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Abstract. Recent advances in electric propulsion and unmanned aerial vehicle (UAV) design have drawn attention to the
noise generated by propellers, owing to concerns with the increase of noise levels in urban areas and related adverse
effects. In this scenario, numerical simulations can aid design towards quieter and aerodynamically efficient propellers.
We propose an analysis and validation of a simulation model for predicting the flow and acoustic fields of propellers using
the open-source code OpenFOAM. A two-blade UAV propeller geometry of diameter equal to 0.24 m was chosen from
experiments conducted at the Hong Kong University of Science and Technology. Unsteady Reynolds Averaged Navier-
Stokes simulations were conducted using the k — w SST turbulence model for an isolated propeller configuration. The
unstructured mesh is composed predominantly by tetrahedra, with the addition of layers of prismatic volumes in the
vicinity of the propeller, in order to better resolve the boundary layer gradients. The acoustic field is obtained by using the
Ffowcs-Williams and Hawkings analogy, implemented in the OpenFOAM open source LibAcoustics library, and tests are
reported regarding the sensitivity of the results to the shape and size of the control surfaces used by the method. Results
are validated through comparisons with experimental data for the thrust and torque coefficients and for the far-field noise.
In general, the numerical results show good agreement with experimental data regarding the aerodynamic coefficients and
tonal noise level.
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1. INTRODUCTION

With the recent advances and focus on the development of electric vertical take-off and landing (eVTOL) vehicles and
unmanned aerial vehicles (UAVs), noise emitted by propellers is still a major concern. The design of low-noise propellers
requires a balance between noise emission and aerodynamic performance, which tend to impact each other negatively
when optimized separately.

Numerical approaches such as computational fluid dynamics (CFD) coupled with noise prediction methods can aid
in the design of low-noise propellers. Among the available methods, Large-eddy simulation (LES) is a high-fidelity
alternative that enables a more fundamental analysis of the noise generation and propagation mechanisms (Afari ef al.,
2019; Avallone et al., 2018). However, unsteady Reynolds Average Navier-Stokes (RANS) simulations (Chirico et al.,
2017; Hambrey, 2017; Ben Nasr et al., 2017; Arnhem et al., 2018; Stokkermans et al., 2019; Bento et al., 2020) can deliver
reasonable results at reduced computational cost. Analytical, semi-empirical and reduced order methods are desirable in
the design process largely because of the ability to quickly estimate the impact of design parameters on noise levels and
performance characteristics within an optimization framework. Recent studies (Yu et al., 2020; Casalino et al., 2021;
da Silva et al., 2022) have addressed the coupling between CFD aerodynamic predictions and analytical noise prediction
models.

In the following, we numerically investigate the effects of the turbulent flow field over an isolated propeller and
compute far-field noise using an acoustic analogy. Our objective is to develop and validate a simulation model, based on
the open-source code OpenFOAM, to predict noise and aerodynamic characteristics of propellers. The k£ — w SST model
(Menter, 1994) is chosen to model the turbulent flow field over a two-blade UAV propeller. The results of this study are
expected to contribute as input data for semi-analytical noise prediction methods.
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2. METHODS
2.1 Geometry and operating conditions

The flow field over a two-blade propeller geometry of diameter D = 0.24 m was simulated. The propeller rotational
speed is n = 100 RPS and the free-stream velocity is zero. Details of the geometry and descriptions of the measurements
carried out in the at the Hong Kong University of Science and Technology (HKUST) can be found in Wu et al. (2021a),
Wu et al. (2021b) and Bu et al. (2021). Here we only consider an isolated propeller configuration. In order to improve the
quality of the computational mesh, the original geometry was slightly modified by rounding the blade-hub interface and
chamfering the tip of the blade. Experimental data for thrust (c;) and torque (c,) coefficients, as well as sound pressure
level (SPL) measurements are used for validation.

2.2 Numerical model

Unsteady, incompressible Reynolds Averaged Navier-Stokes (URANS) simulations were conducted using the k — w
SST turbulence model (Menter, 1994) implemented in OpenFOAM v2012 (OpenCFD, 2020). The simulations used a
dynamic mesh approach for the rotation of the propeller, in which the domain is divided in a static region and a rotating
region. The computational domain and boundary conditions are depicted in Fig. 1. The cylindrical domain has a diameter
of 20D, with the inlet 9D upstream and the outlet 11D downstream of the propeller.
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Figure 1: Computational domain and boundary conditions

The simulation was initialized with a small freestream velocity of 1 m/s and a mean gauge-pressure of 0 Pa through-
out the domain. A pressure-based inflow condition was imposed at the upstream boundary of the domain while an
inflow/outflow condition was used at the lateral boundaries. For computing turbulence quantities, a low turbulence wind
tunnel condition was considered, with turbulence intensity / = 0.1% and v;/v = 5. For the outflow, a zero-gradient
condition was used for velocity and turbulence quantities and an ambient back pressure was imposed. On the propeller
surface, a no-slip condition with low-Reynolds wall functions was specified. At the interface between the static and rotat-
ing domains, a Cyclic Arbitrary Mesh Interface (AMI) condition was applied. The rotation frequency (n) for the baseline
case was 100 RPS.

The computational unstructured grid with 7.62 x 10® volumes, was generated using the open-source software SA-
LOME (SALOME, 2021). The grid is formed predominantly by tetrahedral volumes, as seen in Fig. 2a. Near the walls,
layers of prismatic elements were created in order to correctly resolve the boundary layer, shown in Fig. 2b in the near-hub
region. The mesh on the surface of the propeller is shown in Figure 2c.

First order numerical were used in the initial timesteps and were switched to second order numerical schemes during
the development of the flow. For convective terms, a linear upwind and limited linear schemes were used for velocity and
turbulence, respectively, whereas a multi-directional limited linear scheme was used for the gradient terms. For pressure-
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velocity coupling, the PIMPLE algorithm was chosen (Holzmann, 2019). The total simulation time is equivalent to 40
complete revolutions with approximately 5000 time-steps per revolution.
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(b) xy plane - near-hub region (c) xz plane - y=0.4D
Figure 2: Different slices of the computational domain, showing the computational mesh in different regions.

2.3 Noise computation

Far-field noise computations were calculated by the open-source library libAcoustics, which is integrated with Open-
FOAM (Epikhin et al., 2015; llya Evdokimov et al., 2020). This code contains acoustic analogies to be used in conjunction
with CFD computations. Validations of the library have been previously reported in the literature (Epikhin et al., 2015;
Epikhin, 2021; Chadlvski and da Silva, 2021; Salehian and Mankbadi, 2020).

The Ffwocs-Willians and Hawkings (FWH) analogy based on permeable surfaces was used to compute the far-field
noise (Ffowcs Williams and Hawkings, 1969). In this approach, near field pressure and velocity data are stored on an
arbitrary control surface, which should encompass the most significant sound-generating regions. This surface information
is used as an input for the far-field noise computations. In this study, the Garrick Triangle (GT) formulation (Bres et al.,
2010) was used.

Figure 3 shows the permeable surfaces used to collect near-field data in both cases. The surfaces have a cylindrical
shape, aligned with the streamwise direction, whose dimensions are shown in the same figure. Surfaces S1, S2 and S3
have the same dimensions except for the streamwise length. Surface S4 has the same streamwise extent as S2, but with
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increased diameter. In order to analyze possible effects of spurious noise generated by structures crossing the downstream
face of the FW-H surfaces, the downstream face was removed from some computations. The results from these surfaces,
labeled as open surfaces, are compared with results from the original, closed surfaces.

1D

1.35D
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5D
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10D
Figure 3: Position of the FWH surfaces. Red - S1, Blue - S2, Green - S3 and Yellow - S4.

The acoustic data were recorded during 21 revolutions, at ten microphone positions shown in Fig. 4, with 1000
timesteps per revolution. The sampling frequency, given by the reciprocal of the timestep, was 100 kHz. The noise
power spectral density (PSD) spectrum was obtained using the fast Fourier transform (FFT) algorithm, with resulting
frequency resolution of 10 Hz. A Hanning window was employed with an overlap of 75% between blocks.
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Figure 4: Position of the microphones.

3. RESULTS
3.1 Effect of the FWH surface position

Figure 5 depicts the comparison between the SPL spectra computed from surfaces 1, 2 and 3, in open and closed
configurations. As can be seen in Fig. 5a, only slight differences in SPL can be observed at the Blade Passing Frequency
(BPF) i.e., 200 Hz. At the second harmonic (400 Hz), Surfaces 1 and 2 show practically the same level, while for Surface
3, the peak level was about 0.8 dB lower.

Results from the open and closed versions of each surface are shown in Figs. 5b-5d. Small differences can be noted
for Surface 1, while the spectra are virtually the same for Surfaces 2 and 3. These results indicate that the occurrence of
spurious noise owing to the wake crossing of the downstream disk is negligible.

Figure 6 shows the computed SPL for the BPF at each microphone position. By looking at Fig. 6a we can observe
deviations of less than 0.5 dB between surfaces. The same observation is true for the comparisons between open and
closed surfaces. Regarding surfaces 2 and 4, the differences between the tonal levels were also less than 0.5 dB and the
results are omitted for brevity.

From the above we may conclude that very low sensitivity was shown to the length of the FWH surface. Indeed, as
URANS simulation do not resolve any turbulent scales, noise sources in the simulation are mainly due the rotating motion
of the blades, while the wake noise is negligible. In this sense, truncating the wake may not lead to significant spurious
sources. Also, the wake flow did not reach the the end of surface 3 during the simulation time. The closed version of
surface 2 is considered for the following analyses.
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Figure 5: Comparison of the SPL spectra obtained from different open and closed FWH Surfaces, for microphone 5,
6 =90°

3.2 Comparisons to experimental data

Table 1 show the comparison between the numerical and experimental aerodynamic coefficients. Numerical results
show deviations of about 4.25% and 10.5% for thrust and torque coefficients, respectively. These results are acceptable,
considering the limitations of URANS simulations. Future work on grid refinement is expected to improve the accuracy
of the predictions.

Table 1: Comparison of aerodynamic coefficients of thrust and torque

Numerical Experimental

ct 0.0675 0.0705
Cq 0.0043 0.0048

The results for PSD spectra of the sound pressure at the observer angle of § = 90° are presented in Fig.7(a). Since
turbulent scales are not directly resolved in the wake and boundary layers, a correct prediction of the broadband part of the
spectra is not expected. On the other hand, for the tonal noise, results are in reasonable agreement with the experiments.
The SPL at the BPF was underpredicted by about 2 dB. Regarding the second harmonic, the peak was underpredicted by
about 5.5 dB.

Figure 7(b) show the comparison between directivity patterns at the BPF. Predictions underestimated the experimental
levels for all the microphone positions. Mean, maximum and minimum deviations were of 2.3, 4.3 and 1 dB, respectively.
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Figure 6: Comparison between the SPL at the blade passing frequency obtained from different FWH surfaces.
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Figure 7: Acoustic field results compared to the experimental data.
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4. CONCLUSIONS

We presented and validated a simulation model to predict noise and aerodynamic characteristics of propellers using
open-source tools. In general, aerodynamic and acoustics results are in reasonable agreement with experimental data.
Acoustic results did not show significant sensitivity to the size of the FWH surfaces and compared favorably with experi-
mental data for the tonal noise level at the blade passing frequency.

Future work will be directed to improve the simulation model by performing sensitivity tests to grid refinement. The
aerodynamic data extracted from the simulation will also serve as input to semi-analytical methods to predict tonal and
broadband noise.
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