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Abstract 

New technologies are paving the way for Innovative and Advanced Air Mobility (IAM/AAM) like Unmanned 

Aerial Vehicles (UAV) and Urban Air Mobility (UAM). Numerous of such systems are being developed and the 

majority uses electrically driven rotors and/or propellers for thrust generation. Besides thrust, rotors and pro-

pellers also generate noise, causing annoyance for people in and around the IAM/AAM. Predicting this noise 

is therefore important for policy makers and developers of IAM/AAM. This paper describes the development 

of such a tool which is relatively fast so that e.g. policy makers can use it to predict noise along certain trajec-

tories or define noise abatement procedures. For IAM/AAM developers a fast noise prediction tool is very 

useful in the concept design phase. For prediction of annoyance on the ground, it is also important to take the 

environment into account in which the noise propagates. This paper is therefore organized in three sections: 

a section about the noise source modelling, a section about the propagation model and a section showing how 

these predictions can be used in a Virtual Reality (VR) environment for noise annoyance perception studies. 

1. NOTATION1 

Acronyms:  

AAM Advanced Air Mobility 

BPF Blade Passing Frequency 
BPM Brooks-Pope-Marcolini model 
ENOISE NLR’s full aircraft noise prediction tool 
eVTOL Electric Vertical TakeOff and Landing 
IAM Innovative Air Mobility 

NLR Netherlands Aerospace Centre 

ROLLAC Rotating Lifting Line Acoustic 
ROLLNAX Rotating Lifting Line Non-Axial 
SPL Sound Pressure Level 
UAV Unmanned Aerial Vehicle 
URANS Unsteady Reynolds-Averaged Na-

vier-Stokes 
VCNS Virtual Community Noise Simulator 
VR Virtual Reality 
  

2. INTRODUCTION 

New technologies are paving the way for Innovative 

and Advanced Air Mobility (IAM/AAM) like Unmanned 

Aerial Vehicles (UAV) and Urban Air Mobility (UAM). 

Numerous of such systems are being developed and 

the majority uses electrically driven rotors and/or pro-

pellers for thrust generation. Besides thrust, rotors 
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and propellers also generate noise, causing annoy-

ance for people in and around the IAM/AAM. Predict-

ing this noise is therefore important for policy makers 

and developers of IAM/AAM. Greenwood et. al [1] 

presented an overview of the challenges and oppor-

tunities for low-noise electric aircraft, with focus on 

eVTOL noise source mechanisms and prediction. 

UAV and UAM can be classified by their rotor scales 

with relatively low to medium i) chord Reynolds num-
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vehicles, especially if they are expected to fly within 

urban environments, these effects should also be 

considered as it may influence the sound level, sound 

character, and direction of the (perceived) sounds. 

3. NOISE SOURCE MODELLING 

3.1. General 

The scope of the noise modelling encompasses rotor 

and propeller noise, i.e. jet powered IAM/AAM are not 

included in this tool (unlike NLR’s full aircraft noise 

prediction tool ENOISE [8]). The noise modelling is 

centered around the commercially available software 

package FLIGHTLAB [9]. FLIGHTLAB is a state-of-

the-art, finite element, component-based, selective fi-

delity modelling and analysis software package. Fig-

ure 1 shows NLR’s low-fidelity noise source predic-

tion tool scheme. 

 

Figure 1: Flow chart of noise source prediction tool. 

Starting from known blade planform geometry and 

flight conditions (in a wind tunnel the free-stream flow 

direction resembles the opposite flight direction), the 

blade sectional aerodynamic coefficients are ob-

tained from either open source tool XOIL [14] or 

URANS simulations. FLIGHTLAB then simulates the 

rotor unsteady aerodynamic loads (time domain). 

NLR’s tool ROLLNAX (Appendix A) computes the to-

nal noise. Rotor broadband noise is predicted by im-

plemented semi-empirical models (i.e. BPM [4], Pegg 

[15], GL [16] or TI [17]). Finally, hemispheres for 1/3-

octave bands present the directivity. For platforms in-

cluding isolated propellers, MAEPROP [3] computes 

the steady aerodynamic loads and ROLLAC [3] pre-

dicts the propeller tonal noise. 

Greenwood et. al [1] show an overview of the taxon-

omy of rotor noise sources, which is based on the 

work of Brooks and Schlinker [2]. Similar to this over-

view, the deterministic loading noise is predicted by a 

NLR in-house developed code called ROLLNAX (see 

section 7). This code is an expansion of the in-house 

code ROLLAC, which is developed by Brouwer [3]. 

The expansion covers propeller noise in non-axial 

flow, which is relevant for rotors and tiltrotors in IAM 

and AAM. The non-deterministic broadband noise is 

modelled with semi-empirical models, which cover 

blade self-noise. Turbulence and wake ingestion are 

not yet included in the noise toolchain. 

3.2. Case study 

Within this work FLIGHTLAB has been used for mod-

elling a case study UAV (DJI Matrice M600) with 

blade element momentum modelling approach, see 

Figure 2.  

 

 

Figure 2: Top) FLIGHTLAB model of the UAV case 
study. Bottom) The DJI Matrice M600 [18], which is 
the case study UAV. 



The FLIGHTLAB model provides the aerodynamic 

conditions at each blade section at multiple azimuth 

positions, whilst taking the deterministic aerodynamic 

interaction of the rotors onto each other into account. 

These aerodynamic conditions are input for the 

acoustic modelling. In the remaining part of this sec-

tion individual steps are described. 

First, the rotor blade geometry was measured by 

means of optical scanning. Then 10 airfoil sections 

were extracted to obtain chord and pitch at each 

spanwise position. As the airfoils appeared to have 

identical shape, URANS simulation were performed 

for this particular shape at a certain rotational speed 

and three Mach-Reynolds number combinations. 

This provided the blade sectional steady aerody-

namic coefficients (lift and drag) as function of angle 

of attack. 

Second, FLIGHTLAB simulations were performed for 

hover and steady flight conditions. This yielded the 

unsteady aerodynamic sectional loads (angle of at-

tack, lift, drag and Mach nr at 24 azimuthal angles in 

the rotor plane) at trimmed rotational speed for each 

rotor blade and each rotor of the multi-copter. Figure 

3 shows an example contour plot. 

 

Figure 3: Contour plots of local Mach number in rotor 

planes during hover. 

Third, the output of FLIGHTLAB was converted via an 

intermediate tool to required input files for ROLLNAX. 

It is noted that for this use case the vehicle has a lon-

gitudinal pitch and the rotor planes are positioned on 

a conical surface which complicated the determina-

tion of the angle between rotor-axis and flight direc-

tion (χ in Figure 11). Then the far-field version of 

ROLLNAX (section 7) was run to yield the tonal com-

plex pressure at the first three BPFs on observer po-

sitions distributed over a cylindrical surface. 

Fourth, the rotor broadband noise was predicted by 

using the BPM model [4] for identical flight conditions 

at identical observer positions. The implementation 

allows compatibility with the FLIGHTLAB output files. 

The output files contain SPL values for a broad range 

of 1/3-octave bands. Preliminary results of a compar-

ison between the output of various semi-empirical 

models (section 3.1) suggest inconsistencies. The 

reason for this is investigated in current research. 

Finally, for each flight condition the individual noise 

source cylinders of all rotors are summed to yield 

hemispheres of total SPL at specified 1/3-octave 

bands. 

In summary, the noise of each rotor blade is calcu-

lated with varying aerodynamic loading along a blade 

rotation. The noise predictions for all the blades are 

summed and the resulting sound pressure levels on 

a grid surface of a hemisphere around the UAV are 

calculated as complex amplitudes. 

 

 

Figure 4: Examples of calculated hemispheres for a 
low-speed (1 knots) steady forward flight. Top) a 
hemisphere for the 80 Hz 1/3-octave band. Bottom) a 
hemisphere for the 8 kHz 1/3-octave band. 



Figure 4 shows examples of two calculated hemi-

spheres for the DJI M600 at a steady forward flight 

speed of 1 knots. The left hand figure is dominated by 

the 1st BPF, which has a strong directivity within the 

individual rotor planes. The right hand figure is domi-

nated by the broadband noise, which has strong 

downward and upward directivity (i.e. along each ro-

tor axis). Appendix B presents some results of a high-

speed (27 knots) flyover event. 

4. NOISE PROPAGATION MODELLING 

The model developed in this work predicts noise 

propagation in an urban environment. A generic noise 

source description, in the form of SPL on the surface 

of a hemisphere encapsulating the source, forms the 

noise input. The urban environment is described in 

terms of 2D outlines of buildings accompanied with a 

certain height, forming blocks with flat roofs. This de-

scription is compatible with the publicly available map 

of the Netherlands of the RIVM [5], which is a map 

specifically developed for noise modelling and in-

cludes the complete map of the Netherlands. An al-

gorithm has been developed, which finds the relevant 

paths between the sound source and the observer.  

See Figure 5. 

 

Figure 5: Flow chart of noise propagation algorithm. 

This raytracing algorithm takes direct paths, diffracted 

paths and reflection paths into account (3 levels 

deep). Once the relevant paths have been found, the 

resulting noise level at the observer point is calcu-

lated via the method prescribed in CNOSSOS-EU [6]. 

Besides geometric spreading of sound power, the 

source directivity, atmospheric absorption, reflecting 

material and diffractive damping is taken into account. 

As use case, a flyover of the DJI Matrice M600 over 

the DigiCity facility at the Drone Centre of NLR [7] is 

modelled and corresponding noise levels on the 

ground are calculated, as shown in Figure 6 - Figure 

8. In order to validate the tool, measurements at this 

facility are scheduled, but are beyond the scope of 

this paper. 

 

Figure 6: Visualization of calculated propagation 
paths for a 1 knots steady flyover at 6 meters height. 
From left top corner and in clockwise direction, the 
timestep increases, only 4 exemplary time steps are 
shown. The simulated urban environment concerns 
NLR’s DigiCity. 

 

Figure 7: NLR's DigiCity for UAV urban environment 
studies. 

The SPL evolution shows that in this case the low fre-

quency tonal noise (rotor 1st BPF) has dominant con-

tribution over the high frequency rotor broadband 

noise for the major part of the flight trajectory. From 

these results it is possible to directly compute an A-

weighted overall SPL (analog to human perception 

assessment for certification-like studies). However, 

noise annoyance perception assessment requires 



additional steps that are described in the following 

section. 

 

Figure 8: Calculated SPL as function of time using the 
hemispheres of Figure 4 and the calculated propaga-
tion paths of Figure 6 as input. The figure shows 4 
different frequency bands and also shows the number 
of acoustic propagation paths found per timestep. 

5. NOISE ANNOYANCE PERCEPTION IN A VR-

WORLD 

 

Figure 9. Person experiencing the Virtual Community 
Noise Simulator. 

For research on noise and visual perception, NLR de-

veloped the Virtual Community Noise Simulator, a 

noise simulator with additional visualization using a 

Virtual Reality headset [10], see Figure 9. This facility 

allows simulation of flyover events in a controlled, la-

boratory setting. The simulation also allows the visu-

alization and ambient sounds of different environ-

ments to be presented, to evaluate their impact on the 

participants’ perception of the flyover events. There 

have been recent studies on the human perception of 

drone sounds using this simulator [11]-[12], but none 

of these studies considered acoustic effects on the 

sound propagation of drones due to the urban envi-

ronment. For this reason, a model is necessary to that 

considers the 3D urban environment and reflection, 

scattering and diffraction effects on the sound propa-

gation. In a 3D perception simulation, not only the 

sound as propagated through the urban environment 

is important, but also the direction of sound sources 

contribute to recreate a realistic sound simulation. In 

a first version of the model, focus was placed on both 

reflection and directivity. Scattering and diffraction 

shall be added in a following step.  

For the simulation of drone flyover sounds in an urban 

environment, two approaches can be taken to simu-

late it in NLR’s VCNS. First, if the flight path of the 

drone, as well as the location (or moving path) of the 

observer is known in advance, reflection paths can be 

calculated in advance. This reduces the burden of 

calculation while simulating the sound event. Second, 

using the Unity 3D game engine used in the VCNS, a 

virtual environment can be set up where sound paths 

are real-time simulated with both a moving source 

(drone) and a moving observer. The latter approach 

requires more real-time processing power and allows 

for interactions between drone and observer. For in-

stance, the drone can change direction, just as the 

observer, and it the sound reflections will change ac-

cordingly. Note, however, that in most simulation set-

ups, the observer will be stationary with only his or 

her head moving. For this reason, the noise modelling 

approach presented in section 4 will work if real-time 

processing is not required. 

 

Figure 10. Top-down view of the sound paths in the 
Unity environment of the VCNS. The white dot is the 
source (drone), the blue dot is the receiver position. 
Brown areas are the buildings that reflect the sound. 
The green and yellow lines are (example) sound 
paths with reflections. 

As a proof of concept, the real-time approach was ex-

amined as well. The idea behind this approach is that 

optimization improvements may lead to real-time 



performance later on. In this approach, the urban en-

vironment is modelled with 3D objects, and facades 

and ground objects are instrumented to reflect sound 

sources. Using ray casting functionality in the gaming 

engine, sound paths from drone to observer are cal-

culated, see Figure 10. The number of real-time re-

flections depends on the number of facades that have 

been instrumented with a reflection “layer”. The pur-

pose of this layer is to add a mirroring sound source 

in case of a detecting of an incoming sound source. 

Also, additional scattering effects and diffractions 

were not considered as the main goal was to deter-

mine the directional paths of all reflected sources to-

wards the observer. But future improvements may al-

ter the reflected sound signature by applying a suita-

ble attenuation based on the type of surface of the 

reflection. The Unity software allows for a visual dis-

play of these paths, making the implemented ap-

proach easier to interpret. By determining the direc-

tions, the sound can be reproduced for the receiver in 

the right location. This is needed as the binaural re-

production and head movements allow the observer 

to experience directional sounds. 

6. CONCLUSIONS 

1. A noise prediction tool for  IAM/AAM in urban en-

vironments has been developed. The low-fidelity 

tool is relatively fast so that e.g. policy makers 

can use it to predict noise along certain trajecto-

ries or define noise abatement procedures. For 

IAM/AAM developers the fast prediction tool can 

be very useful in the concept design phase. 

2. The noise modelling is centered around the com-

mercially available software package 

FLIGHTLAB, where rotor-rotor and rotor-airframe 

aerodynamic interactions are taken into account. 

The rotor unsteady aero loads serve as input for 

the noise modelling. The deterministic loading 

noise is predicted by the NLR newly in-house de-

veloped code called ROLLNAX. This code is an 

expansion of the in-house code ROLLAC. The 

expansion covers propeller noise in non-axial 

flow, which is relevant for multi-rotor and tiltrotors 

in IAM/AAM. The non-deterministic broadband 

noise is modelled with semi-empirical models, 

which cover blade self-noise. Validation of these 

models is subject of current research. Wake in-

gestion and motor noise is not yet implemented 

in the toolchain. These are subject of current and 

future research. 

3. FLIGHTLAB has been used for modelling a case 

study UAV (DJI Matrice M600). For hover and 

steady forward flight speed, noise hemispheres 

have been calculated. For low-frequency tonal 

noise, hemispheres per BPF show the directivity. 

This can be done for correlated- and uncorrelated 

sound sources. As multi-rotor phase information 

is often lacking, and RPM can vary in service, ro-

tor uncorrelated tonal noise hemispheres are pre-

sented. It has been observed that increasing flight 

speed can shift the tonal directivity from largely 

horizontal to vertical/ground direction. The high-

frequency broadband noise hemispheres show 

main directivity to the ground direction. This is of 

particular interest for human perception studies, 

as the A-weighing there has less penalty than the 

tonal noise frequency range. 

4. A model has been developed for predicting noise 

propagation in an urban environment. The urban 

environment description is compatible with the 

publicly available map of the Netherlands. A ray-

tracing algorithm takes direct-, diffraction- and re-

flection paths into account (3 levels deep). The 

resulting noise level at the observer point is cal-

culated via the method prescribed in CNOSSOS-

EU. For the case study, the SPL evolution shows 

dominant tonal noise (rotor 1st BPF) for the major 

part of the flight trajectory. 

5. For research on noise and visual perception, NLR 

developed the Virtual Community Noise Simula-

tor, a noise simulator with additional visualization 

using a VR headset. None of the recent VCNS 

studies on human perception of UAV noise con-

sidered acoustic effects on the sound propaga-

tion due to the urban environment. For this rea-

son, a model has been developed that considers 

the 3D urban environment and noise directivity 

and reflection, where scattering and diffraction ef-

fects are not implemented yet. 
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7. APPENDIX A: ACOUSTIC LIFTING-LINE 

MODEL FOR A ROTOR IN NON-AXIAL FLOW 

A rotor in a uniform flow is considered, with the axis 
of the rotor making an angle χ with the flow. In this 
Appendix all coordinates and variables are made di-
mensionless on the rotor tip radius, the speed of 
sound, and the ambient density of air. In the lifting-
line approach the wave equation for the acoustic 
pressure p and the source term can be written as ([3]): 
 

[(
D

D𝑡
)
2

− ∇2] 𝑝(𝑥, 𝑟, 𝜃, 𝑡) = 

𝐵

2𝜋
∑ ∇′ ∙

1

𝑟′
[𝐿⃗ − 𝐷̿ ∙ ∇′]. 𝛿(𝑥′)𝑒𝑖𝑛𝐵(𝜃′−𝛺𝑡)

∞

𝑛=−∞

 

 
 
(1) 

 
At the left hand side a cylindrical coordinate system is 
used that is aligned with the main flow, i.e. a uniform 
flow is assumed of Mach number M in the positive x-

direction. Here 
D

D𝑡
=

𝜕

𝜕𝑡
+ 𝑀

𝜕

𝜕𝑥
. The cylindrical coordi-

nate system at the right hand side is aligned with the 
rotor axis, i.e. the azimuthal position of a blade is 

given by the angle ’. The origin coincides with the 
rotor plane centre. In the lifting-line approximation the 
sources are confined to the x’ = 0 plane. The number 
of blades is denoted by B and the shaft rotation circu-

lar frequency by . The vector 𝐿⃗  represents the force 

per unit span on the blades, and the tensor 𝐷̿ both the 
pitching moment and the cross-sectional area (‘thick-
ness’) of the blade sections. The coordinate system 
is sketched in Figure 11. 
 

 
Figure 11: Coordinate system used in Eq.(1) for a ro-
tor in non-axial flow. 
 

In the case of a helicopter or UAV rotor, χ will be close 
to 90°. If χ = 0, as for an aircraft propeller in level flight,  
the primes disappear and the same equation as in ref. 

[3] is retained. In that case the vector 𝐿⃗  and the tensor 

𝐷̿ depend on the radial coordinate r only. For χ  0 
however, they depend on both r’ and the azimuthal 

position ’. Eq.(1) can be solved by the application of 
a Green’s function. The time dependent version of the 
Green’s function used in ref. [3] reads: 
 

 

 

𝐺(𝑥, 𝑟, 𝜃, 𝑡|𝜉, 𝜌, 𝜑, 𝜏) = 

1

(2𝜋)2
∫ 𝑒𝑖𝜔(𝑡−𝜏) ∑ 𝑒𝑖𝑚(𝜃−𝜑) ∫

𝛾𝐽𝑚(𝛾𝑟)𝐽𝑚(𝛾𝜌)

2𝑖𝜅(𝛾, 𝜔)

∞

0

∞

𝑚=−∞

∞

−∞

× 

exp [𝑖
(𝑥 − 𝜉)

𝛽2
[𝑀𝜔 − sgn(𝑥 − 𝜉) 𝜅(𝛾, 𝜔)]] d𝛾d𝜔 

(2) 
 

with: 

𝜅(𝛾, 𝜔) = 𝜔√1 − (
𝛽𝛾

𝜔
)
2

, (𝛽𝛾)2 ≤ 𝜔2 

𝜅(𝛾, 𝜔) = −𝑖√(𝛽𝛾)2 − 𝜔2, (𝛽𝛾)2 > 𝜔2 

 

 

(3) 

 

with 𝛽 = √1 − 𝑀2. The time variation is trivial and the 
complex acoustic pressure can be written as a sum 
of harmonics of the BPF: 

 
𝑝 = ∑ 𝑝̅𝑛𝑒−𝑖𝑛𝐵𝛺𝑡

∞

𝑛=−∞

 (4) 

 

After some straightforward analysis the following ex-
pression is found for the complex amplitude 𝑝̅𝑛: 

 

𝑝̅𝑛 =
𝐵

8𝜋2
× 

∫ ∫ ∑ ∫ 𝑒𝑖(𝑚(𝜃−𝜑)−(𝑥−𝜉̅)𝑘𝑥+𝑛𝐵𝜑′)
𝛾𝐽𝑚(𝛾𝑟)
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∞

0

∞

𝑚=−∞

2𝜋

0

1

𝑟ℎ

 

{𝐿𝜉(𝜌
′, 𝜑′) [(

𝑚

𝜌
𝐴31 − 𝑘𝑥𝐴11) 𝐽𝑚(𝛾𝜌) + 𝑖𝛾𝐽𝑚

′ (𝛾𝜌)𝐴21]

+ 𝐿𝜑(𝜌′, 𝜑′) [(
𝑚

𝜌
𝐴33 − 𝑘𝑥𝐴13) 𝐽𝑚(𝛾𝜌)

+ 𝑖𝛾𝐽𝑚
′ (𝛾𝜌)𝐴23]

+ 𝑄𝜉𝜉 [((
𝑚

𝜌
𝐴31 − 𝑘𝑥𝐴11)

2

− 𝑖
𝑚

𝜌2
𝐴31𝐴21) 𝐽𝑚(𝛾𝜌)

+ 2𝑖 (
𝑚

𝜌
𝐴31 − 𝑘𝑥𝐴11) 𝛾𝐽𝑚

′ (𝛾𝜌)𝐴21 − 𝛾2𝐽𝑚
′′(𝛾𝜌)𝐴21

2 ]

+ 𝑄𝜉𝜑

𝑛𝐵

𝜌′
[(

𝑚

𝜌
𝐴31 − 𝑘𝑥𝐴11) 𝐽𝑚(𝛾𝜌) + 𝑖𝛾𝐽𝑚

′ (𝛾𝜌)𝐴21]

+ [
𝑛𝐵

𝜌′
𝑄𝜑𝜉 −

𝑖 cos𝜑′

𝜌′
𝑇𝜑𝜉] [(

𝑚

𝜌
𝐴31 − 𝑘𝑥𝐴11) 𝐽𝑚(𝛾𝜌)

+ 𝑖𝛾𝐽𝑚
′ (𝛾𝜌)𝐴21]

+
𝑛𝐵

𝜌′
[
𝑛𝐵

𝜌′
𝑄𝜑𝜑 −

𝑖 cos 𝜑′

𝜌′
𝑇𝜑𝜑] 𝐴33𝐽𝑚(𝛾𝜌)} d𝛾d𝜑′d𝜌′ 

(5) 
 

with rh denoting the radial position at the hub. It has 

been assumed that the tensor 𝐷̿ can be approximated 

by 𝐷̿ = 𝑄̿ + sin 𝜃′ 𝑇̿ with 𝑄̿ and 𝑇̿ constant in 𝜃′. The 

subscripts  and  denote the components in the 
′
 

and 𝜑′ directions. Note that if χ = 0, and thus 𝜑′ = 𝜑, 

the integration over  yields 0, except for m = nB, 



assuming that in this case 𝐿⃗  and 𝐷̿ do not depend on 

, representing a propeller in uniform flow. 
The transformation from the primed to the un-primed 
variables is obtained by a simple coordinate transfor-
mation. By changing the integration to the primed var-
iables the use of the Jacobian matrix A is necessary. 
Its components can be expressed as function of χ and 
𝜑′: 
 

𝐴11 =
𝜕𝜉

𝜕𝜉′
= cos 𝜒 

𝐴12 =
𝜕𝜉

𝜕𝜌′
= sin𝜑′ sin  

𝐴13 =
𝜕𝜉

𝜌′𝜕𝜑′
= cos𝜑′ sin 𝜒 

𝐴21 =
𝜕𝜌

𝜕𝜉′
=

−sin𝜑′ sin 𝜒 cos 𝜒

√1 − sin2 𝜒 sin2 𝜑′
 

𝐴22 =
𝜕𝜌

𝜕𝜌′
=

𝜌

𝜌′
= √1 − sin2 𝜒 sin2 𝜑′ 

𝐴23 =
∂𝜌

𝜌′ ∂𝜑′
=

−sin2 𝜒 cos𝜑′ sin 𝜑′

√1 − sin2 𝜒 sin2 𝜑′
 

𝐴31 =
𝜌𝜕𝜑

𝜕𝜉′
=

−sin 𝜒 cos 𝜑′

√1 − sin2 𝜒 sin2 𝜑′
 

𝐴32 =
𝜌𝜕𝜑

∂𝜌′
= 0 

𝐴33 =
𝜌 ∂𝜑

𝜌′ ∂𝜑′
=

cos 𝜒

√1 − sin2 𝜒 sin2 𝜑′
 

 

 

 

 

 

 

 

 

 

 

 

(6) 

 
Finally, the axial wavenumber is obtained from the 
dispersion relation: 
 

𝑘𝑥 = [𝑀𝑛𝐵𝛺 + sgn(𝑥 − 𝜉)̅ 𝜅(𝛾, −𝑛𝐵𝛺)]/𝛽2 (7) 

 

and 

 𝜉̅ = 𝜌′ cos 𝜑′ sin 𝜒 (8) 

 

Far field approximation. In Brouwer [13] a different 
formulation for the Green’s function has been applied, 
expressed in Bessel functions (Jn) and Hankel func-

tions (𝐻𝑛
(2)

). This formulation was used to derive an 

approximation for large arguments, i.e. for  𝑟 ≫ 1. The 
same can be done here, resulting into: 
 

𝑝̅𝑛~
𝐵

8𝜋2
∑ (1 − 𝑖

4𝑚2 − 1

8𝛾0𝑟
) 𝑒𝑖

1
2
𝜋(1+𝑚)

∞

𝑚=−∞

 

(9) 

∫ ∫
𝑒𝑖(𝛼0𝑥−𝛾0𝑟)

𝛽𝑅
𝑒𝑖(𝑚(𝜃−𝜑)−𝛼0𝜉̅+𝑛𝐵𝜑′)

2𝜋

0

1

𝑟ℎ

× 

{𝐿𝜉(𝜌
′, 𝜑′) [(

𝑚

𝜌
𝐴31 + 𝛼0𝐴11) 𝐽𝑚(𝛾0𝜌)

+ 𝑖𝛾0𝐽𝑚
′ (𝛾0𝜌)𝐴21]

+ 𝐿𝜑(𝜌′, 𝜑′) [(
𝑚

𝜌
𝐴33

+ 𝛼0𝐴13) 𝐽𝑚(𝛾0𝜌) + 𝑖𝛾𝐽𝑚
′ (𝛾0𝜌)𝐴23]

+ 𝑄𝜉𝜉 [((
𝑚

𝜌
𝐴31 + 𝛼0𝐴11)

2

− 𝑖
𝑚

𝜌2
𝐴31𝐴21) 𝐽𝑚(𝛾0𝜌)

+ 2𝑖 (
𝑚

𝜌
𝐴31 + 𝛼0𝐴11) 𝛾𝐽𝑚

′ (𝛾0𝜌)𝐴21

− 𝛾2𝐽𝑚
′′ (𝛾0𝜌)𝐴21

2 ]

+ 𝑄𝜉𝜑

𝑛𝐵

𝜌′
[(

𝑚

𝜌
𝐴31 + 𝛼0𝐴11) 𝐽𝑚(𝛾0𝜌)

+ 𝑖𝛾0𝛾𝐽𝑚
′ (𝛾0𝜌)𝐴21]

+ [
𝑛𝐵

𝜌′
𝑄𝜑𝜉

−
𝑖 cos 𝜑′

𝜌′
𝑇𝜑𝜉] [(

𝑚

𝜌
𝐴31

+ 𝛼0𝐴11) 𝐽𝑚(𝛾0𝜌) + 𝑖𝛾0𝐽𝑚
′ (𝛾0𝜌)𝐴21]

+
𝑛𝐵

𝜌′
[
𝑛𝐵

𝜌′
𝑄𝜑𝜑

−
𝑖 cos 𝜑′

𝜌′
𝑇𝜑𝜑] 𝐴33𝐽𝑚(𝛾0𝜌)} d𝜑′d𝜌′ 

 

with: 

 
𝛼0 =

−𝑛𝐵𝛺

𝛽2
(𝑀 −

𝑥 − 𝜉̅

𝛽𝑅
) 

𝛾0 = √(𝑀𝛼0 − 𝑛𝐵𝛺)2 − 𝛼0
2 

𝑅 = √(
𝑥 − 𝜉̅

𝛽
)

2

+ 𝑟2 

(10) 

 

For completeness the explicit expressions for the el-

ements of 𝐷̿ are presented here (from ref. [3]): 
 

 𝐷𝜉𝜉 = −𝑣𝜉
2𝐴 +

𝑣𝜉𝑣𝜑

𝑈2
𝑀𝑝 

𝐷𝜉𝜑 = 𝑣𝜉𝑣𝜑𝐴 + 𝑣𝜉
2𝑀𝑝 

𝐷𝜑𝜉 = 𝑣𝜉𝑣𝜑𝐴 − (
𝑣𝜑

𝑈
)
2

𝑀𝑝 

𝐷𝜑𝜑 = −𝑣𝜑
2𝐴 −

𝑣𝜉𝑣𝜑

𝑈2
𝑀𝑝 

 

(11) 

where A is the cross-sectional area of the blade sec-
tion at 𝜌′, Mp is the pitching moment about the inter-

section with the Pitch Change Axis, 𝑣𝜉 and 𝑣𝜑 are the 

local flow velocity components (relative to the blade 

section), and 𝑈2 = 𝑣𝜉
2 + 𝑣𝜑

2. 



8. APPENDIX B: NOISE SOURCE OF HIGH-

SPEED STEADY FORWARD FLIGHT 

This appendix presents the key results of the use 
case (section 3) for a high-speed (27 knots) steady 
flyover. 
 

 
Figure 12: Contour plots of local Mach number in rotor 
planes during high-speed steady forward flight. 
 

 
Figure 13: Hemisphere for a high-speed steady for-
ward flight: Broadband noise at 8 kHz 1/3-oct. band. 
 
 
 
 
 
 
 
 

 

 
Figure 14: Hemispheres for a high-speed steady for-
ward flight: 1st BPF. Top) correlated rotor sources. 
Bottom) uncorrelated rotor sources. 
 

 

 
Figure 15: Hemispheres for a high-speed steady for-
ward flight: 2nd BPF. Top) correlated rotor sources. 
Bottom) uncorrelated rotor sources. 



 

 
Figure 16: Calculated SPL as function of time for use 
case at high-speed steady forward flight in urban en-
vironment. Profiles for dominating 1/3-oct. bands are 
shown. 
 

 
Figure 17: Calculated SPL as function of time for use 
case at high-speed steady forward flight in free-field. 
Profiles for dominating 1/3-oct. bands are shown. 
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