noise being the dominant source.

Despite the increase in MTOW and thus thrust requirement, Concept B5 shows reductions in all aspects of the noise

power distance curves. Significant decreases are observed at full-power takeoff as the engine (specifically propeller)

sources dominate throughout the operation. This trend of reduced noise levels by increasing the number of propeller

is further validated by the comparison of the already certified de Havilland Canada DHC-7 with the similarly sized

DHC-8. The four turboprop configuration of the DHC-7 leads to significantly reduced noise certification levels at all

three points relative to almost all variants (lighter and heavier) of the DHC-8 [27]. Although, newer generations of the

Dash-8 using a combination of a Pratt & Whitney PW150A and Dowty Propeller R408/6-123-F/17 significantly reduces

the relative difference between the two aircraft and increase the margin to the noise limits.

Similar effects take place for Concept B8. Whilst the number of propellers is unchanged relative to the two present

on the reference Twin Otter, the decrease in diameter results in a lower tip Mach number. The noise benefits due

reduction in tip speed and increase in number blades do not outweigh the increased contribution of the loading noise

source (both lift and drag components) due to increased thrust requirement.

The design however could benefit from more closely replicating the design choices of the similarly sized currently
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certified Jetstream 31. Despite being a larger and heavier aircraft, the Jetstream manages to have lower certification

levels relative to the DHC-6 [27], while also using two propellers for thrust generation.

Due to minimal changes in design and operation between the ATR72-600 and Concept E1 propellers, noise variation

is caused due to changes in thrust requirements. Further investigation of the sources associated with direct hydrogen

combustion is required. These sources may be direct result of the combustion process or indirect due to introduction of

cooling ducts and vents [35] causing additional cavity and/or duct related acoustic phenomena.

VII. Discussion
Overall, the NPD calculation is a process with many intermediate steps between the generation of noise at the

individual source level and the reception of the total aircraft noise levels (instantaneous and exposure), after propagation,

at any observer location. Replication of experimental results depends on the methods and models employed at each step

of that procedure, but also knowledge of the experimental set-up/strategy, conditions and processing techniques that

results in comparison data.

A. Whole aircraft noise model uncertainty

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 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 iii. the spectral 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.

Unaccounted source mechanisms

Although propeller noise is dominated by low-frequency tones that are 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, specifically due to turbulence ingestion.

Beyond propulsion noise sources, airframe noise modelling, especially in the approach condition, is critical. The
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simplistic implementation of the Fink model, accounting for only variation in airspeed and flap angle deflection through

PWL scaling relations, does not take into account changes in the frequency content and directivity of airframe noise.

However, the validation and concept prediction cases did not see any major airframe (if any) design or flight

configuration changes between the baseline and predicted aircraft, that would required additional deltas. This leads to

the conclusion that possible under-prediction of airframe noise is due to the initial source balance estimation rather than

errors in the estimation of the deltas.

Directivity

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. These same relations determine the distribution

of the acoustic energy during an event duration at any observer location in the 10-dB down window, used for the

estimation of exposure metrics, such as SEL.

The SAE AIR 1845 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 the effective event duration 𝐷AE,d ∝ 𝑑0.75 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. [14].

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.

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) 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 the second 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.

Frequency content

As with directivity, spectral content if affected by the variation of distance throughout a flyover. In the case of
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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 the framework, 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 the

framework that alters levels received at the observer locations.

NPD curves

A discussion is presented on the comparison of numerically calculated NPD curves with measured ones. Large scale

outdoor acoustics campaigns, for certification and NPD curve creation purposes are difficult to replicate for the following

fundamental reasons. The first pertains to the actual 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. 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.

Second, 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 assumptions of the framework.

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.

B. Limitations

The framework is exposed to limitations due to its dependency on experimental data. Two types of data are required

by the framework, flight NPD curves for a representative baseline aircraft and individual source baseline data. Inherently

therefore, the accuracy of the framework is highly dependent on the quality/relevancy (applicability) of said data, in the

absence of which limitations become more pronounced.

Another limitation of an aircraft noise prediction model in the absence of good baseline data is the inability to

identify novel (unforeseen) sources of noise. A good baseline data-set is necessary to identify the sources of noise,

which can then be used to develop appropriate lumped source representations.

As expected, the choice of baseline aircraft is critical to the validity of the linear approximation. Vehicles with no

clear reference vehicles will be susceptible to the previous limitation, and require a combination of closely working with
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design teams and engineering judgment based on the expected design and operation to accurately define the lumped

source model and iterate appropriately. Validation of such of a lumped source model, would require full scale flight test

data. However, the framework should be used as a guide for the well-understood sources to prevent major noise risks

and as a tool that can provide impact assessment of potential unknown sources of noise.

Beyond conceptual and the early stages of preliminary design, detail changes in design (e.g. propeller blade sweep)

and operation are not captured appropriately. Assessment of the impact of detailed design is beyond the scope of the

tool; unless the individual source methods are updated to a higher fidelity; or semi-empirical models that leverage

models and data of the detailed designs.

Finally, access to actual operational (trajectory and performance) data is limited, confining flight modelling to the

straight level NPD flight procedures which may not be representative of NPD experimental campaigns. Additionally,

operation and performance (total air vehicle and performance) is difficult to extrapolate when in conceptual design

stages. Generally, the NPD process lends itself to cases where the operation of a given aircraft can be broken down into

simple segments of constant performance. This is not necessarily the case for all novel aircraft, especially air vehicles in

the AAM sector. Such vehicles are characterised by transient phases of flight that require multiple operational modes to

describe a single takeoff or landing procedure. Each mode requires specific definition of possible transient performance

data, and corresponding complex lumped noise source models. The assumptions regarding the source breakdown are

also invalidated, requiring additional sets of data to inform that process.

C. Model strengths and suggested use

Predictions are based on readily available noise and performance data. Detailed definition of design and operation

parameters are not required, as the intended use environment within conceptual design does not lend itself to detailed

design and high fidelity data sets. Reduced set-up and run time allow for quick iteration and feedback to be provided to

design teams. This also allows for parametric studies or Monte Carlo type simulations when uncertainty exists within

the input parameters.

The lumped source model allows for flexibility in the definition of the representative sources and is easily extensible

when methods and/or data exist for the calculation of deltas. It provides an insight on how the PWL, directivities and

spectral content of the individual sources combine together to form the total noise signature of the aircraft and how that

manifests to operational noise - and specifically noise event metrics: instantaneous, 𝐿A,max and exposure, SEL; which is

not intuitive. When coupled with appropriate data sets, the tool allows for the assessment of changes in operation (e.g.

operational weight ) for configuration comparisons and changes in design (e.g. propeller diameter) and the relative

impact between the two. Additionally, the contributing individual sources are not limited to the ones discussed herein;

although not trivial, any source method can be used to produce the required PWL, directivity and spectral shapes and

contribute to the overall lumped source definition. By comparing the relative difference between NPD curve predictions,
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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 and in terms of exposure metrics.

VIII. Conclusions
A framework for computationally generating NPD data for current and concept propeller powered aircraft was

presented in this paper. The framework is a whole air vehicle noise prediction tool, used to model air vehicles as the

sum of individual sources for the estimation of certification and operational noise. This was an update to the original

lumped noise source method developed by Synodinos et al. [1] to account for tonal noise sources. A specific method for

propeller steady harmonic noise was derived and included in the definition of the lumped source model. This method is

an asymptotic approximation to the Hanson frequency domain propeller harmonic noise model [23]. The resulting

formulation gives the far-field SPL as a function of the fundamental tone of the acoustic signature, and a shape function

describing the levels of the harmonics relative to that fundamental. Changes in noise levels between two designs and/or

operating conditions are then estimated and combined with a reference baseline case, to produce predictions for the new

concepts. Finally, Noise-Power-Distance curves are generated using the derived noise levels and implementation of

computational steady level flyovers.

Predictions for current fixed-wing propeller powered aircraft were used as benchmarks, while predictions for

hydrogen powered propeller concepts were also presented. Two main assumptions where made regarding the description

of the lumped source representation of the aircraft as a noise source: (i) the lumped noise source model is comprised of

two individual sources: propeller harmonic noise and airframe noise. Noise at takeoff is dominated by steady propeller

harmonic noise, this being loading (lift and drag) as well as thickness noise sources. (ii) the overall aircraft directivity is

assumed to be a PWL weighted average of the individual source directivities.

It allows simple testing of assumptions such as source balance, breakdown and dominance, while capturing all the

high-level design variations expected to occur at the preliminary design stage of a propeller powered aircraft. Finally, it

provides guidance on the impact of changes of various design parameters, on the individual noise sources they affect

and how the whole vehicle noise signature changes as a result. These calculations may br performed in parallel to the

design iteration process, and leveraged to provide constructive feedback.

A. Appendix: Methodology of error analysis
Assuming the noise level 𝐿𝑝 is a function of parameters 𝜂 𝑗 , 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) (25)
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After implementing changes in operation and design, the parameters become, 𝜂1, 𝜂2, · · · , 𝜂𝑛 where 𝜂 𝑗 = 𝜂0, 𝑗 + Δ𝜂 𝑗 ,

the sound levels becomes,

𝐿𝑝 = 𝑓 (𝜂 𝑗 ) = 𝑓 (𝜂0,1 + Δ𝜂1, · · · , 𝜂0,𝑛 + Δ𝜂𝑛) (26)

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

)
(27)

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 𝜂 𝑗 are made to the individual sources, as means of implementing technological/operational

changes, the new SPL may be written as,

𝐿𝑝 = 10 log

(
𝑠∑︁
𝑖=1

10[𝐿𝑝,0,𝑖+Δ𝐿𝑖 (𝜂0+Δ𝜂)]/10

)
(28)

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

Δ𝐿𝑖, 𝑗 (𝜂0, 𝑗 → 𝜂0, 𝑗 + Δ𝜂 𝑗 ) (29)

In order to estimate the change terms Δ𝐿𝑖, 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

𝑟𝑒 𝑓
>> 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 Eq. (29) we have,

𝑛∑︁
𝑗=1

Δ𝐿𝑖, 𝑗 (𝜂0, 𝑗 → 𝜂0, 𝑗 + Δ𝜂 𝑗 ) =
𝑛∑︁
𝑗=1

𝜕𝐿𝑝,𝑖 (𝜂0,1, · · · , 𝜂0,𝑛)
𝜕𝜂 𝑗

(𝜂 𝑗 − 𝜂0, 𝑗 ) (30)

or the change to a single individual source is,

Δ𝐿𝑖 =

𝑛∑︁
𝑗=1

𝜕𝐿𝑝,𝑖

𝜕𝜂 𝑗

Δ𝜂 𝑗 (31)
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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

)
(32)

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 Eq. (3) and (4). Eq. (4) is the result of applying

changes Δ𝜂 𝑗 to the baseline point.

The new level of the fundamental tone, and the new shape function are therefore given by,

𝐿 𝑓1 = 𝐿 𝑓1 ,0 + Δ𝐿 𝑓1 (𝜂 𝑗 → 𝜂 𝑗 + Δ𝜂 𝑗 ) (33)

and

𝐹1 (𝑚) = 𝐹1,0 (𝑚) + Δ𝐹1 (𝑚, 𝜂 𝑗 → 𝜂 𝑗 + Δ𝜂 𝑗 ) (34)

In order to estimate Δ𝐿 𝑓1 and Δ𝐹1, the linear approximation in Eq. (31) is employed. The changes are expressed as,

Δ𝐿 𝑓1 =

𝑛∑︁
𝑗=1

𝜕𝐿 𝑓1 (𝜂0,1, · · · , 𝜂0,𝑛)
𝜕𝜂 𝑗

(𝜂 𝑗 − 𝜂0, 𝑗 ) (35)

and

Δ𝐹1 (𝑚) = Δ𝐹1

(
𝑓

𝑓1

)
=

𝑛∑︁
𝑗=1

𝜕𝐹1 (𝑚, 𝜂0,1, · · · , 𝜂0,𝑛)
𝜕𝜂 𝑗

(𝜂 𝑗 − 𝜂0, 𝑗 ) (36)

Equation (35) and (36) form the generalised versions of the previously derived Eq. (19) and (21).

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. 14. The tangent of the function is calculated at

the baseline point. The difference between the two curves is shown as the error in Fig. 4.

B. Appendix: Computational procedure for developing Noise-Power-Distance curves
The contents of this Appendix aims to extend the framework presented by Synodinos et al. [1], for the generation of

NPD curves from the derived change in overall PWL (ΔPWL) 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. 15. In addition, the NPD curves of the baseline scenario used to compute the ΔPWL are required. The

baseline NPD data is back-propagated to the source PWL where the estimated ΔPWL 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
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Fig. 14 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 Δ𝜂 𝑗 . Baseline parameters shown, 𝐷 = 1.4𝑚, 𝐵 = 4,
𝑀𝑥 = 0.4, 𝑁 = 2000 rpm.
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OASPL NPD levels at all 10 standard slant distances are generated.

Fig. 15 Geometrical setup during steady, level flyover operation between the moving aircraft and the stationary
observer.

The standard SAE AIR1845 [3] 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 [1] and [2] along

with the SAE AIR1845 [3].

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 with experimentally measured 𝐿A,max NPD level at distance 𝑑 and polar angle 𝜃.

• The measured 𝐿A,max is back propagated to the source. This means the removal of the A-weighting, the removal

of the atmospheric attenuation correction and the correction for spherical spreading. The decomposition into

1/3rd octave band spectra with knowledge of the baseline shape 𝐹1 and the methodology presented in [20].

• 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 (Δ𝐿𝑝 (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.

• Δ𝐿𝑝 (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) taking into account the change in fundamental frequency level, and spectra shape.

• changes Δ𝐿𝑝 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.

• The levels at the remaining engine power settings at the same distance 𝑑 are obtained by adding the noise level

variation Δ𝐿𝑝 resulting from changing the engine power to the first level 𝐿𝑝 (𝑑, 𝑗) of the modified scenario.
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• The SAE AIR1845 computational step is then used to propagate the levels at distance 𝑑, the 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 𝐿AE NPD relationship.

• 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.

C. Appendix: Concept aircraft design parameters
This appendix is devoted to presenting the design characteristics of the three concept aircraft for which NPD curves

are presented in Section VI. The concepts are code named as B5, B8 and E1 as a result of the data management during

the design stages with no particular correlation to the individual design. It is worth noting that all concepts are still in the

preliminary stage of design, and the purpose of this study is not to optimise these designs; it is however to showcase the

capability of the proposed noise framework to work in parallel with the design teams and perform acoustic evaluation

provided with the limited data and resources at the early design stages.

Concept B5

Concept B5 is a clean-sheet high wing propeller design based on the specifications of the de Havilland Canada

DHC-6 Twin Otter. The design is powered by four (4) propellers driven by electric motors. Energy is stored in the form

of gaseous hydrogen (H2) and converted to useful electrical power through the use of fuel cells. Pressurised spherical

tanks are used for the storage of the H2 and are located at the rear of the fuselage. The general dimensions of the aircraft

are dictated by the volume constraints that accompany gaseous H2. A summary of the performance and operational

characteristics of the concept may be seen in Table 3.

Concept B8

Concept B8 is a clean-sheet high wing propeller design also based on the specifications of the de Havilland Canada

DHC-6 Twin Otter. The design features two (2) propellers driven by electric motors. Energy is stored in the form

of liquid hydrogen (LH2) and converted to useful electrical power through the use of fuel cells. The aircraft and the
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propulsion system have been designed to comply with Certification Specifications for Large Aeroplanes (CS-25). A

summary of the performance and operational characteristics of the concept may also be seen in Table 3.

Concept E1

Finally, Concept E1 is a high wing propeller design based on the specifications of the ATR72-600. As the reference

aircraft, the concept features two (2) propellers. The conventional gas turbine turboprops are replaced with a novel

liquid hydrogen turboprop propulsion system. The reference aircraft structure mass and airframe dimension have been

kept constant. Tanks are used for the storage of the LH2 and are located at the rear of the fuselage. A summary of the

performance and operational characteristics of the concept may also be seen in Table 3.
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