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Abstract

This study presents a noise prediction toolchain for propeller aircraft, specifically designed for application in early pre-
liminary design phases. Thereby, novel propeller aircraft designs can be provided with low-noise capabilities, and optimal
landing and takeoff trajectories as well as the impact on the communities of such aircraft can be investigated. Two aero-
dynamic modeling approaches for propeller load prediction are compared: a simple blade element method and a full 3D
aerodynamic model. This data is furthermore processed and provided as input for the noise prediction. Based on these
results, the study evaluates tonal noise predictions from Hanson’s and Farassat’s models against flyover noise measure-
ments of a Do 228 aircraft under various operating conditions. The comprehensive study assesses model performances
across different velocity regimes. Key findings reveal that unweighted maximum sound pressure levels increase with both
airspeed and rotational speed. Flight speed significantly influences the radial position of the thrust peak, shifting it outward
from approximately 65-85% of the blade radius as speed increases. However, this outward shift does not significantly
affect tonal noise emission. While both noise models successfully predict the velocity trend, simulations consistently
underpredict noise levels by 3 dB to 5 dB compared to experimental data.
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Symbols Latin

B Number of blades

c Chord length in m

cd Drag coefficient

c Lift coefficient

f Frequency in Hz

J Advance ratio (= v/(nD))

L Sound pressure level in dB (pr.y = 20pPa)

n Rotational speed in 1/min

Q Torque in Nm

R Blade radius (tip) in m

r Local radius in m

T Thrust in N

t Thickness in m

t Time in s

v Velocity in m/s

w Local total velocity in m/s

W, Local axial velocity in m/s

We Local tangential velocity in m/s

x,1y,z Cartesian coordinates in m

Tools

APSIM  Acoustics prediction system based on integral
method, DLR,

FLIPNA Flightpath for noise analysis, DLR,

PANAM Parametric aircraft noise assessment module,
DLR,

QPROP  Blade element vortex theory code, MIT,

UPM Unsteady panel method, 3D unsteady panel
method, DLR,

xflr5 Analysis tool for airfoils, wings and planes
operating at low Reynolds numbers, André
Deperrois and Matthieu Scherrer,

Subscripts

25 Unit measured at the quarter chord

mazr Maximum

prop  Propeller

rel Relative

1 Introduction

Demanded by the EU’s FlightPath 2050 program, reduction
of the environmental impact is the paramount design driver
of future aircraft designs. Especially the mitigation of CO,
and NO, and noise is a key element [1]. Using sustainable
aviation fuel (SAF) as a drop-in replacement can help to
reduce the climate impact in terms of CO,, but costs are pre-
dicted to be significantly higher than for fossil fuels [2, 3].
Therefore, a reduction in fuel consumption becomes even
more important. Recently, DLR showed that a reduction in
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cruise speed combined with a lower cruise altitude can con-
tribute to this goal [3]. The comparison showed that propel-
ler-driven aircraft can leverage their higher efficiency in this
flight regime, leading to a reduction of fuel consumption on
mid-range routes by 15-30%.

Most of the noise at major airports originates from tur-
bofan-driven mid-range aircraft like the Airbus A320 and
Boeing B737, which dominate traffic numbers [4, 5]. How-
ever, propeller engines generate more low-frequency noise,
which affects perception [6] and propagation [7] differently.
Introducing a new generation of propeller aircraft for mid-
range applications potentially alters the noise impact of
airports on surrounding communities. To accurately assess
future noise scenarios around airports, noise prediction
tools must include propeller noise modeling. Furthermore,
the behavior of the implemented propeller noise model in
interaction with other sources like airframe noise needs to
be assessed.

Ideally, the noise impact of novel aircraft concepts is
already considered by aircraft manufacturers during the
conceptual phase, ensuring maximum impact and cost effi-
ciency. Therefore, it is important to develop the capabilities
of propeller noise prediction to incorporate them into pre-
liminary design workflows.

Working towards this goal, DLR conducted different
noise measurement campaigns of small turboprop aircraft
in 2022 and 2023. The campaigns aimed to generate a reli-
able data set for validation and research [8, 9]. Furthermore,
the current process for aircraft noise assessment tool chains
at German Aerospace Center (DLR) is extended to predict
propeller noise. A preliminary status of the toolchain is
described by Manghnani et al. [10], and applied to a low
speed flyover case with the Dornier 228-101 (Do 228) . The
work also describes how the toolchain can be extended for
external source models, such as the Ffowcs Williams- Hawk-
ings equation (FW-H) solver acoustics prediction system
based on integral method. The comparison of simulation to
measurement shows underprediction of ground noise levels,
for the A-weighted and unweighted maximum sound pres-
sure level. In addition to this, Hon’s assessment investigates
the second measurements campaign with the Cessna F406
and follows a simplified approach for propeller noise predic-
tion [9]. Instead of relying on radial blade loadings as input,
the effective radius assumption is used. This was introduced
by Gutin [11] and assumes a point force applied at a single
radial station of the blade as a representative noise source.
Varying the effective radius showed significant influence on
the predicted noise. Therefore, it is crucial to choose a rep-
resentative radius.

Building on the research by Manghnani et al. [10] and
Hon et al. [9], this work details the development of the
applied toolchain. The constant underprediction of propeller
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noise for both cases require further investigation. The work
of Hon indicates an important influence of the blade loading
when using the effective radius assumption [9]. Therefore,
this study focuses on the effect of realistic loading distribu-
tions on noise emission. It also investigates how the load
distributions are affected by flight speed, propeller rota-
tional speed, and the applied aerodynamic method (QPROP,
UPM).

Furthermore, this study evaluates the effect of flight and
propeller rotation speed on ground noise levels and inves-
tigates whether a higher fidelity approach (UPM / APSIM)
improves the agreement between simulation and experi-
ment. Measurement results are compared for flight speeds
between 110kts and 190kts in clean configuration. The
recordings were taken from the Do 228 dataset [8] already
used by Manghnani et al. [10]. The assessment focuses on
mean L,,,, of each operating condition, comparing simu-
lated maximum noise levels on the ground for selected
test points at both revolutions per minute (RPM) settings
(1527 1/min and 1591 1 /min).

The aim of this work is to gain deeper understanding
of the observed deviations of the predicted and measured
L4, and to optimize the prediction process by investigat-
ing the possible limits of the applied process in terms of the
aerodynamic input and its implications on noise prediction.

2 Literature review

2.1 Influence of operating conditions on radial
blade loading

Nallasamy et al. investigate the influence of different blade
angles, i.e., thrust conditions with a constant advance ratio
for high-speed propeller [12]. Shape and peak of the radial
thrust and torque distribution are almost independent of
the applied thrust and only a slight inboard movement is
observed (85-82.5%).

2.2 Tonal propeller noise models

During the 1980 s, two prominent analytical models for pro-
peller noise prediction were developed and still widely used
today. Hanson developed its helicoidal surface theory [13]
and Farassat’s his equations 1 and 1A [14]. Both models are
derived from FW-H [15]. The generalized acoustic source
functions, which typically require unsteady or steady,
volume-resolved flow quantities as input, are replaced by
simplified formulations that can be obtained from steady
flow simulations and do not require volume-resolved quan-
tities. Although both authors also developed solutions to
include quadrupole volume sources, their contribution can

be neglected at low tip Mach numbers and noise predictions
are assembled by monopole and dipole sources only [13,
16]. This simplification holds until the propeller blade sec-
tions approach the critical Mach number [17]. The different
sources can be attributed to blade thickness noise (mono-
pole) and blade loading noise (dipole). Notably, the mod-
els differ in how the source functions are solved. Hanson
developed and refined a frequency-domain approach [18,
19]. Farassat solves the source function in the time domain.

The research on tonal propeller noise mostly focuses on
comparative studies, where wind tunnel measurements are
compared to numerical results. Especially the combina-
tion of aecrodynamic and aeroacoustic methods is subject of
active research. Bergmann et al. [20] and Zawodny et al.
[21] investigate small rotors at low Reynolds numbers, and
Hambrey et al. [22] investigate high-speed rotors. There is
no clear tendency, which aeroacoustic model performs best,
and performance is case-dependent. Nevertheless, using
high-fidelity methods to predict the aerodynamic loading
such as CFD does not improve the acoustic results of iso-
lated rotors in steady conditions.

2.3 Influence of radial blade loading on noise

Initial assessments of the influence of radial blade loading
were already conducted at the time when the tonal propel-
ler noise models were developed. Succi [23] investigated
the effect on noise by manipulating the twist distribution of
a predefined propeller, a 2-bladed McCauley 1C160, while
keeping the planform untouched. Moving the loading peak
inboard from 80 to 60% of the blade radius results in a
reduction of 1.6 dB and 4.2dBA while similarly reducing
the efficiency by 3.9%. The comparable small reduction in
noise is explained by portion of the load that still remains
at the tip. A similar study for different propeller tip con-
figurations (straight, proplet, bi-blade) was conducted by
Miller and Sullivan [24], showing that the trends observed
by Succi et al. hold true in case of exotic tip treatments as
well. The investigation of Hon et al., who used the simpli-
fied radius assumption, showed a significant impact of the
selected effective radius on noise [9]. The authors investi-
gated a Reims Cessna F406 with two five bladed MTV-27
propellers. These propellers are quite similar to the propel-
lers investigated in the present work, but have a smaller
diameter of 2.2 m. In this case, a variation of 7.y from 60
to 80% results in a difference of 10 dB.

2.4 Flyover noise predictions
Recent publications to flyover noise measurements or pre-

dictions are rarely available. A recent effort similar to this
work was published by Yunus et al. [25]. In their study, they
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investigated the tonal noise of a two-seat single-engine elec-
tric aircraft, the Pipistrel Velis Electro, under various operat-
ing conditions. The authors combine a blade element theory
(BET) with Hanson’s model for propeller noise prediction
and compare the results to high-fidelity computational fluid
dynamics (CFD) and measurements. This approach is simi-
lar to the one used in this work, but focuses on propeller noise
only. The simulation results showed satisfactory agreement
with measurements below the flight path. Levels below the
flight are matched within a range of 1.5 dB. Another pre-
diction of flyover noise was made by Grande et al. [26].
They compared ground noise measurements to high-fidelity
results using a Lattice-Boltzmann/very large eddy simula-
tion (VLES) simulation coupled to a FW-H solver. Similar
to Yunus et al. [25], they focused on tonal propeller noise
only. The investigated aircraft was the Beechcraft King Air
350, a twin-engine turboprop aircraft. The tonal noise could
be simulated within 2 dB accuracy of the measurements.

3 Toolchain development

The toolchain used for this and for previous studies is
developed to integrate into the established noise prediction
toolchain of DLR. It uses parametric aircraft noise assess-
ment module [27] as noise prediction tool, accompanied by
flightpath for noise analysis [28] for calculating the aircraft
trajectory, and by an interface to the common parametric
aircraft configuration schema (CPACS) data format. This is
a data exchange format, which contains all important infor-
mation about an aircraft and enables for a defined interface
to arbitrary aircraft design tools.
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Fig. 1 Schematics of the propeller noise simulation toolchain for
PANAM

@ Springer

3.1 Toolchain requirements

Various requirements can be derived from integration into
the existing tool chain and application for optimization
processes. The toolchain must compute third-octave-band
noise levels with emphasis on tonal components, resolving
the blade-passing frequency and its harmonics. This has to
be achieved by only relying on data available during early
design phases, enabled through the CPACS data format
[29]. Furthermore, short computation times are essential for
an efficient application in design optimization loops. The
correct prediction of trends is more important than perfect
replication of measurement data. Information about perfor-
mance and geometry are subject to high uncertainties, during
early design phases. But it is essential to predict the correct
trends from the beginning on to avoid costly re-engineering
in later design phases. An overall accuracy comparable to
the turbofan noise toolchain, i.e., within 2dB to 3dB [27],
is desirable but challenging. Unducted propellers are much
more sensitive to environmental influences and installation
effects compared to ducted turbofans.

3.2 Toolchain

The scheme of the developed toolchain is depicted in
Fig.1. Starting point of the toolchain is the aircraft design
provided by the design tool as CPACS file. Here, aircraft
engine and aerodynamic performance have to be provided
along with geometry of the aircraft itself, especially the high
lift system, and the propeller. A detailed overview about the
applied tools in this work is given in section 5.1.

The CPACS dataset defines the propeller blade as mul-
tiple 2D airfoil sections, similar to how BET considers a
propeller blade. Depending on the data quality, a geometry
pre-processing is necessary to create 2D airfoil sections
suitable for the computation in xfir5 [30]. This is a 2D pre-
diction code, similar to XFOIL and used to compute lift and
drag polars for each airfoil section at different Reynolds and
Mach numbers.

This aerodynamic dataset is now used to calculate the
propeller aerodynamics. In general, every method based
on the BET can be used and achieves similar results [31].
In this case with QPROP is used. This model is capable to
predict propeller thrust and torque at a selected operating
condition, i.e., thrust or power, RPM. If the aircraft uses a
constant speed propeller, blade pitch has either to be defined
as well, or can be inferred by optimizing the blade pitch for
a minimum power condition. The propeller is modeled as an
isolated propeller with axial inflow. Goyal et al. [32] dem-
onstrated that the mean load distribution does not change
significantly with angle of attack. Therefore, a single mean
load distribution computed from the averaged operating
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condition is used throughout the whole trajectory and only
the absolute thrust is varied. This approach might have to
be adapted when simulating landing and takeoff trajectories,
where operating conditions vary significantly with time, or
when including unsteady blade loadings.

The operating conditions required by the blade element
momentum theory (BEMT) model are taken from the trajec-
tory. This is calculated with FLIPNA based on aecrodynamic
and engine performance of the aircraft, if not provided with
the aircraft dataset. The trajectory contains the aircraft posi-
tion, attitude, power setting (thrust, RPM) and high-lift con-
figuration, along with landing gear configuration.

The trajectory, together with aircraft geometry, propeller
geometry, and propeller loading is now used by PANAM to
predict the ground noise at defined microphone positions.
Optionally, the calculated noise level can then be fed, among
other parameters, into a multidisciplinary optimization loop
to obtain an aircraft design optimized for noise. As applied
previously, e.g., in [10], PANAM possesses the ability to
include external noise sources. In the present work, this
interface is used to incorporate the FW-H solver APSIM.
This setup is shown in Fig.2. PANAM uses noise levels,
computed in 1/3 octave bands as input. These source noise
levels have to be pre-computed at a hemisphere enclosing
the aircraft. APSIM calculates the source noise based on the
spatial pressure field at the blade surface. The pressure field
is provided from the 3D unsteady panel solver UPM using
the 3D propeller geometry. The geometry can be assem-
bled from the 2D sections provided in the CPACS dataset.
Besides geometry information, UPM also requires the oper-
ating condition. Computational times of this approach are
orders of magnitude higher, compared to the BEMT tool-
chain. Therefore, this approach is currently limited to assess
single operating condition only. The important advantage of
this approach is that it covers complex 3D flows and can
include aerodynamic installation effects as well.

4 Measurement

The Do 228 aircraft (Fig. 3) performed flyovers over the
runway at constant operating settings 2 km before and 2 km
after the measurement stations [8]. The flyover altitude was
500 ft above ground level (AGL). Also, low altitude flyovers
at 30 ft AGL have been done, but are not part of the analy-
sis presented in this study. The test matrix contained over-
all 40 test points which were repeated three times in order
to assure some redundant measurements. For each flyover,
the positions of flaps and gears, the RPM of the propeller,
and the speed of the aircraft were varied. In the presented
study, only the clean configuration is considered. The result-
ing noise for RPMs of 96% and 100% of the propeller’s
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Fig. 2 Schematics of the propeller noise simulation toolchain for
PANAM with the external FW-H source model APSIM

Fig. 3 DLR research aircraft Do 228, Credit: DLR (CC BY-NC-ND
3.0)

nominal rotational speed is recorded for five aircraft speeds,
i.e., 110 kts, 130 kts, 150 kts, 170 kts, and 190 kts.

The acoustic recording system comprised overall 16
microphones mounted on different heights at 6 stations dis-
tributed directly underneath the flight track and in lateral
distances to the flight track. In this study, the 1/2 in con-
denser microphones were mounted inversely on a 400 mm
diameter ground plate (see Fig.4) underneath the flight
track according to International Civil Aviation Organiza-
tion (ICAO) standard. The microphones are equipped with
windscreens to suppress low frequency wind noise and
record with a sampling rate of 48 kHz. The setup overful-
fills the requirements for class 1 standards according to
DIN EN 61672-1 [33]. The measurement uncertainty of the
hardware lies within + 1 dB. For wind speeds above 5 kts it
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Fig. 4 Ground microphone with windscreen, inversely mounted on a
ground plate, Credit: DLR (CC BY-NC-ND 3.0)

can rise up to + 2dB. However, tests were only conducted
when the local weather conditions fulfilled the aircraft noise
certification rules. From the recorded microphone’s pres-
sure data narrowband frequency spectra over a time span
of 0.125s were computed of which the integrated overall
sound pressure level resulted in level-time histories which
were corrected to the reference flight altitude of 500 ft
accounting for geometrical spreading. Finally, 6 dB were
subtracted from the sound pressure levels as an approxima-
tion to free-field conditions, according to DIN 45684-2 [34].

In addition to acoustic data, multiple metadata have been
collected such as weather data, flight data of the onboard
basic measurement system and of the inertial navigation
system (INS), air data, and global positioning system (GPS)
position and time. The GPS data also serve to synchronize
the acoustic data and the aircraft related data. An additional
ground based optical device enhanced the determination of
the aircraft’s height at the flyover point. More details about
the test setup, the test matrix and further results can be
found in [8].

5 Toolchain configuration

This work compares measurement and simulation of the
whole aircraft, i.e., aircraft system noise. Therefore, all rel-
evant noise sources of the aircraft are modeled. Depending
on the source model, different inputs need to be pre-calcu-
lated. Following the path of the propeller noise modeling
through the toolchain (see Fig.1), four steps are required
until the final noise signal at the ground can be obtained:
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1. Simulation of the propeller aecrodynamics based on the
current operating condition

2. Simulation of the acoustic sources of the propeller

3. Summation of the propeller noise and other aircraft
noise sources

4. Propagation of the aircraft noise signature to the ground

The toolchain presented in section 3 is used to compute the
propeller noise in both variants, with BEMT/Hanson (Fig.1)
and with the external source model using UPM/APSIM
(Fig.2). Depending on the variant, step 2) is either included
in PANAM (Hanson) or executed external by APSIM.

5.1 Applied tools and methods
5.1.1 XFLR5

X{flr5 is developed by André Deperrois and Matthieu Scher-
rer [30]. The tool can be used for designing and analyzing
the aerodynamics of airfoils, wings, and sails at low Reyn-
olds numbers. It incorporates a C/C++ port of the commonly
known XFOIL algorithms of Mark Drela and provides a
graphical user interface. Two-dimensional airfoil analyses,
analogous to those performed in XFOIL. Therefore, xfir5
re-implements the 2D panel method coupled to an integral
boundary layer formulation of XFOIL. For three-dimen-
sional configurations, xflr5 uses lifting-line, vortex-lattice
and panel methods to calculate forces and static stability.
The toolchain only uses the 2D analysis capabilities to com-
pute the lift and drag polars required for the BEMT model.

5.1.2 QPROP

QPROP is a numerical tool developed by Mark Drela for
analyzing the aerodynamic performance of propellers and
wind turbines [35]. It uses the blade-element/vortex theory
and calculates the forces and moments on individual blade
sections. The blade-element/vortex theory is similar to the
BEMT method, but uses the circulation bound to the propel-
ler blade to estimate the induced velocities instead of the
axial momentum. It features a radially-varying self-induced
velocity, improving results for heavily loaded propellers.
Hub- and tip loss effects are accounted for by an adapted
method based on hub and tip loss factors, suggested by
Prandtl and Glauert [36].

5.1.3 Hanson'’s helicoidal surface theory

Based on the acoustic analogy of Goldstein, Hanson devel-
oped a method to predict the sound pressure levels of rotat-
ing propellers [18] as a function of loading and thickness
noise. The model includes the effect of forward flight and is
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expressed in retarded coordinates. It considers the effect of
blade geometry, namely blade sweep and lean on the phase
shift of the pressure signal. Loading noise is estimated
based on the load distribution of the blade at a certain oper-
ating condition. To simplify the input, the chordwise load
distribution is estimated as constant over the chord length
and only the radial load distribution available, e.g., from
BET simulation is used. Furthermore, the chordwise thick-
ness distribution is estimated as a quadratic function, which
allows pre-computing the non-compactness effect. Both
simplifications are suggested by Hubbard et al. [37].

5.1.4 PANAM

PANAM is a DLR tool used for assessing aircraft noise
at the system level during the conceptual and preliminary
design stages [27]. Originally, the tool was developed for
turbofan aircraft, but it is under continuous development
and recently extended to propeller application [10]. It uses
parametrized, physics-based source models to compute
standard metrics (e.g. L A, maz, SEL) along arbitrary three-
dimensional trajectories. Interaction effects, such as instal-
lation and shielding, can be considered via external tools to
enable realistic single-event and scenario evaluations. The
tool was already validated for turbofan application [27] and
compared to other aircraft noise prediction tools [38].

5.1.5 UPM

UPM is an unsteady free-wake panel method developed by
DLR for simulating unsteady aerodynamic flows around
moving bodies of arbitrary shape [39, 40]. Originally devel-
oped for helicopter applications, it can handle unsteady

Fig.5 Do 288 isolated propeller and wake computed with UPM using
the vortex filament method (VFM) [10].

inflows and analyze aerodynamic interactions between pro-
pellers and wings. UPM is based on the assumption of invis-
cid, and irrotational flow with weak compressibility effect
taken into account by Prandtl-Glauert compressibility fac-
tor. Lifting bodies are modeled using singularities defined
by sources, sinks, and bound vortices to simulate displace-
ment and lift. It features a non-linear, time-dependent free
wake model and supports both vortex filament and vortex
particle approaches for wake modeling (Fig. 5). The tool
requires input of blade geometries with finite thickness and
sharp trailing edges.

5.1.6 APSIM

APSIM is a computational tool developed for the prediction
of rotor and propeller noise in the free field. It uses aerody-
namic surface pressure data, typically provided by the UPM
solver but also compatible with other acrodynamic codes, as
input for the acoustic calculation.

The method is based on integral formulations of the
FW-H equation, with the impermeable surface approach
implemented using Farassat’s 1 and 1A formulations [41].
Acoustic computations are performed in the time domain,
where pressure distributions from the rotor blades serve as
source terms.

Both loading noise, derived from the unsteady pressure
distribution, and thickness noise, related to the displacement
of fluid by the blades, are accounted for in the calculation.
The resulting pressure time histories at arbitrary observer
locations can be Fourier-transformed to obtain the corre-
sponding acoustic spectra. APSIM can be applied to single
or multiple rotors and provides the overall acoustic signa-
ture by combining all contributions.

5.2 Tool setup
5.2.1 PANAM setup and trajectory

The aircraft trajectory was recorded during the flyover mea-
surements. This allows to replicate the measurement condi-
tions as close as possible. The operating condition of the
engine was measured in terms of engine torque and RPM.
Both parameters were noted at the beginning of each flyover
and held constant. The thrust required from PANAM was
inferred for the current flight speed, torque and RPM from
the manufacturer data.

Similar to the trajectories, the microphone positions were
determined with GPS as well. All positional information
are converted into a simple xy-coordinate system using a
local transverse Mercator projection with the X-axis point-
ing north and the Y-axis pointing east. The microphones are
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Table 1 List of airfoils used for the propeller blade model of the
5-bladed MTV-27 propeller (R = 2.5m) and the corresponding radial
stations

/R Airfoil
0.25 MHI126
0.50 MHI112
0.75 MH114
0.95 MH116
- ——
2500 - —— Manufacturer data —

QPROP

2000 F

s | z
= 1500 | .
= i ]
2 ]
£ 1000 ]
= 1
500 F .
op . T
60 80 100

TAS in m/s

Fig. 6 Estimated torque of the BEMT model with QPROP in compari-
son to the manufacturer data. The propeller was trimmed to velocity
dependent thrust setting derived from the flyover measurement data

40 T . — 0.4
A ]
- \\ .
30 r h ] 03
50 :O-.,O\ 1
[} - N g Q
S 20F &, Jo2 =
7 10 N, J0.1 -E
S C ] °
0 40.0
—10:"‘ L —L ":—01
0.25 0.50 0.75 1.00
Rel. radius r/r,
—1— Pas [ - ﬂ _0_ C O t/c

Fig. 7 Blade geometry parameters of the modeled propeller blade

modeled as free-field microphones to match the converted
measurements.

The atmospheric conditions in PANAM are modeled with
the SAE ARP 866 model [42]. The environment conditions
are set to 50% humidity and 20°C air temperature, which is
close to the average across all measurements.
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5.2.2 QPROP model

The propeller blade of the 5-bladed MTV-27 propeller is
remodeled with airfoils of Martin Hepperle (MH series) and
the required lift and drag polars are computed with xflr5 at
four different blade sections, listed in Table 1. The aerody-
namic input is interpolated between these sections and the
solution is computed at 30 equally spaced radial sections,
providing a sufficiently resolved blade to replicate the man-
ufacturers propeller performance data, as shown in Fig.6.

The radial variation of the blade geometry parameters
quarter-chord sweep angle o5, blade pitch angle /3, chord
length ¢ and thickness ratio #/c is plotted in Fig.7.

5.2.3 UPM

A 3D geometry is composed based on the geometry param-
eters from Table 1 and Fig.7. The blade is discretized into
40 chordwise panels on both the pressure and suction sides,
and 30 spanwise panels. Panel density increases towards
the tip to resolve tip vortex formation. This panel density
was determined through a sensitivity study, as detailed by
Manghnani [43]. A time step of 2.5° azimuth was used
for simulating four complete propeller revolutions. Trail-
ing edge Kutta conditions were enforced using a Neumann
boundary condition, ensuring similar pressure gradients on
the upper and lower surfaces. A tangential flow boundary
condition was applied to the Kutta panels, eliminating the
normal velocity component. With each time step, a quad-
wake panel system was generated along the blade span, mir-
roring the spanwise panel distribution. This system utilized
quad-wake filaments representing trailing and shed vortices,
each with a vortex core diameter of 30% of the blade chord.
The Kauffman-Scully vortex core model was implemented
for vortex core representation [43].

The vortex filament method (VFM) was chosen for simu-
lating isolated propeller configuration based on its accuracy
and computational efficiency. A comparison between two
different vortex method involving VFM and vortex particle
method (VPM) is shown by Manghnani in [43]. A sensi-
tivity study conducted by Manghnani [10] shows that for
propeller in isolated configuration there is no difference
in the noise levels observed on the acoustical far-field for
VFM and VPM. The overall noise directivity remained
unchanged, thus making vortex filament method more fea-
sible and efficient for isolated propeller simulation.

The blade pitch at the root was calculated based on the
geometric pitch specified at 75% span obtained from the
BEMT simulations. This root pitch was then input into the
UPM code to calculate blade loading.
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Fig.9 Measured average L qo levels and standard deviation over air-
speed for both RPM settings

5.2.4 APSIM

The far-field noise is computed on a hemisphere with a
radius of 156 m as shown in Fig.8. This is the flyover alti-
tude of #REC 77 and was used for all simulations, since
the hemisphere is re-propagated to a 1 m radius hemisphere
for PANAM anyway. The acoustic hemisphere is a far-field
created by arranging virtual microphones in the form of
hemisphere to capture noise from propeller installed con-
figuration. The microphone grid has a spacing of 5°.

6 Results
6.1 Measurements

From the measured and processed level-time histories the
average L., values are determined from redundant mea-
surements and plotted in Fig.9 versus the airspeed together
with the standard deviations for the two rotational propeller
speeds, i.e., 1527 1 /min (96% RPM) and 1591 1 /min (100%
RPM). Overall, the maximum sound pressure levels increase
with increasing airspeed. The values range from 76.5dB

Table 2 Operating conditions at the 96% RPM setting (1527 1/min)
with QPROP results

110 kts flyover 190 kts flyover
RECORD # 67 71
TAS 53.0m/s 95.2m/s
Tprop 2201 N 3817N
Qprop 857 Nm 2539 Nm
85.1% 89.4%
Tprop
J 0.83 1.50
IR at Trel maz 0.65 0.85
#IR at Qe maz 0.67 0.85

Table 3 Operating conditions at the 100% RPM setting (1591 1/min)
with QPROP results

110 kts flyover 190 kts flyover
RECORD # 77 72
TAS 56.6m/s 97.7m/s
Tprop 2087 N 3881N
Qprop 825 Nm 2539 Nm
85.4% 89.7%
Tprop
J 0.85 1.47
IR at Tyt maz 0.64 0.85
IR at Qrel.maz 0.66 0.84

to 82.5dB for the cases of 96% RPM, and from 78.2dB
to 83.2dB for the cases of 100% RPM. The values for the
higher RPM thereby exceed the values for the lower RPM
with higher differences (maximum 1.7dB) found for the
lower airspeeds and lower differences (minimum 0.7 dB)
found for the higher airspeeds. It should be noted, however,
that standard deviations of up to + 1.4 dB are present in the
data.

6.2 Blade loading

Blade loading is computed at four different operating con-
ditions in total. Two different RPM settings are used, i.e.
1527 1/min (96%) and 1591 1/min (100%) with a slow
(110kts) and fast (190 kts) flyover. For each operating
condition, one specific case was selected from the available
data set [8] for a detailed analysis. The exact operating con-
ditions are listed in Tables 2 and 3, respectively. Notably,
the target veloctities are not perfectly matched, which also
influences the advance ratio J. The actual measured true air
speed (TAS) for each case at the reference position is pro-
vided as well.

Figure 11 compares the normalized radial thrust distribu-
tion dT/dt for the selected cases calculated from the ¢; and
cq distributions obtained from QPROP as
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ZEZ%[;WQCB[clcosgbfcdsinqﬁ], (D

,

Cfi—Q:%pWQCBT[ClSin¢+CdCOS¢]a )
,

with density p, resulting velocity at the blade section W,
chord length ¢, the number of blades B, and inflow angle ¢
calculated from the axial velocity at the blade W, and the
resulting velocity W (compare Fig.10) as

Wa
¢ = arctan <\/W27VV3> . 3)

For better data handling, the load distributions are fitted
with a 6-th order polynomial to import them into PANAM
and normalized with the total thrust 7 and torque Q of the
propeller blade, as required by the model of Hanson. To
avoid non-physical results, the polynomials are only eval-
uated within the scope of the fitted data. Torque distribu-
tions are not compared, because they behave similarly to
the thrust distributions (compare Tables 2 and 3) and are of
less importance to the noise emission because of the overall
lower surface forces.

The thrust distributions calculated by QPROP have a sim-
ilar parabolic shape for all four cases, which is symmetrical
to the loading peak and only located at a different radius.
Comparing both RPM settings (diamond marker vs. square
marker) shows a significant shift of the radial position of the
respective maximum loading. For a flight speed of 110 kts,
thrust peaks at around 65% of the radius. With increased
flight speed, the loading peak moves further outward on the
blade. At 190 kts, thrust peaks at approximately 85% of the
blade radius. Furthermore, the comparison shows no signifi-
cant differences between both RPM settings. At lower flight
speeds, where the propeller tip speed is more influenced by
the rotational speed, the load is shifted slightly towards a
larger radius, while at a flight speed of 190 kts no differ-
ences in loading can be observed (Fig. 11).

The thrust distributions of UPM do not look as similar,
as the thrust distributions of QPROP. All four cases show an
asymmetric shape, much more focused towards the outside
of the blade. Therefore, the blades are less loaded at the root
and more towards the tip. This also leads to a steeper decline
in thrust at the very blade tip and a larger maximum peak,
compared to the results of QPROP.

6.3 Source comparison

The load distribution from QPROP is used to assess the effect
of the radial load peak because it retains a similar shape

@ Springer

Plane of rotation

Fig. 10 Blade geometry and velocity triangle at one  location, adapted
from [35]
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Fig. 11 Comparison of radial blade loading distributions of the pro-
peller computed with QPROP and UPM. The figures show the rela-
tive thrust (d7/7) versus the normalized blade radius (#/R) for both
RPM settings. The thrust distributions are compared for flight speeds
of 110 kts and 190kts

across the four operating conditions, varying mainly in the
peak position. For clarity, the loading at 110 kts is denoted
as Load A peak and that at 190 kts as Load B. The influence
of blade loading on source-level noise is examined.

For each operating condition two simulations were per-
formed: one with the blade loading corresponding to the
current flight speed and one with the loading from the other
flight speed. This procedure was applied separately for
the two rotational-speed settings. In each case the thrust
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matched the flight speed, while only the non-dimensional
load distribution was swapped, allowing arbitrary thrust
conditions to be tested independently of the load shape.

Thickness and loading noise are calculated separately
using Hanson’s model. The noise is simulated for the time
step of to the L,,,, during the flyover. Figure 13 compares
the influence of the different loadings, i.e., Load A and Load
B, for 1527 1/min and Fig.14 for 1591 1/min. The source
noise is simulated for an isolated propeller on a semicircle
ranging from © = 0° at the front to © = 180° at the back
of the propeller, as shown in Fig.12. The noise is computed
at a radius of 1 m.

Figure 13 shows that changing the radius of the peak
loading has only minor effects on noise emission. At low
flight speeds (Fig.13 left), the propeller is only lightly
loaded and loading noise contribution is lower than thick-
ness noise. Especially towards the front the propeller
mostly emits thickness noise, which reaches its maximum
at 113.9dB and © = 76°. Moving the loading peak from 65
to 85% increases noise by 2dB, from 109.7dB (110 kts -
Load AREC #67) to 111.7dB (110 kts - Load B REC #67).
The emission angle of the maximum loading noise is only
marginally influenced by moving the radial loading peak. It
moves slightly towards the back from © = 92°to © = 94 .
The total noise of the propeller increases only slightly from
115.2dB to 115.6 dB, because thickness noise dominates.
At higher flight speeds (Fig.13 right) the influence of mov-
ing the radial loading peak is similar, but slightly less pro-
nounced. Here, the maximum loading noise increases from
120.2dB (110kts - Load A REC #71) to 122.0dB (190 kts
- Load B REC #71).

Therefore, the higher flight speed and thrust conditions
increase loading noise by about 10dB (Load B REC #67

REC #67 - 110 kts
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100 s
m
S}
£ 80 1
= L i
1
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Fig. 12 Visualization of the source noise simulation setup

vs. Load B REC #71). The corresponding emission angle
moves forward due to the Doppler effect to © = 80°, inde-
pendent from the loading. Thickness noise increases as well,
but only from 113.9dB at 110kts to 117.2dB at 190 kts,
i.e., by 3.3dB. This leads to a dominant loading noise at
high flight speeds, where the propeller has to produce more
thrust to counter the aircraft drag, hence is higher loaded.
Consequently, total propeller noise increases from 121.8 dB
to 122.9dB.

Comparing Figs.13 and 14 shows that the influence
of propeller rotational speed is minor. The effect at low
flight speeds is stronger at the higher RPM setting. Here,
the difference between the 65% peak and the 85% peak is
2.2dB, compared to 1.9 dB at the lower RPM setting. Here,
the thrust peak at 110 kts lies slightly more inboard (64%)
compared to the low RPM case (65%).

In summary, moving the source peak from 65 to 85%
of the blade radius, increases the loading noise by 2 dB.
Especially at 110 kts, where thickness noise is dominant,
the effect on the total noise emission is negligible. With
increasing flight speed loading noise gains importance,
although the impact of the moved loading peak reduces. At
190 kts the loading noise surpassed thickness noise and is

REC #71 - 190 kts

120

100

Load A: 65%
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H Load B: 85%
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® in deg

Fig. 13 Comparison of unweighted loading and thickness noise levels at 1 m radius for different blade loadings differing in peak radius. Two dis-
tinct flight speeds are compared (110 kts and 190 kts) for a rotational speed of 1527 1/min
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Fig. 14 Comparison of unweighted loading and thickness noise levels at 1 m radius for different blade loadings differing in peak radius. Two dis-
tinct flight speeds are compared (110 kts and 190 kts) for a rotational speed of 1591 1/min

the dominating source. Therefore, the influence on the total
propeller noise increases to 1.2 dB. Nevertheless, total noise
is still less influenced than loading noise alone, because of
the additional thickness noise contributing to the total noise.

6.4 Flyover noise levels Measurement vs.
Simulation

The measurement results in Fig.9 show that the received
maximum levels increase with flight speed and RPM. These
trends must be reproduced accurately by the toolchain. To
evaluate this, simulated and measured ground-level L4,
are compared for both RPM settings and for low (110 kts)
and high (190 kts) flight speeds in Fig. 15. For each oper-
ating condition a representative test point is selected from
the dataset in [8] (see Tables 2 and 3). Noise is simulated
only for microphone position 1, because the results are
almost identical for both microphone positions. To reduce
the influence of uncontrolled environmental variability,
the simulated values are compared with the overall aver-
aged measurements shown in Fig.9. In addition to Hanson’s
model, levels are also simulated with the source model
APSIM, using the higher-fidelity aerodynamic results from
UPM (Fig.2).

Similar to the measurement evaluation, maximum noise
levels are compared. Overall, simulation captures the veloc-
ity dependency of the sound pressure level well, but levels
are consistently lower predicted than the experimental data
by approximately 3 dB to 5 dB. The velocity trend is evalu-
ated in Table 4 as L,,q2,190 — Lmax,110. The measured
Lypaq increases by 5.9dB at 1527 1/min and 5.0dB at
1591 1/min. Hanson’s model predicts a stronger increase by
6.6 dB and 7.1 dB respectively. The levels at 110 kts show a
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stronger underprediction compared to the levels at 190 kts.
APSIM on the other hand, predicts with 5.2dB a smaller
increase in noise for 1527 1/min but, similar to Hanson’s
model, a larger increase by 6.1 dB for 1591 1 /min.

Due to the small change in propeller rotational speed,
the effect of RPM is difficult to assess. Yet, the compari-
son between experiment and simulations shows a favorable
trend for the model of Hanson. It consistently predicts lower
levels for 1527 1/min compared to 1591 1/min. At 110 kts
the levels increase by 0.5dB from the lower to the higher
RPM setting, and at 190 kts by 1dB. Similarly, the mea-
sured levels increase with higher RPM as well, by 1.7 dB at
110 kts and 0.7 dB at 190 kts. In contrast, APSIM predicts
higher levels at 1527 1 /min than at 1591 1/min.

7 Discussion

The comparison of the load distributions of QPROP and
UPM in Fig.11 shows a substantial shift in the peak of the
load distribution when the flight speed is increased from
110kts to 190kts and only a small impact of the change
in rotational speed for both tools. Considering the results of
[12] it can be deduced that this is mostly an effect of inflow
velocity, but less of the applied thrust. The only significant
difference between the two tools is observed in the shape of
the thrust distribution. This can be attributed to the model-
ling of the blade-tip vortices and the effect on the induced
velocity. QPROP uses Prandtl’s hub and tip loss correc-
tion to model the effect of a finite blade, while UPM fully
resolves the blade-tip (and hub) vortex.

The effect of shifting the loading peak from 65 to 85% on
noise emission turns out to be comparable small in contrast
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Fig. 15 Flyover noise at 1527 1 /min and 1591 1/min, with bars indi-
cating averaged measurement data including the standard deviation
and simulations. Simulation data is shown for a selected record of each
operating condition only

Table 4 AL;,qz in dB between high flight speed (190 kts) and low
flight speed (110 kts) for both RPM settings

RPM (1/min) Measurement Hanson APSIM
1527 5.9 6.6 52
1591 5.0 7.1 6.1

to a similar shift using the effective radius assumption [9],
which is in the order of 10dB. Loading noise increases
on average by about 2dB, which is at a similar order as
the results of Succi [23]. This effect is slightly larger at
low flight speeds as at higher flight speeds. The effect on
total noise contribution is further reduced by the additional

thickness noise and independent of the rotational speed. The
smaller impact of shifting the radial peak of a loading distri-
bution compared to shifting the effective radius results from
the large amount of blade loading unaffected by this shift.
The effective radius moves the total applied load to a dif-
ferent radius. At low flight speeds Hanson’s model predicts
that thickness noise dominates, which is unusual and may
result from the simplified thickness distribution employed
[13,37, 44].

Comparing the measured levels on ground to the simula-
tion shows a constant underprediction of noise levels. Since
the influence of the load distribution has only a small influ-
ence on the noise emission, an incorrect prediction of the
blade loading can be ruled out as the main reason for this
discrepancy. Similar trends were also found by Yunus et al.
[25]. They identified unsteady loading noise as important
factor for a correct prediction of the ground noise levels.
Unsteady loading noise is not modeled in the current ver-
sion of the toolchain. Therefore, this could cause the under-
prediction in this comparison. Unsteady loading can be
introduced by a non-zero inflow angle, or by installation
effects and has to be further investigated. Additionally, the
propeller geometry is only approximated and results might
differ from the actual propeller geometry. Finally, propeller
noise is strongly influenced by environmental conditions,
especially wind. Although measurement conditions were
within the limits of DIN 45684-2 [34], to determine exact
operating conditions is challenging, if not impossible.

At the moment, the cause of the over all lower levels of
APSIM are unknown. Manghnani et al. [10] showed that
directivity between Hanson’s model and APSIM differs.
This can lead to a larger distance between the aircraft and
the microphone when the maximum level is reached, result-
ing in a lower L, .. Following the results of this study, the
different radial blade loading does not cause the lower levels
but other than the Hanson model, APSIM also considers the
chordwise loading and thickness, which can influence the
emitted noise [13, 37].

8 Summary and conclusion

This work employs a newly developed toolchain for pre-
dicting propeller-aircraft noise under various operating
conditions. The toolchain results are benchmarked against
higher-fidelity methods and measurement data, and the
influence of a shifting loading peak is examined.

The toolchain is intended for integration into existing
frameworks and preliminary-design optimization loops.
Hanson’s model provides the noise source, requiring radial
blade loadings from a BEMT solver. Results are compared
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with fly-over measurements and the external source model
APSIM.

The evaluation of the measurement data reveals that
maximum sound pressure levels rise with increasing air-
speed and rotational speed. Flight speed significantly
influences the radial position of the thrust peak, shifting it
outward from approximately 65% of the radius at 110 kts to
85% at 190 kts. Both QPROP and UPM predict this trend,
though UPM’s radial load distribution is more concentrated
near the blade tip.

The effect of varying the loading peak from 65 to 85%
of the blade radius is relatively minor, increasing loading
noise by only 2dB with minor dependencies on operating
conditions. Hence, a single representative load distribution
can be used as a good approximation to model an entire tra-
jectory for landing and takeoff. Simulation results consis-
tently underpredict noise levels by approximately 3dB to
5dB compared to experimental data. Hanson’s model gen-
erally predicts higher levels than APSIM, but both models
accurately capture the overall velocity trend. This is most
important for the correct prediction of landing and takeoff
noise, where flight speeds vary significantly. However, nei-
ther model successfully replicates the impact of propeller
RPM. Therefore, combining BEMT with Hanson’s model
provides a practical prediction approach. Employing higher-
fidelity methods does not substantially improve prediction
accuracy for the selected applications cases.

In the near future this simulation process is foreseen to
enable low-noise design of novel vehicles and technologies.
Initial work towards this goal is presented in [9]. Further-
more, the influence of unsteady loading noise and angle of
attack will be investigated and implemented into the process.
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