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A noise footprint prediction framework for propeller-driven aircraft which couples an aerodynamic
model and several aeroacoustic models is presented in this study. The aerodynamic model is based
on the blade element momentum theory, while the aeroacoustic models are based on a time-
domain compact dipole/monopole Ffowcs-Williams and Hawking’'s acoustic analogy, a trailing edge
noise model, and a noise hemisphere database approach including a straight-ray propagation model,
respectively. In order to reduce the runtime, the frequency-domain acoustic formulation, derived by
Hanson (1980), is implemented and validated against the compact dipole/monopole Ffowcs-Williams and
Hawking's acoustic analogy. The framework evaluates the acoustic effects of variations in the design and
operating conditions of a propeller in forward flight. Noise footprints, obtained with different propeller
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BEMT configurations having varying advance ratio and number of blades are compared. It is found that, for
ILDBM FLOW a given thrust, a drop in advance ratio alters the source directivity dramatically, which resulting in a
ower

variation of up to 30 dBA on the acoustic footprint. When the advance ratio is kept the same and the
number of blades increases from 5 to 7, the variation becomes 16 dBA due to the change in the source
directivity, but the maximum noise level remains the same. The latter condition reduces the loading
for each blade, and consequently the associated noise. However, the total noise remains unchanged as a
consequence of increasing thickness noise due to the lower advance ratio, high blade tip Mach number,
and addition of extra blades.
© 2022 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction proved performance over traditional aircraft [6]. As such, the eV-
TOL operations are governed by strong variations in flight speed,
propeller tilt angles, altitude, gross weight, and specific vehicle
configuration. These variations are reflected on the noise footprint

throughout the mission time.

Aircraft noise is the most significant source of adverse com-
munity reaction related to the operation and expansion of air-
ports. Aircraft noise has often been cited as the most undesired

noise in the urban community because of its adverse impacts
on health, including annoyance [1], sleep disturbance [2,3], car-
diovascular diseases [4] and altered cognitive performance among
children [5]. However, this is expected, particularly for Urban Air
Mobility (UAM) operations, to remain the case in most regions of
the world for the foreseeable future.

UAM vehicles, as electric Vertical Takeoff and Landing (eVTOL)
vehicles, are expected to operate with zero operational emissions
and at a lower noise level due to the removal of combustion en-
gines compared to conventional aircraft. Propellers constitute the
most employed propulsive system for this kind of vehicles since
they guarantee high efficiency for low flight speed; they can be
placed, sized, and operated with greater flexibility to leverage the
synergistic benefits of aero-propulsive coupling and provide im-
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Since eVTOL vehicles are still under development, and the com-
munity’s opinion on these vehicles is still forming, limiting the
noise impact on the community at an early stage is crucial. Noise-
Power-Distance (NPD) data [7], which are specific to each aircraft,
have been widely used to evaluate aircraft noise footprint. How-
ever, NPD data can not be applied for eVTOL vehicles as they
differ in many ways from conventional aircraft. In the absence of
NPD, most of the approaches adopted to evaluate aircraft noise
for different flight trajectories and operating conditions start from
sampling noise sources over a hemisphere surrounding the aircraft
[8-11]. The noise sources are then propagated on the ground ei-
ther using the straight-ray propagation model with the assumption
of constant weather conditions or using the curved-ray propaga-
tion model [10] that accounts for the sound wave refraction due
to the wind and temperature gradients. The weather has a signif-
icant impact on long-range propagation, but it plays a small role
in short-range propagation distances over a flat terrain [10]. The
present work focuses only on the acoustic impacts of source pa-
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rameters on the noise emission and footprint of a propeller; thus,
the effect of weather conditions is beyond the scope of this work.

The aforementioned studies used either high-fidelity CFD simu-
lation or experimental measurement data to compute noise hemi-
spheres associated with different operating conditions. Further-
more, high-fidelity CFD simulations have been directly used to
predict aircraft noise emission from the component level [12-14]
to full vehicle configuration restricted to relatively low-frequency
problems [15-18]. Since both high-fidelity CFD simulation and ex-
perimental measurement are too expensive for the design and
evaluation of low noise aircraft and flight mission profiles that are
typically involved in evaluations of hundreds of noise hemispheres,
they cannot be coupled with a design optimization process to ex-
plore acoustic effects of the design and operating parameters on
the noise footprints in an industrial context.

Low-fidelity methods, such as Blade Element Momentum The-
ory (BEMT), have been widely used for the calculation of the
steady loading of propellers, and they can also be coupled with an
acoustic module to retrieve the tonal acoustic radiation [19-22].
Pascioni et al. [22] evaluated the noise footprint of a distributed
propulsion aerial vehicle using low-fidelity methods and a straight-
ray propagation model. Only tonal noise was considered, and an
attempt was made to explore the acoustic effect of varying phase
angle on the acoustic footprint in a small square area (50 m by 50
m). However, assessments of low noise aircraft and flight mission
profiles necessitate the evaluation of aircraft noise footprints over
large square areas and at different time-instance along the flight
mission time. In addition, broadband noise will be much more
critical for UAM vehicles than for conventional aircraft as UAM ve-
hicles are expected to operate at lower tip speeds [23]. This paper
considers only the propeller trailing edge noise. Bian et al. [24]
investigated UAM and drone noise impact on the environment us-
ing a low-fidelity approach and Gaussian beam propagation model.
Noise sources were modeled using aerodynamic variables [25] in-
stead of considering blade geometry and load distributions along a
blade span.

Kotwitcz et al. [26] examined the accuracy of several acous-
tic frequency methods coupled with the BEMT across a range of
propeller geometries and operational conditions. They found out
that any aerodynamic error introduced by the BEMT has a neg-
ligible impact on the acoustic solution and highlighted the effi-
ciency and reliability of early acoustic methods such as Hanson’s
helicoidal surface model [27] for propeller tonal noise prediction.
Casalino et al. [28] established a benchmark activity for propeller
aeroacoustics based on a small unmanned aerial vehicle (UAV)
through comparisons between experiments, high-fidelity simula-
tions based on the Lattice Boltzmann Very Large Eddy Simulation
(LB/VLES) method, and low-fidelity computations. For the latter,
a BEMT method is used for the loads predictions, coupled with
a compact dipole/monopole Ffwocs-Williams and Hawkings (FW-
H) acoustic analogy formulation for tonal noise predictions and a
trailing edge noise module. Accurate forces and tonal noise predic-
tion were achieved using the low-fidelity workflow. Nevertheless,
these studies focused on the radiated noise from stationary sources
and short propagation distances a few times larger than the rotor
diameter. Source motion, acoustic footprints over a large square
area, and the noise impact on the community were not consid-
ered.

Recently, Poggi et al. [29] proposed surrogate models for pre-
dicting propeller aerodynamics and noise emission based on Arti-
ficial Neural Networks (ANN). A three-bladed single propeller was
considered, and acoustic impacts of varying blade twist and chord
distributions were evaluated. Accurate aerodynamic and aeroacous-
tic predictions were achieved within the outlined boundaries of
training data. However, as highlighted by authors [30,31], one of
the crucial limitations of surrogate models based on ANN is their
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inability to generalize outside of their training distribution, i.e., the
inability to extrapolate a solution when the input falls outside the
training space. They can provide very accurate results that can be
comparable to the high-fidelity simulation results (of course, if the
training data are provided by high-fidelity simulation).

This paper presents a computationally efficient and robust
methodology to investigate the acoustic impact of design and op-
erating parameters on the noise footprint of an isolated propeller
in forward flight. To this purpose, the low-fidelity simulation work-
flow developed by Casalino et al. [28] and described above is ex-
tended to compute the noise footprint of a propeller. The research
focused on the fast evaluation of acoustic effects of propeller ad-
vance ratio and blade count, which are the main driven factors
that directly affect the noise footprint of an aerial vehicle. The pre-
sented methodology is not restricted to a specific propeller type or
a flight condition. Instead, it can be applied to any propeller-driven
aerial vehicle for noise emission and footprint predictions as well
as flight mission analysis.

The remainder of this paper is structured as follows. In sec-
tion 2, the low-fidelity workflow is described. In section 3, the
propeller geometry and the validation of the low-fidelity workflow
against high-fidelity simulation are presented. In section 4, a para-
metric study to investigate the acoustic effects of varying numbers
of blades and advance ratio on the acoustic footprint of the pro-
peller is carried out. Finally, the conclusions of the work are given
in section 5.

2. Overview of the low-fidelity approach

A standard hybrid approach is used to predict the source noise
levels as well as the noise footprint of an isolated propeller. Once
the propeller geometry is given in terms of blade and hub ge-
ometry, BEMT computations are carried out by means of the
OptydB-BEMT tool to compute the radial distribution of aerody-
namic loads and integral boundary layer parameters that represent
the input for the tonal and broadband aeroacoustic predictions,
respectively. Subsequently, the noise signals on microphones dis-
tributed on a hemisphere surrounding the propeller are computed
using the OptydB-PNOISE tool. Finally, the propeller noise foot-
print is computed using the Noise Hemisphere Database (NHD)
approach implemented in OptydB-FOOTPRINT with a straight-ray
propagation model. A schematic illustration of the computational
framework is displayed in Fig. 1.

2.1. Source noise prediction

The OptydB-BEMT and OptydB-PNOISE tools constitute the
source noise prediction part. OptydB-BEMT adopts a conventional
BEMT formulation with uniform inflow and Prandtl tip-loss cor-
rection for the loads prediction. The aerodynamic module imple-
mented inside the tool is based on the coupled panel/boundary
layer model by Drela & Giles [32]. Details of the formulation can
be found in the work of Casalino et al. [28]. The OptydB-PNOISE
tool is used to predict the source noise levels in which the tonal
noise contribution is computed using the time-domain FW-H for-
mulation based on the compact dipole/monopole formulation by
Casalino et al. [15] and the broadband noise contribution is pre-
dicted using the trailing edge noise model by Roger and Moreau
extended to a rotating blade and by using the Schinkler and Amiet
WPS model [15].

2.2. NHD-based noise footprint prediction
As mentioned above, the OptydB-FOOTPRINT is used to com-

pute the noise footprint of an isolated propeller. The user can in-
put a series of waypoints defining the vehicle’s planned trajectory
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Fig. 1. A schematic illustration of the computational framework.
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that represents a portion of or a complete flight mission profile.
The model subdivides this trajectory into a number of steady-state
flight segments, each of which is then associated with a noise
hemisphere representing the frequency and magnitude of noise ra-
diated by the propeller over a range of directions for that particular
steady flight condition. For each noise hemisphere, OptydB-BEMT
and OptyoB-PNOISE are subsequently run to compute the noise
signals on the microphones distributed on it. Finally, the noise
footprint of the propeller is predicted using the straight-ray prop-
agation model with the assumption of constant weather condition.

In this study, a single flight condition that represents a con-
stant speed level flight with constant flight direction is considered.
As shown in Fig. 2, for every microphone k on a ground surface
and for every time window i of 0.5 s duration, the emission time
position of the vehicle along its trajectory is determined. At this
position, the glide angle yi" and the Mach number Mf.‘ are calcu-
lated from the coordinates of the trajectory waypoints, whereas the
pitch angle 6%, the rotor RPM¥ are interpolated from the closest
waypoints. Afterward, the angle of attack « is estimated by sub-
tracting the pitch angle from the glide angle (a¥ = 6% — y*). Then,
the narrow-band noise levels are interpolated at si.‘ and sgk from
the closest points on the hemisphere. Finally, the ground noise
levels are calculated using the direct and reflected ray paths, atmo-

spheric absorption according to the standard procedure SAE ARP
866A, Doppler shift, and amplitude corrections.

3. Low-fidelity approach validation

The OptydB-BEMT and OptydB-PNOISE tools were assessed in
the previous work from Casalino et al. [28] by comparing against
experimental measurements and high-fidelity simulations from a
small UAV propeller. In this study, the low-fidelity approach is
validated with high-fidelity simulations conducted using the high-
fidelity CFD solver SIMULIA PowerFLOW® based on the LB/VLES
method coupled with FW-H acoustic analogy [33] (referred to as
high-fidelity approach hereafter). Afterwards, the validity of the
frequency-domain acoustic formulation [27] is verified by compar-
ing it against the time-domain compact dipole/monopole formula-
tion as well as high-fidelity simulation results. Finally, the validity
of the outlined numerical approach is verified by comparing the
noise footprints computed with the low-fidelity approach and the
high-fidelity approach.

The source noise in the high-fidelity approach is predicted by
employing the FW-H solver of SIMULIA PowerACOUSTICS® on the
scale-resolved flow data from PowerFLOW®. The FW-H solver is
based on a forward-time solution [34] of Farassat’s formulation
1A [35]. For this purpose, multiple permeable surfaces, constituted
by cylinders encapsulating the propeller (see Fig. 4), are used to
collect the fluctuations of the flow quantities, thus including the
non-linear contribution of quadruple surfaces in the volume of
fluid around the propeller, which are neglected in the low-fidelity
approach. The signals on the cylinders are averaged to filter out
spurious noise introduced by the larger vortical structures from the
wake of the propeller. Broadband noise is also predicted, due to
the scale-resolving property of the LB/VLES model. Casalino et al.
[28] performed a grid convergence study using the 3DS aeroacous-
tic workflow. A range of grid resolutions that spans from coarse
to fine was used and the grid convergence was verified by moni-
toring the force and tonal noise with a medium resolution. In this
work, the same medium resolution within the same workflow is
employed to generate the high-fidelity simulation results, instead
of repeating the grid convergence study.
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Fig. 3. Propeller geometry and the reference system (a). Propeller chord and twist distributions (b). (For interpretation of the colors in the figure(s), the reader is referred to
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Fig. 4. Propeller model of the reference case, including the permeable sampling surfaces for FW-H acoustic propagation and the noise hemisphere (a). The geometry of the

problem (b).

Table 1
Specifications and operational conditions of the
reference case.

Flight Mach Number (M) 0.2 -
Rotational Speed 1900 RPM
Total thrust (Tp) 1500 N
Advance Ratio () 0.84 -
Diameter (D) 2.5 m
Blade Number (NB) 7 -
Hub-to-Tip Ratio 0.1064 -
Flight Altitude 2000 m

3.1. Case setup

The propeller geometry together with the employed reference
system is shown in Fig. 3a. The chord and twist radial distribution
are plotted in Fig. 3b. The propeller is cruising at a 2 km altitude.
The propeller geometrical specifications and operating conditions
of the reference case are listed in Table 1. The noise hemisphere
is defined in the propeller reference system (zero pitch, yaw, and
roll). The hemisphere radius Ry, is set to 10 times the propeller di-
ameter D to ensure the flow pressure is fully recovered and only
acoustic pressure exists. The hemisphere is discretized in 17 par-
allels and 17 meridians. The hemisphere and propeller geometry
along with the FW-H surfaces for the reference case are shown in
Fig. 4a.

For the noise footprint, a straight-level flight trajectory is con-
sidered, as illustrated in Fig. 4b. The flight trajectory starts at the
starting point S (-5, 0, 2) km and terminates at terminal point T
(5, 0, 2) km. The flight direction points to the positive x-axis. An
unperturbed atmosphere is used as the domain of the computa-

tion, where no wind and no temperature gradients are present.
The model outputs the A-weighted OASPL for two prescribed mi-
crophones as well as microphones located in a 5 km square area
discretized by 21 by 21 grid points on a hard ground plane. The
first microphone (Mic 1) is located at the center of the ground
plane (0, 0, 3) m and the second microphone (Mic 2) is located at
(0, -2500, 3) m as indicated in Fig. 4b.

3.2. Aerodynamic validation

For the given rotational speed of 1900 RPM, the aerodynamic
forces acting on the propeller blades are balanced iteratively
through varying the collective pitch angle in order to generate the
required target thrust of 1500 N. This is accomplished by means of
an automatic trimming procedure integrated into the high-fidelity
workflow. The reference collective pitch angle and the thrust ob-
tained are -8.1° and 1520 N, respectively. The reference collective
pitch angle is then given as an input along with the propeller ge-
ometry into OptydB-BEMT tool. The total thrust predicted with the
OptydB-BEMT tool is 1517.06 N and it is in very good agreement
with the reference one and the error between the two is 0.19%.

Fig. 5 represents the sectional thrust dT/dr and thrust coeffi-
cient Cr distributions along the blade radial direction. The sec-
tional thrust distribution from the low-fidelity method (indicated
as LF) is slightly underpredicted at r/R <=0.43 and r/R >=0.78
and overpredicted between r/R = 0.45 and r/R = 0.74 with re-
spect to the high-fidelity prediction (indicated as HF). The under-
prediction is likely due to the limitations of the root and tip loss
correction models that are implemented in the OptydB-BEMT tool.
Overall, the low-fidelity simulation results show a favorable agree-
ment with the high-fidelity simulation results.
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Fig. 6. Overall Sound Pressure Levels (OASPL) over the noise hemisphere computed
with the high-fidelity approach.

3.3. Aeroacoustic validation

In this section, the validity of the time-domain compact
dipole/monopole formulation as well as the trailing edge noise
model implemented in OptydB-PNOISE is checked by compar-
ing against the high-fidelity simulation results. Furthermore, the
frequency-domain acoustic formulation derived by Hanson [27]
(indicated as FD) is compared with both high-fidelity and OptydB-
PNOISE results. The frequency-domain formulation is implemented
in an in-house code based on the revised formulations given in
[26]. It outputs only the tonal noise component based on the
blade geometry and forces distribution along the blade span ob-
tained with the OptydB-BEMT tool, while the low-fidelity approach
outputs both tonal and broadband noise. The OASPL on the hemi-
sphere computed with the high-fidelity approach within a band
from 200 Hz to 240 Hz that encompasses only the first Blade
Passing Frequency (BPF) 221.67 Hz is shown in Fig. 6. Broadband
contribution on the hemisphere is compared at microphone loca-
tions A (—10D, 0, 0) m, and B (10D, 0, 0) m, while the tonal
contribution is compared at microphone location C (0, 0, -10D) m.
The microphone A and B are located on the propeller axis, while
microphone C is located at the propeller rotation plane as indi-
cated in Fig. 6.

The comparisons of broadband contribution at microphone A
and microphone B computed with the OptydB-PNOISE trailing
edge noise module (indicated as LF) and high-fidelity predictions
(indicated as HF) are displayed in Fig. 7a and Fig. 7b, respectively.
As expected, the spectral content of microphone A and B, located
in a plane perpendicular to the propeller plane (see Fig. 6), is
mainly broadband due to turbulent boundary layer trailing edge
noise. At microphone A, the low-fidelity approach overpredicts the
high-fidelity result at all harmonics under consideration. It is noted
that the difference between the two approaches is minimum at the
first harmonic of BPF and it increases with the increasing number

of harmonics. At microphone B, the low-fidelity approach shows
slightly better agreement than that of microphone A where the
high-fidelity prediction decays faster at higher harmonics. A close
agreement is observed at the first harmonic of BPF where the
difference is 5.1 dB. These discrepancies are likely due to the lim-
itations of the empirical trailing edge noise model that were used
to compute the broadband noise.

The comparison of tonal contribution at microphone C com-
puted with the frequency-domain formulation (indicated as FD),
time-domain compact dipole/monopole formulation (indicated as
TD), and high-fidelity approach is shown in Fig. 7c. The frequency-
domain formulation is compared against both time-domain for-
mulation and high-fidelity one. An excellent agreement is found
between the frequency-domain and time-domain predictions at
the first harmonic of BPF, while both models slightly underpre-
dict the high-fidelity result. At higher harmonics of BPF, however,
the noise levels predicted with the frequency-domain model decay
faster compared to the time-domain and high-fidelity predictions.
This is attributed to the general behavior of the Bessel function
that decays rapidly and oscillates around zero when its argument
increases considerably. Moreover, the thickness and loading noise
components (indicated as T and L, respectively), due to the volume
displacement in the propeller rotation plane and the steady load-
ing on the propeller blades, respectively, are computed from the
time-domain and frequency-domain models and compared against
each other as shown in Fig. 7d. For the first harmonic of BPF,
both loading and thickness noise components predicted with the
two models are identical. From the second harmonics of BPF, the
frequency domain model starts to underpredict both loading and
thickness noise components, and the difference between these two
models increases at higher harmonics. The difference is more no-
ticeable in the loading noise prediction than the one in the thick-
ness noise prediction. It is noted that, independently from the
prediction model, the loading noise decays faster than the thick-
ness noise at higher harmonics.

Fig. 8 compares the source directivity at the first harmonic of
BPF at different microphone positions on the hemisphere with re-
spect to the propeller reference system. On the xy-plane (Fig. 8a),
the frequency-domain model correctly captures the trend of the
time-domain prediction at the microphones around the propeller
rotation plane. As noticed in Fig. 7c, both frequency-domain and
time-domain models slightly underestimate the levels at the mi-
crophones on the propeller plane. The frequency-domain model
predicts zero levels at the microphones close to the propeller axis,
i.e. around 0° and 180°, as the broadband noise dominates at those
microphone locations. A good agreement is observed between the
prediction models at the propeller plane. On the xz-plane (Fig. 8b),
the frequency-domain model is in good agreement with both low-
fidelity and high-fidelity approaches around the propeller plane.
The low-fidelity prediction is in better agreement with the high-
fidelity prediction around 180° with a maximum difference of
around 3 dB than that of around 0° with a maximum difference
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Fig. 8. Source directivity at the first BPF at xy-plane (a), xz-plane (b), and yz-plane (c).

of around 9 dB. On the yz-plane (Fig. 8c), both frequency-domain
and time-domain predictions are identical. As noticed in Fig. 7c,
both models slightly underpredict the high-fidelity result with a
maximum difference of around 2 dB.

In general, the frequency-domain model demonstrates good
agreement with the time-domain and high-fidelity results in all
the three planes under consideration, suggesting that it can be
readily applied for propeller tonal noise prediction, especially for
design and optimization studies, where a low CPU time is desired.

The noise hemispheres computed with both high-fidelity and
low-fidelity approaches are projected onto the ground using the
straight-ray propagation model along with the NHD-based foot-
print prediction methodology. It should be noted that the noise
footprint is studied within a frequency band that encompasses
only the first harmonic of BPF due to the dominance of low-
frequency noise in most flight conditions and its efficient propa-
gation in the atmosphere. The noise signatures at Mic 1 and Mic
2 are overlayed in Fig. 9. At both microphone locations, the low-
fidelity approach accurately predicts the trend of the high-fidelity
results. Yet, there are discrepancies up to 5 dBA and 6 dBA at Mic
1 and Mic 2, respectively, that are observed in the first 30 s of the
flyover time. These discrepancies are attributed to the mismatch
between the two approaches that were observed at Mic A and
Mic B at which the broadband noise dominates. It is noted that

the noise signature at Mic 2 shows a completely different pattern
and the maximum noise level drops by 10 dBA compared to the
one at Mic 1. This can be interpreted by examining the source
directivity on the hemisphere at the ray-hemisphere intersection
points, i.e. source emission points. Fig. 10 displays the noise foot-
print of the propeller at reception time 70 s, computed with both
high-fidelity and low-fidelity approaches, together with the field
difference between the two approaches. The interference pattern
on the noise footprint is attributed to the source directivity and
the emission points on the hemisphere at the emission time as
well as the ground reflection. A good agreement is found between
the two footprint results. The maximum difference observed is 3.5
dBA.

Overall, the close agreement between the low-fidelity and high-
fidelity approaches from the source noise hemisphere to the noise
footprints suggests that the low-fidelity approach is sufficient to
model the tonal noise of a propeller in forward flight.

4. Acoustic effects of varying advance ratio and number of blades

In this section, the acoustic effects of varying advance ratio (J)
and the number of blades (NB) on the noise footprints of the pro-
peller are studied using the low-fidelity approach. In total 3 cases
that feature the acoustic effect of varying advance ratio and the
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Fig. 10. Noise footprint at flyover time 70 s. (a) High-fidelity result. (b) Low-fidelity result. (c) Field difference between these two results.

Table 2
Test matrix for the parametric analysis.
Case # RPM NB ] Collective pitch angle BPF [Hz]
1 1400 5 114 1.27° 116.67
2 1900 5 0.84 —7.55° 158.33
3 1900 7 0.84 —8.10° 221.67
Casel:)=1.14 NB=5—
600} Case 2:)=0.84, NB=5— 1
ESOO— Case 3:)=0.84, NB=7 — |
Z 400} 1
§ 300/ 1
T 200+ 1
100+ 1
0 L L L L
0 0.2 0.4 0.6 0.8 1
Time [s]

Fig. 11. Sectional thrust distribution for a single blade.

number of blades are considered. The test matrix for this analysis
is listed in Table 2. For all cases, the same blade and hub geometry
as outlined in section 3 are considered; the flight altitude, Mach
number, and the thrust are kept the same as 2 km, 0.2, and 1500
N, respectively. This implies that the blade is trimmed (varying the
collective pitch angle) to generate the required thrust at different
operating conditions. The sectional thrust distribution along a sin-
gle blade span for all the test cases is displayed in Fig. 11. When
the value of | decreases while the number of blades remains the
same, the peak value of sectional thrust is reduced and shifted
from a location around the blade tip, i.e., r/R = 0.83, towards the
mid-span, i.e. r/R = 0.63. The peak value of sectional thrust de-
creases further when the number of blades increases and the value
of ] remains the same.

For all cases, the OASPL predicted over the hemisphere is cal-
culated within a frequency range that encompasses only the first
harmonic of BPF. Noise hemispheres are displayed in Fig. 12. Com-
paring the noise hemispheres in Case 1 and Case 2, a drop in the
value of J raises the noise levels and alters the source directivity
accordingly. The noise intensifies significantly around the propeller

rotation plane and spreads towards the propeller axis. The maxi-
mum OASPL on the noise hemisphere in Case 2 is increased by 10
dB and there is up to 14 dB difference on the noise hemisphere
as shown in Fig. 12d, due to the variation in the source directiv-
ity, which is mainly distributed on the left lower segment of the
hemisphere. Comparing the noise hemisphere in Case 2 and Case
3, an increase in the blade count changes the source directivity
considerably but does not affect the maximum OASPL on the hemi-
sphere. The maximum difference on the noise hemisphere is 8 dB
that is distributed on the right lower segment of the hemisphere.
Noise footprints are then studied with the prescribed ground mi-
crophones and boundary conditions described in section 3.

4.1. ] variation

The acoustic impact of varying | on the noise footprint is ex-
amined by comparing Case 1 and Case 2, in which the number of
blades is the same while the value of J is decreased. The source
spectra at microphone C on the hemisphere (see Fig. 6) are com-
pared and displayed in Fig. 13. When the value of | decreases, the
thickness noise increases significantly at all harmonics under con-
sideration, while an increase in loading noise is visible only at the
first three harmonics. As seen, thickness noise is more sensitive
in the variation of advance ratio than the loading noise. Moreover,
tonal peaks after the first harmonic of BPF diminish for Case 1,
while an increase in the noise levels with more evident tonal peaks
is observed in Case 2, as shown in Fig. 13c. As a consequence, the
OASPL on the hemisphere raises (see Fig. 12).

The corresponding noise signatures at the prescribed ground
microphone locations are shown in Fig. 14. As a result of decreas-
ing J, the noise levels at Mic 1 and Mic 2 are increased up to 13.5
dBA and 15 dBA, respectively. The interference pattern becomes
more evident and the reception time of the maximum A-weighted
OASPL is delayed about 10 s. The noise footprints at flyover time
70 s are compared and displayed in Fig. 15. The noise footprint
in Case 2 shows totally different patterns and higher noise levels
with respect to Case 1 due to the change in the source directivity
and the corresponding frequency content on the hemisphere. The
maximum noise level increased by 12.8 dBA and the difference be-
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tween the footprints is 30 dBA that is mainly distributed at the left
edge of the ground area.

The results presented above agree with similar studies [36,37],
where they found that the on-ground noise levels increase when
flight speed increases.

4.2. NB variation

The acoustic effect of varying number of blades is investigated
by comparing Case 2 with Case 3. The source spectra at the mi-
crophone C on the noise hemisphere are compared and displayed
in Fig. 13. When NB increases, the thickness noise at the first
BPF slightly increased, and then it drops gradually with increas-
ing number of harmonics. As expected, a clear drop in the loading
noise at all harmonics is seen. Furthermore, the tonal peak due to
the loading noise diminishes after the second harmonics of BPF,
while it is still visible at the third harmonic in Case 2. In general,
both thickness and loading noise drop considerably at higher har-
monics as a consequence of increasing blade count. However, in
the total noise, the tonal peak at the first harmonics of BPF re-
mains unchanged between the two cases. Hence, the OASPL on the
hemisphere concentrates more around the propeller plane and the
maximum noise level remains the same (see Fig. 12c). Interest-
ingly, one would expect a reduction in the tonal noise for Case 3
as a result of increasing number of blades that decrease the load-
ing per blade and, as a consequence, the loading noise component.

However, this is not observed in the total noise, in particular for
the first two harmonics of BPFE. In order to investigate this aspect,
the development of thickness and loading noise contributions un-
der varying ] and blade counts are displayed in Fig. 16. When
the value of ] decreases both thickness and loading noise are in-
creased, hence the total noise increases. It is noted that, compared
to the loading noise, the thickness noise dominates when the value
of ] decreases. When comparing Case 2 against Case 3, the loading
noise decreases as a result of increasing blade numbers. However,
due to the lower J, and the addition of extra thickness noise
source due to the addition of extra blades, the thickness noise
still dominates the total noise radiated to the far-field. As a conse-
quence, the reduction in the loading noise is overshadowed by the
dominance of the thickness noise, thus, the total noise at the first
harmonic of BPF remains unchanged. The results highlight the im-
portance of thickness noise in the propeller noise predictions, in
particular, for large propellers with many blades operating at rela-
tively lower J.

The noise signatures at prescribed ground microphone locations
are computed for Case 2 and Case 3. At Mic 1, the noise signa-
ture shows a similar trend for both cases. Conversely, at Mic 2,
the two cases display opposite interference patterns. This is at-
tributed to the variation in the source directivity on the noise
hemisphere and the ground reflection. As expected, at Mic 1, the
maximum OASPL remains the same (see Fig. 14a). However, it is
increased by 3.5 dBA in A-weighted OASPL (see Fig. 14b). This is
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due to the frequency dependence of the A-weighted noise met-
ric. Magliozzi et al. [38] also highlighted this aspect and stated
that adding blades raises the frequencies generated, so that metrics
such as A-weighted OASPI commonly used in aircraft community
noise assessments may increase with increased blade count. At Mic
2, the maximum A-weighted OASPL is decreased by 4 dBA. The
noise footprints at flyover time 70 s are computed for Case 2 and
Case 3. The noise levels are relatively insensitive to the change in
the number of blades except the interference pattern that narrows
towards the center of the ground area. The increase in the blade
count from 5 to 7 contributes to a mismatch up to 16 dBA on the
acoustic footprint that is mainly distributed around the right edge
of the ground area.

5. Conclusion

A new computational framework that couples computation-
ally efficient methods, which were initially validated against
high-fidelity simulation results, is presented to predict the noise
footprint of a propeller. The outlined approach showed good
agreement with the reference data in terms of aerodynamic
and aeroacoustic predictions from source noise prediction to
noise footprint simulation. In addition, the tonal noise predicted
with the frequency-domain formulation demonstrated fairly good
agreement with both high-fidelity and time-domain compact
dipole/monopole predictions that confirm the reliability and com-
putational efficiency of the frequency-domain formulation for pro-
peller tonal noise predictions. The computational framework is
then applied to explore the correlation between propeller param-
eters, i.e., advance ratio and blade count, and the noise footprints.
It is found that for a given thrust, a drop in advance ratio can alter
the source directivity dramatically, resulting in a variation up to
30 dBA on the acoustic footprint. When the advance ratio is kept
the same, and the number of blades increases from 5 to 7, the
variation becomes 16 dBA due to the change in the source direc-
tivity, but the maximum noise level remains the same. The latter
condition reduces each blade’s loading and, consequently, the as-
sociated noise. However, the total noise remains unchanged as a
consequence of increasing thickness noise due to the lower ad-
vance ratio, high blade tip Mach number, and addition of extra
blades.

The results suggest that the on-ground noise levels are more
sensitive to the variation in the advance ratio than the blade count.
In general, on-ground noise levels can be reduced significantly by
increasing the advance ratio without penalizing the propeller aero-
dynamic performance. The on-ground noise levels can also be re-
duced considerably by increasing the blade count only if the tonal
noise at higher harmonics is targeted.

This paper represents an initial investigation into the efficient
prediction of propeller noise emission and footprint. A more com-
prehensive analysis evaluating the impact of unsteady loading, i.e.,
propeller at an angle of attack, varying weather conditions, and
ground effects, must be included for more realistic scenarios. Fu-
ture studies will also examine other effects, such as atmospheric
turbulence, multiple reflections, and diffraction from complex ur-
ban geometries.
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