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This study deals with the comparison of different numerical fidelity levels to predict the
noise of an isolated propeller in positive and negative thrust conditions. For this purpose,
unsteady Reynolds-Averaged Navier-Stokes (URANS) and Improved Delayed Detached-Eddy
Simulations (IDDES) were carried out and compared with Lattice Boltzmann (LBM) very large
eddy simulations and wind tunnel data measured at TU Delft. It was found that the aerodynamic
behavior with respect to the propeller loads, flow field in the slipstream, and surface pressure
was well predicted by all methods. In the subsequent acoustic propagation, according to the
Ffowes Williams - Hawkings analogy, it was found that the noise directivity differed when
using different CFD methods for the case of negative thrust due to increased broadband noise,
while all CFD methods showed a similar noise directivity at the first blade passing frequency
in the positive thrust condition. In the negative regime, the URANS simulation did not take
into account the broadband fluctuations, which led to a significant underestimation of about
40 dB in streamwise directions in the overall noise, while IDDES and LBM showed similar
trends, but still deviated about 5 dB in the prediction of the overall noise. Finally, a study was
conducted with a low-fidelity acoustic evaluation based on Hanson’s model, which enabled a
direct comparison of noise generated only by propeller loads, where a good agreement in tonal
noise was achieved compared to the FW-H formulation with all CFD methods exhibit a similar
noise directivity in both operation conditions.
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Nomenclature
= number of propeller blades, [-] P = propeller power, [W]
= B - n,blade passing frequency, [Hz] oo = pV2/2, dynamic pressure [Pa]
= section chord, [m] et pV2 /2 + (Qr)?, effective dynamic pressure, [Pa]

= propeller torque, [Nm]

(p = Poo)/qest, pressure coefficient, [-] 0
(pt — Po)/ g, total pressure coefficient, [-]  r = radial coordinate, [m]
= T/pen®D*, propeller thrust coefficient, [-] R = propeller radius, [m]
= P/pen>D>, propeller power coefficient, [-] s = cell size, [m]
= propeller diameter, [m] T = propeller thrust, [N]
= frequency, [Hz] Voo = free-stream velocity, [m/s]
X,y,z = coordinates, [m/s]

= V. /nD, advance ratio, [-]

sound pressure level, [dB] np = TV/P, propeller efficiency, [-]
= propeller rotation speed, [Hz] n: = P/TV,, turbine efficiency, [-]
= number of grid cells, [-] Q = 2nn, rotational speed, [rad/s]
= sound pressure, [Pa] ® = fly-over directivity, [°]
reference sound pressure, 2 X 10™>Pa b d = azimuthal directivity, [°]
= total pressure, [Pa] Poo = air density, [kg/m’]
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I. Introduction

HE aviation industry aims towards a transition to sustainability, exploring innovative concepts in aircraft propulsion.

In this pursuit, the focus is on electrical or hybrid-electric propulsion. One promising concept involves the
distribution of multiple smaller propellers across the wing span, replacing conventional main propulsion systems.
This approach offers numerous advantages, including lift augmentation through propeller slipstreams and increased
flexibility in design layout [114]]. These advancements have led to the development of beneficial configurations featuring
inner-distributed propulsion complemented by a wing-tip-mounted propeller (WTP) [3]]. Leveraging such configurations
can facilitate reduced landing distances [6]], for instance, by utilizing the windmilling condition of the WTP, which
is also the scope of future research. Additionally, the generated torque from the WTP or inner propellers can be
utilized since the propellers are driven electrically and the electric motors can operate as generators, recuperating
energy in descent flight. However, there’s ongoing research into mitigating the noise emissions associated with these
configurations. Extensive studies incorporating high-fidelity simulation techniques like Lattice-Boltzmann (LBM) very
large eddy simulations [7, (8] and experimental measurements [9]] have shed light on challenges such as flow separation
during specific operational conditions. Additionally, existing literature outlines aeroacoustic behaviors under steady
Reynolds-Averaged Navier-Stokes (RANS) and low-fidelity Blade Element Method (BEM) simulations, highlighting
their inherent limitations [10,[11]]. To close this gap, this work aims to perform a comprehensive aeroacoustic comparison
of different numerical methods by conducting unsteady Reynolds-Averaged Navier-Stokes simulations (URANS) and
Improved Delayed Detached-Eddy Simulations (IDDES) and comparing them with Lattice Boltzmann (LBM) very
large eddy simulations and experimental data from TU Delft. By doing so, it seeks to extend the knowledge of the
capabilities from different numerical methods, laying the foundation for future applications, including the integration of
propulsive and regenerative propellers within the aforementioned Distributed Electric Propulsion (DEP) configuration.

I1. Methodology

A. Setup

The setup comprises the TUD-XPROP, featuring three blades with a diameter of D = 0.4064 m and a hub diameter
of D =0.092m [12]]. At 70 % of the propeller blade radius, the pitch angle is set to 15 °. The blades are affixed to
a spinner, seamlessly integrated into a nacelle extending 1.6 D downstream of the setup. Furthermore, the support
structure included in the experiments is omitted to facilitate the simulations. Referencing[Figure T] the setup is visually
depicted, showcasing the arrangement alongside the polar angles crucial for acoustic evaluation.

Yy

(a) Front view (b) Side view
Fig. 1 Setup of the XPROP configuration.

Within this study, two operating points are investigated: first, the positive thrust case, characterized by a propeller
rotational speed of 123.03 Hz, and second, the negative thrust condition, where the propeller rotational speed was
decreased to 67.11 Hz. In both instances, the inflow velocity remains constant at V,, = 30 m/s, with no inclination angle
considered, thereby yielding advance ratios of J/ = 0.6 and J = 1.1, respectively. Further details on the setup can be
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found in the relevant literature [[7,[8,[10]. The simulation results are compared to experimental data obtained from wind
tunnel tests conducted at TU Delft [9].

B. Numerical Methods

For the unsteady Reynolds-Averaged Navier-Stokes and Improved Delayed Detached-Eddy simulations [13]], the
finite volume solver FLOWer is applied. Originally developed at the German Aerospace Center (DLR) [14], FLOWer
undergoes continuous extension at the Institute of Aerodynamics and Gas Dynamics at the University of Stuttgart
(13 [16], with particular applications to rotorcraft [17-20]. For temporal discretization, a second-order dual-time
stepping scheme is employed, and a second-order Jameson-Schmidt-Turkel (JST) scheme for spatial discretization.
Applying a 5"-order weighted essentially non-oscillatory (WENO) scheme in the background mesh enhances the
accurate resolution of the propeller tip vortices [21]]. To close the URANS equations, the Menter-SST turbulence model
is employed [22]]. Similarly, the IDDES simulations utilize the Menter-SST model as the underlying turbulence model,
comprehensively analyzed in various studies employing FLOWer [23,24]. FLOWer solves the URANS/IDDES equations
on block-structured grids, and therefore the relative motion of the propeller blades and spinner to the background grid is
enabled by the Chimera technique. Body-fitted meshes are generated for these elements, i.e. propeller blades, spinner
and nacelle, within a Cartesian background mesh featuring hanging grid nodes, as can be seen in[Figure 2] Far-field
boundary reflections are mitigated by extending the domain to 100 propeller radii in all directions. The boundary layers
of the structural elements are sufficiently resolved to meet the criterion of y* < 1. Cell extrusion employs a growth rate
of 1.15, converging to a cell size of 5 % of the propeller chord length. To establish quasi-stationary conditions and to
eliminate transient flow influences, 20 full propeller revolutions are simulated, with the last two revolutions dedicated to
acoustic evaluation. The time step is chosen to be 0.5 ° for the URANS simulation to adequately capture the acoustic
phenomena. For the IDDES simulation, the time step is reduced to 0.25 ° based on existing experience with hybrid
URANS/LES approaches in FLOWer [23]]. Notably, it has been checked that a time step of 0.125° yields no significant
impact on the results.

(a) Background mesh (b) Body-fitted meshes
Fig. 2 CFD mesh.

As mentioned previously, the URANS and IDDES simulations are compared to results obtained with the Lattice-
Botzmann method in combination with very large eddy simulations performed with PowerFLOW. For the comparisons
made in this paper, results from the LBM simulations with a y* < 10 are considered. A detailed description of the
LBM setup can be found in the relevant literature [11]]. To assess far-field acoustics, the Ffowcs Williams - Hawkings
analogy (23] is utilized by the in-house code ACCO [26]. Notably, in contrast, the results from the LBM simulation are
post-processed with SIMULIA PowerACOUSTIC using Farassat’s formulation 1A [27]. Nevertheless, for both, the
blade surfaces serve as acoustic integration surfaces, capturing noise sources originating directly from the blades. The
noise levels are compared at far-field observer positions at a distance of 10 D from the propeller center. Hereby, ®
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represents the fly-over noise directivity and ¥ the azimuthal noise directivity, see[Figure I} Since the noise directivity of
an isolated propeller is symmetrical for the azimuthal observer positions, only the fly-over directions are considered for
the acoustic evaluation.

For comparison purposes and to directly compare the tonal noise among the several methods, Hanson’s model is
evaluated using an in-house code of TU Delft [28]. Nevertheless, since the paper focuses in particular on the capability
of the several CFD methods, a detailed description of the method is omitted, and reference is made to the relevant
literature [[7]. For the noise evaluation with Hanson’s model, only the first harmonic is investigated, utilizing the load
(thrust and torque) distribution of the blade directly. This enables the evaluation of tonal noise arising from the propeller
loads without considering broadband noise contributions and the differences that might result from the different FW-H
calculations, i.e. ACCO and SIMULIA PowerACOUSTIC. Thus, Hanson’s model is used more as a diagnostic tool to
better understand and separate the differences between the investigated CFD/CAA workflows.

ITI. Grid Sensitivity Study
The meshes used in this work for the URANS and IDDES simulations with FLOWer are examined with regard
to their influence on the simulation results. Three meshes with different spatial resolutions are therefore created, and
URANS simulations are performed with the respective mesh. Since the IDDES simulations require a fine resolution of
commonly used As/c =5 % in FLOWer [23]], only URANS simulations are performed for the grid study.

Table 1 Grid parameters.

Resolution As/c[%] Growth factor [-] # Cells blade [x10%]  # Cells total [x10°]

coarse 15 1.25 1.70 14.3
medium 10 1.20 2.00 25.6
fine 5 1.15 2.35 54.1

The meshes are characterized by their dependence on the propeller chord length commonly used in the literature
[29,130]. In addition, the meshes of the spinner and nacelle are adapted so that they have the same cell size as the
propeller blades.

3 ———— Simulation Data 3
| - — —»— - - Richardson Extr. |

Q/ Qw1'r [']

I 17777777 \
0.9 0.9

0 N -2/3 [_] 2E-05 0 N -2/3 [_]
(a) Thrust (b) Torque

2E-05

Fig. 3 Grid sensitivity study in positive thrust condition using URANS compared to experimental data [9].

Since the chimera technique is used, the resolution of the background mesh is also adapted to the individual cases,
which has a significant effect on the total cell count. Notably, the spatial resolution of the surfaces is not changed to
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facilitate the study, which therefore only the volume mesh is affected. The resulting geometric specifications of the
associated meshes can be derived from From this, the propeller thrust (T) and torque (Q) are evaluated as
observation values, and the Richardson extrapolation [31] is performed, which provides the limit solution independent
of the grid resolution. For the extrapolation, a method proposed in the literature is applied [32,|33]]. The values are then
compared without wind tunnel corrections to the experimental data obtained from wind tunnel tests (WTT) conducted at
TU Delft [9]. [Figure 3|illustrates the convergence of thrust and torque values by refining the mesh. The observed values
are plotted against the number of grid cells (N). It is found that by refining the grid, the values converge towards the
experimental data, although for each grid (coarse, medium and fine), there is a moderate difference to the experiment of
below 5 % for thrust and below 10 % for torque. As can be seen, Richardson’s extrapolation provides the least difference
to the experiment. This study shows that for the URANS simulation, a resolution of As/c = 10 % may be sufficient to
reproduce the aerodynamic physics. However, to maintain a comparison with the same mesh as used for the IDDES
simulations, a grid resolution of As/c = 5 % is used for both methods.

IV. Aerodynamic Results

A. Propeller Loading

First, the propeller loads, i.e. thrust and torque, are examined for the two defined operating cases. As can be seen,
the integral propeller values of thrust and power are well predicted by FLOWer as compared to experiments, both using
URANS and IDDES simulations. shows the difference between the respective numerical methods for both
advance ratios to the experiments of TU Delft [9].

Table 2 Differences in integral propeller loads to experiments [9].

Solver Method J[-] | ACr [%] ACp [%] Anp [%] An, [%]
FLOWer URANS 0.6 -3.0 7.7 +4.7 -
FLOWer IDDES 0.6 -7.9 -10.3 +22 -
PowerFLOW LBM 0.6 -3.0 -84 +5.9 -
FLOWer URANS 1.1 53 23 - +2.9
FLOWer IDDES 1.1 45 1.6 - +2.8
PowerFLOW LBM L. 0.8 +0.0 - +0.8

The deviations of the URANS simulation are close to the deviations of the LBM simulation at J = 0.6, while the
differences at J = 1.1 are significantly higher for the URANS simulations. Remarkably, the differences in the positive
thrust case with the IDDES simulation are higher than with URANS and LBM. Notably, even though an advance ratio
of J = 0.6 produces positive thrust, it does not correspond to the on-design point, resulting in a more complex flow field
at the blade tip. By considering the case of negative thrust, the IDDES simulation shows a smaller error as compared to
the URANS simulation when benchmarked against experimental data. Nevertheless, the LBM simulation shows the
smallest discrepancies from the experiment in this condition, while all methods are in good overall agreement with
the experimental data. Additionally, the distributed loads of thrust and torque are analyzed and compared between
the methods, see [Figure 4] and [Figure 5] Since the integral loads are in a good agreement, the distributed loads are
investigated, showing a similar shape. For the thrust distribution in the J = 0.6 condition (see [Figure 4p), a difference
can be found near the tip of the propeller blade. Here, the IDDES simulation shows a decrease of the thrust to negative
values, whereas the URANS and LBM simulations are on a similar level. This explains the lower integral thrust in
the IDDES simulation. However, the behavior in the tip region, obtained by the IDDES simulation, towards negative
values is closer to the measured results from the experiments, which will be demonstrated by the evaluation of the total
pressure in the propeller slipstream. In the negative thrust regime, see[Figure 4p, there are no significant differences
between the methods. All methods predict a similar shape of the thrust distribution, with values in a comparable range.
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(a) Positive thrust condition: J = 0.6 (b) Negative thrust condition: J = 1.1

Fig. 4 Distributed thrust on blade.

This confirms the good agreement of the integral thrust for this particular operating point. Observing the propeller
torque in the positive thrust case (Figure 5p), it can be seen that the URANS simulation exhibits a kink at r/R = 0.85,
which is not the case for the IDDES and LBM simulations. In the negative thrust regime (see [Figure 5p), the shape of
the torque distribution is also comparable for all methods, while the magnitude is lower in the middle blade section for
the LBM simulation.

o o
el R
1 I oc I
= =
0.5 0.5
L -.—e-—- IDDES L
- - - LBM
Pl RN ST TN T T o e e S S S S S L 1
0 2 3 5 -3 -1 1
Q [Nm/m] Q [Nm/m]
(a) Positive thrust condition: J = 0.6 (b) Negative thrust condition: J = 1.1

Fig. 5 Distributed torque on blade.

This comparison serves as the basis for the acoustic evaluation, since thrust and torque contribute to the noise
emission of the propeller. It also shows that all methods are capable of predicting loads with differences being below
8 % in thrust and 11 % in torque in the positive thrust case and respectively below 6 % in thrust and below 3 % in torque
for the negative thrust case.
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B. Total Pressure in the Wake

Since the distributed loads of the propeller can only be compared between the numerical methods, the investigation
of the total pressure in the propeller slipstream enables a further comparison to the experiments [34]. Furthermore,
this study helps to understand the capability of reproducing the flow physics of the respective numerical method.
As mentioned in the previous section, the total pressure in the slipstream of the propeller is determined in a plane
perpendicular to the plane of propeller rotation, i.e. x/R = 0.15, as shown in

MR [-]
R[]

0.5 0.5

‘ 1
0.4 0.8 0.4 0
cP,tot [-] cp,(ot [']

(a) Positive thrust condition: J = 0.6 (b) Negative thrust condition: J = 1.1
Fig. 6 Total pressure in the wake of propeller compared to experiments [9].

Here, the previously mentioned statement (see in the positive thrust regime of the effect at the
blade tip, where the IDDES simulation predicts negative thrust values, becomes evident. While the URANS and LBM
simulations show a similar characteristic in the tip region, the IDDES simulation and the experiment show a negative
total pressure here. Overall, all methods are in good agreement with the experiment in the positive thrust regime
regarding the shape and magnitude of the total pressure, while the negative thrust regime shows significant differences
between the numerical methods. Here, the LBM simulation shows the closest agreement with the experiments, while
the IDDES simulation shows significant differences in shape and magnitude, especially in the middle section of the
propeller blade, where a lower total pressure is predicted.

C. Surface Pressure

To conclude the aerodynamic study and delve deeper into the different flow phenomena on the propeller blades,
which directly affect the noise signature of the propeller, especially at higher harmonics, the surface pressure on the
propeller blade is examined and compared for the respective numerical method. Considering that the acoustic results
are dominated by the contributions from the outboard part of the blade, where the Mach number is highest, the pressure
distributions are examined at r/R = 70% and r/R = 90%. The results for the positive thrust case are shown in [Figure 7]
Considering the radial section at r/R = 70%, all methods show a similar trend of the surface pressure over the chord
length, with no significant differences in magnitude. However, the LBM simulation shows less negative pressure at the
leading edge on the back side of the propeller blade (i.e. in a positive thrust case similar to the pressure side), while the
URANS and IDDES simulations predict the same magnitude. Additionally, a slight discrepancy in the shape of the
surface pressure curve is found on the back of the blade, while no differences are found on the front side of the blade
(i.e. coinciding with the suction side in the positive thrust case). Moving closer to the tip region, greater differences
in shape and magnitude are observed for all methods. While again, there are no differences on the front side of the
blade, higher discrepancies can be seen in the region of 0 < x/¢ < 0.5 on the back side, see [Figure 7b. The LBM
simulation predicts a less negative surface pressure with a faster decrease after the leading edge. Furthermore, the
IDDES simulation predicts a comparable magnitude of surface pressure but shows a higher gradient after the leading
edge, with a good agreement between the methods in the region of the trailing edge. It is assumed that the different size
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of the separation bubble is responsible for the discrepancies here. With this, the differences in thrust towards the tip
region can be explained. Nevertheless, overall, the methods show a similar trend in surface pressure, except on the back
side near the leading edge. This explains the differences in the integral loads discussed in[subsection TV.A] but also
shows that despite the differences in the surface pressure, the integral loads are in a good agreement.

ol

0.5 1 0.5
x/c [-] x/c [-]
(a) /R =70 % (b) T/R =90 %

Fig. 7 Surface pressure on propeller blade - J = 0.6.

Considering the negative thrust regime, both radial positions on the propeller are analyzed accordingly as illustrated
in where for both sections no differences are found on the front side of the blade (i.e. the pressure side in the
negative thrust case). Conversely, on the back side of the blade at /R = 70% (i.e. suction side in the negative thrust
regime), larger differences occur due to a separation bubble, which is described in the literature [§]. While the result
from the URANS simulation follows the trend of the LBM simulation, the IDDES simulation predicts an increase in

suction pressure in the range of 0.4 < x/c < 0.7, see|Figure 8h.

&4

(a) r/R=70 Y%

o

0.5
x/c [-]
(b) r/R =90 %

Fig. 8 Surface pressure on propeller blade - J = 1.1.

Nevertheless, all methods show a similar trend with respect to the studied separation on the back side of the blade [].
In the tip region of the propeller blade, no significant differences are observed between the methods, see [Figure 8p. This
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is in agreement with the investigations made by observing the total pressure in the wake, where the highest differences
occur in the region of /R = 70%.

V. Sound Pressure Time Signature and Spectral Analysis

First, the time-resolved sound pressure obtained from the different numerical methods is evaluated at a specific
observer location in the propeller plane (® = 90 °). Therefore, two revolutions from the CFD simulation are used as
input for the FW-H calculation. The time signatures for the both cases are shown in over one full revolution.
All methods predict a clear sinusoidal contour emitted at the blade passing frequency (BPF) in the positive thrust case.
In contrast to the URANS and IDDES simulations, the LBM simulation also shows higher-frequency contributions from
broadband noise. Looking at the negative thrust case, it can be seen that the URANS simulation still shows a sinusoidal
signal emitted at the BPF, but with a significantly reduced amplitude compared to the positive thrust case. However, the
IDDES and LBM simulations show large contributions of broadband fluctuations, where the underlying BPF tone is no
more visible for the LBM simulation and the broadband fluctuations are significantly higher compared to the IDDES
simulation results.

0.25 0.1

l BM “,.' w ]‘

P MmN | M
E or f & ‘l' l‘ \'I “l' g H" “‘ “' M ”‘ ‘ w"“ }“t lMl»
) Il: r‘ i ‘ ‘.V“ " ” ( l H

~ . . . . 1 . . . _ . . . . 1
0-25 05 0.1 05
rev [-] rev [-]
(a) Positive thrust condition: J = 0.6 (b) Negative thrust condition: J = 1.1

Fig.9 Time-resolved sound pressure at ® = 90°.

To see the spectral contributions, an FFT analysis is performed. The periodized signal of two revolutions is used for
the analysis for the respective method. Furthermore, the results of all methods are post-processed in the same manner,
which enables a direct comparison in terms of frequency resolution. shows that the first three harmonics are
in a good agreement for all methods in the positive thrust case, while the first BPF clearly dominates the spectrum. As
expected from the time signal, broadband noise is present at higher frequencies for the LBM simulation, where URANS
and IDDES predict significantly lower amplitudes. For the negative thrust case, broadband noise is more pronounced for
the IDDES and LBM simulations, as is expected, since LBM and IDDES simulations are capable of resolving parts of
the smaller turbulent structures in contrast to the URANS simulation, see [Figure 10p. However, the URANS simulation
shows a similar amplitude at the first BPF harmonic compared to the IDDES simulation and LBM simulation. While
the first BPF amplitude is similar between all methods, the usage of the IDDES simulation enables to capture parts
of the broadband noise fluctuations, which results in a significant amplification of noise levels at higher frequencies
compared to the URANS simulation. Nonetheless, the amplitude of noise levels seems to be still lower than predicted
by the LBM simulation. Furthermore, the URANS simulation predicts no increase in broadband noise compared to the
positive thrust case due to the limited representation of the broadband fluctuations. Finally, this shows that the URANS
simulation is still capable of predicting similar tonal noise characteristics at the first BPF compared to the IDDES and
LBM simulations but fails to capture the amplitude at higher frequencies in the negative thrust case. Furthermore, it
shows that the URANS simulation is a good choice for obtaining accurate predictions of the higher harmonics in several
directions in the positive thrust case, which will be further demonstrated by analyzing the overall noise directivity.
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Fig. 10 FFT analysis at © = 90°.

VI. Noise Evaluation

A. Thickness and Loading Noise Contributions - 1.BPF

To study the noise directivity, several observer positions perpendicular to the propeller plane are investigated,
defined as ®-directivity. Since all methods use the FW-H formulation to propagate the noise to the far-field observers, a
separation of the several noise source contributions is performed. The integration surface for the FW-H formulation
coincides with the physical surfaces of the propeller blades, thus ignoring the quadrupole contribution. Notably, the
LBM simulation solves the FW-H equation by the Farassat 1-A formulation, while for the URANS and IDDES methods
the FW-H equation is solved by the in-house code ACCO, which also allows the source-time consideration of mean
flow effects [35]. However, both methods provide information about the contribution of the thickness (monopole) and
loading (dipole) noise sources for the first BPF, which are shown in[Figure TT]and[Figure T2]for the positive and negative
thrust setting, respectively.

—o— URANS 270
- - - IDDES 240
— == LBM
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(a) Positive thrust condition: J = 0.6

(b) Negative thrust condition: J = 1.1

Fig. 11 Noise directivity of the monopole source contribution - 1.BPF.
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It can be seen that in both thrust cases, the thickness noise has a similar noise directivity in shape and magnitude
for all methods. This is as expected because the monopole noise source is related to the geometric definition of the
propeller blade, which is similar for all methods. It is noteworthy that, when comparing the two advance ratios, the
emitted noise is significantly reduced when considering the negative thrust case, which corresponds to the reduced
Mach number due to the lower rotational speed of the propeller, see

Conversely, by observing the loading noise contribution, there are discrepancies between the methods in the negative
thrust case, while for the positive regime, all methods predict a similar magnitude of noise at the first BPF, see
Interestingly, both contributions, thickness and loading, have a comparable magnitude in the noise directivity in the
positive thrust regime. This does not seem to be the case in the negative thrust regime, where the loading noise is higher
than the thickness noise. Furthermore, as already shown in[section V| all methods show the same magnitude in the
directions ® = 90 ° and ® = 270 °. In contrast, in the flow directions, i.e. ® = 0° and ® = 180 °, the noise is higher for
the IDDES and LBM simulations than for the URANS simulation. Although only the BPF is considered in this study,
it is assumed that broadband noise contributions are superimposed on the tonal noise, leading to the noise increase
in these directions also at this frequency. In addition, since the URANS simulation shows no noise emission in these
directions, it can be assumed that the broadband noise is dominant in these directions. Here, the IDDES and LBM
simulations exhibit a similar characteristic and amplitude of noise levels.
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——A-.—. LBM 7 TR
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60 on 120
90
(a) Positive thrust condition: J = 0.6 (b) Negative thrust condition: J = 1.1

Fig. 12 Noise directivity of the dipole source contribution - 1.BPF.

B. Overall Noise

Additionally, the overall noise level and the sum of both noise source contributions, referred to as total noise, for the
first BPF are evaluated in|Figure 13|and [Figure 14] If only the first BPF is considered (total noise), all methods show a
similar shape and amplitude of the noise directivity in the positive thrust regime, which is consistent with the previous
shown results, see[Figure T3p. In the negative thrust regime, the total noise agrees well when comparing the IDDES and
LBM simulation results, where higher noise levels are emitted in streamwise directions as already observed for the
loading noise contribution, which is illustrated in[Figure T3p. This shows that broadband noise is dominant in these
directions, where the URANS simulation shows lower results due to the missing broadband contributions. Overall
the comparison is similar to the investigations made for the loading noise contribution, showing the major impact of
loading noise on the total noise compared to thickness noise for these operation cases. Considering the overall sound
pressure level, i.e. the sum of all frequencies, it can be seen that the results from the URANS and IDDES simulations
are comparable in magnitude and shape to the total noise directivity in the positive thrust case, see[Figure 14p. In
contrast, the results from the LBM simulation agree well in the directions ® = 90° and ® = 270 °, but differ in the
streamwise direction. This can be explained by the contribution of broadband noise, where the LBM simulation shows
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high contributions, and IDDES or URANS simulations show no broadband noise in these specific directions.

180

(a) Positive thrust condition: J = 0.6 (b) Negative thrust condition: J = 1.1
Fig. 13 Total noise directivity - sum of monopole and dipole contributions.

In the negative thrust case, the highest noise is emitted in the streamwise direction (i.e. ® = 0° and ® = 180 °) for
the LBM and IDDES simulations, while the URANS simulation shows only a slight increase in overall noise in these
directions, see[Figure 14p. The IDDES and LBM simulations agree well on the shape but still differ in magnitude, about
5dB, of the overall noise directivity, which can be explained by the dominant broadband noise, which is differently
predicted by both simulations. Notably, the slight increase in streamwise direction from the URANS simulation indicates
that there is still a small contribution of broadband noise captured.
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(a) Positive thrust condition: J = 0.6 (b) Negative thrust condition: J = 1.1

Fig. 14 Overall noise directivity.

C. Hanson’s Model
Finally, a low fidelity acoustic evaluation by Hanson’s model is performed using the CFD results from all methods.
For this purpose, the solver implemented at TU Delft is used [28]]. Subsequently, the shown load distributions are used
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as input to the solver, and the noise directivity at the defined observer positions is determined for the first BPF. First, a
comparison is made between the results of Hanson’s model and the FW-H formulation using the URANS simulation
data as input [Figure T5] This will conclude the computational cross-validation study by showing further possibilities
and limitations of different simulation fidelity, since in the literature several combinations of CFD/CAA methods are
commonly used. Furthermore, the application of Hanson’s model can save computational time by performing for
these cases < 1sec, while the acoustic evaluation with ACCO took about 85 sec on 4096 cores, resulting in about
100 core — h. As can be seen for both thrust cases, a good agreement is achieved by Hanson’s model when compared to
the results from the FW-H formulation.
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o[°] o]
(a) Positive thrust condition: J = 0.6 (b) Negative thrust condition: J = 1.1

Fig. 15 Comparison of Hanson’s model results and FW-H results using URANS simulation data.

Nevertheless, an overprediction of about 3 dB of the maximum noise level in the direction ® = 90 ° can be found for
the positive thrust case, see [Figure T5h. Conversely, in the negative thrust case, Hanson’s model predicts the maximum
noise level about 3 dB lower than the FW-H formulation, as illustrated in [Figure T3p.
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(a) Positive thrust condition: J = 0.6 (b) Negative thrust condition: J = 1.1

Fig. 16 Comparison of Hanson’s model results using different CFD simulation data.

Furthermore, in both thrust cases, the shape of the noise directivity is in a good agreement compared to the
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application of the FW-H formulation. Thus, Hanson’s model is well suited to predict the tonal noise directivity for both
thrust cases, but the differences in magnitude have to be taken into account, which might result from simplifications
made in Hanson’s model. As expected, since the load distributions for thrust and torque are in good agreement for
both advance ratios, the noise directivity is also in a good agreement for all methods, which can be seen in[Figure 16
Nonetheless, it shows that the increase in tonal noise in streamwise directions, which was shown for the IDDES and
LBM simulations in [subsection VI.A]and [subsection VI.B|is obviously not captured by Hanson’s model. Thus, the
combination of higher-fidelity methods like LBM and IDDES simulations in combination with Hanson’s model reduces
the quality of the noise prediction significantly, while the combination with URANS simulations seems to be feasible in
both operation conditions.

D. Influence of Blending Function

Given the partly non-periodic nature of the flow field, particularly evident in the negative thrust case, a blending
function can be employed for acoustic evaluation in ACCO, enforcing the periodicity of pressure waves [35)]. This
enables the consideration of numerous revolutions, which are needed especially for fly-over noise simulation, by only
using the CFD data of one or two revolutions, reducing significantly the computational time. Therefore, this study
investigates the influence of the blending width on the noise directivity. While for all shown results no blending was used,
the effect of using a blending function will be discussed here. As shown, the IDDES simulation for the negative thrust
case generates higher contributions of broadband noise, therefore the results from the IDDES simulations are used for
this study. Contrarily, the URANS simulation provides a mostly perfect sinusoidal signal, where the blending function
did not affect the noise signature. Here, three blending widths are investigated to evaluate the relative differences
between the approaches. In addition, an evaluation without periodicity and therefore without a blending function
(similar to the previously presented results from the IDDES simulations) is used as a reference to show the influence on
the noise directivity. As can be seen in[Figure T7h, the blending width affects the tonal noise directivity in the negative
thrust case mainly in the directions where broadband noise is dominant. There are no differences in the directions
® =90° and ® = 270°. Conversely, the noise level is reduced by 10dB in the directions ® = 0° and ® = 180° by
using a longer blending width. This explains why a longer blending width eliminates more broadband noise, while the
shortest blending width of a blade passage, i.e. 1/3 revolution, best matches the unblended result. Furthermore, it can be
seen that the noise directivity is affected in its symmetry. Finally, the overall noise levels in the negative thrust regime
are compared for the different blending widths. No difference is found in the shape of the noise directivity and there is
also no significant influence on the magnitude. Thus, the blending function diminishes some parts of the broadband
contributions but is still able to predict a similar noise directivity in the case where broadband noise is dominant. Finally,
it can be said that it is recommended to use the shortest possible blending width if considering fly-over noise simulations
with IDDES simulation results.

——o—— 1 rev
- =% — 2/3rev
—-=G-—- 1/3rev
———+&—— unblended

(a) Tonal noise (1.BPF) (b) Overall noise

Fig. 17 Influence of blending width.
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VII. Conclusions

This study applied different levels of fidelity in CFD and CAA simulations to an isolated propeller operating in
positive and negative thrust conditions. Different methods from URANS, IDDES to LBM VLES are considered and
compared with experimental results from the literature regarding aerodynamic behavior. It was shown that the propeller
loads are in good agreement between the numerical methods and differ below 8 % in thrust and 11 % in torque from the
experimental results obtained in the wind tunnel of TU Delft. Furthermore, the flow field characteristics were analyzed to
study the effect of the scale-resolving IDDES simulation, and it was found that significant differences between the methods
occurred due to the different predictions of separation. To compare the experimental results with the simulation methods,
the total pressure in the propeller slipstream was compared, where it was shown that all methods predict the same trend
in the positive regime, while the IDDES simulation showed significant differences in the negative thrust regime. This
was supported by an analysis of the propeller surface pressure at two exemplary radial slices. As expected, in the positive
regime, the comparison between the methods is comparably good, but a different trend of the surface pressure was found at
aradial position 7/R = 70%. For the negative thrust case, the IDDES simulation predicted an increase in surface pressure
after a separation bubble on the back side of the blade, which was not found for the URANS and LBM simulations.
This explained the differences in the total pressure, which occurred mainly in the middle section behind the propeller blade.

The aerodynamic study was performed as the basis for the acoustic analysis. With that, the time signature and FFT
analysis revealed that the tonal noise dominates in the positive thrust case, when using URANS and IDDES simulations,
while the broadband noise increased significantly in the negative thrust regime. This effect was not captured by the
URANS simulation, while in the positive thrust case, all methods showed a similar characteristic and magnitude of
noise levels, justifying the application of URANS simulations for propulsive conditions without significant separations
on the propeller blade. This study also showed the differences by using the URANS simulation for separated flows and
the effect on the acoustics. It was shown that the URANS simulation is still able to predict the tonal noise accurately
compared to the IDDES and LBM simulations under these conditions in several directions but failed to predict the
noise levels in the streamwise directions, where broadband noise was dominant and superimposed with the tonal noise.
Obviously, the overall noise was different due to the omitted broadband noise when using the URANS simulation
data, mainly in the directions where broadband noise dominates the tonal noise, i.e. in the streamwise directions. By
employing IDDES simulations, tonal noise was found to be in a good agreement with the LBM simulation results due to
the partly captured broadband fluctuations. Nevertheless, for the overall noise, the IDDES simulation predicted lower
values, about 5 dB compared to the LBM simulation results. Lastly, a comparison to the results of Hanson’s model
revealed the limitations of the simplified approach, particularly for tonal noise superimposed by broadband noise, which
is not captured by the method.

Finally, insights into the quality of aeroacoustic predictions are given, which can be further used for trade-offs
between accuracy and computational effort. Here, it was found that through using the URANS simulation compared to
the IDDES simulation in FLOWer the computation time was reduced about 40 % using the same mesh but different time
step. This is of particular interest when considering distributed propulsion with a single recuperating propeller. Here,
as shown, computationally intensive scale-resolving methods would not be needed for the propulsive DEP propellers,
while the recuperating propeller would lack broadband noise information. Nevertheless, tonal noise predictions could
be performed in several directions without broadband noise, still capturing the accurate noise levels in some directions.
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