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Abstract
With the increased use on Unmanned Aerial Systems equipped with propellers and rotors, serrated edges
are considered to reduce broadband noise emissions without affecting the aerodynamic performance. In this
context, a full sensitivity study is performed to assess the independence of the solution to the space (voxel
resolution) and time discretization (time step, sampling rate and number of revolutions). This way, the
computational tools are validated for the prediction of both the aerodynamic and aeroacoustic performance.
The results show there is enough confidence in such models for them to be used to optimize serrated propeller
geometries and achieve a reduction of the noise emissions by 3∼10dB in the 1000Hz to 10.000Hz range.

1 Introduction

With the increased presence of mini-RPA (Remotely Piloted Aircraft) buzzing around, aural detection has
become a commonplace experience and underline the need for reduced noise emissions. The dominant noise
is radiated by the rotating blades of propellers and or rotors and is composed, given the low tip-speed, of
broadband noise with a few tones at the blade passing frequency and harmonics. Broadband noise includes
self noise generated by the scattering of the boundary layer turbulence at the trailing edge, and turbulence
ingestion noise due to the interaction of the oncoming gust at the leading edge of the blade. This is the
leading contribution. Tonal components arise from the action of forces on the blade surface, the kinematics
of the blade, the eddies around the blade, and potentially the interaction with upstream turbulence.

The work of Amiet [3] and later Roger and Moreau [22, 20, 21, 23, 5] lead to analytical formulations for
trailing edge noise and turbulence ingestion noise that can conveiently be applied to slightly cambered thick
airfoils or rotating blades with lightly cambered edges . Howe [14] derived an analytical model revealing the
potential of serrations on a flat plate in low Mach number flow to reduce the broadband self-noise. The final
solution shows that the use of sharp sawtooth serration leads to significant noise reduction. Gruber, Joseph,
Azerpeyvand and co-workers made several contributions [10, 11, 4] investigating analytically the effects
of serrations geometry on the trailing edge noise reduction. Recently, Lyu, Sinayoko, and Azerpayvand
[16, 18, 17] studied the effect of different trailing or leading edge serrations geometries in the case of rotating
blades, using an analytical model combining Howe’s low Mach number isolated airfoil theory with Amiet’s
rotating airfoil technique. According to these analytical models, the potential sound reduction of sharp
sawtooth serrations could be of 5-10 dB for a wide bandwidth. Fischer et al. confirmed lower reductions for
wind turbines[9].
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Figure 1: Blade geometries under investigation.

For the purpose of exploring the potential of serrations to reduce the acoustic signature of a mini-RPA
propeller in forward flight, a Lattice Boltzmann Model (LBM) solver [1] computes unsteady time-domain
high-fidelity simulations from which the pressure fluctuations at several probe locations are extracted. A
full sensitivity study is performed to assess the independence of the solution to the space (voxel resolution)
and time discretization (time step, sampling rate and number of revolutions). The broadband noise spectra
obtained from the LBM are compared to those obtained from frequency-domain analytical models [12, 13].

The paper is organized as follows. After a brief description of the propeller blade’s geometry and operating
conditions, the numerical (LBM) and analytical models are shortly introduced with emphasis on the space
and time discretization. Next, we present, discuss and analyse the results before drawing conclusions.

2 Blade Geometry and Operating Conditions

The blades under investigation for the four bladed single-rotation propeller are illustrated in Fig. 1. The
reference blade is identical to the blade described in described in [19]. The serrations extend from 20% to
98% radius such that the structural integrity of the blade’s base is not impacted. The NACA-16 airfoil family
[2] is used along the entire span.

The propeller, with a diameterD of 1m operates at an altitude of 1000m in cruise conditions (zero incidence)
with a flight Mach numberM∞ of 0.2 so that the Reynolds number based on the chord of the reference blade
at 75% radius is of 8.28e5 since the reference advance ratio J = v/(n.D) is of 1.4 with n the rotational
velocity in rps. This corresponds to a subsonic tip Mach number of 0.49 obtained from the vector sum of
the rotational and flight velocities. The blade angle at 75%-radius βref is of 40◦ with respect to the plane of
rotation.
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Figure 2: Voxel Refinement (VR) regions and boundary conditions.

3 Numerical and Analytical Models

3.1 Lattice Boltzmann High-Fidelity Time-Dependent Simulations

The Very Large Eddy Simulations (VLES) were performed by leveraging the inherently transient capabilities
of the PowerFLOW solver [1] based on the three-dimensional 19 discrete particle velocities (D3Q19) lattice
Boltzmann model (referred to as LBM in this paper). The Boltzmann equation governs the dynamics of
particle distribution-functions representing the probability to find a number of particles having a velocity in
a given interval in an elementary volume during an infinitesimal time interval. The model constructs a sim-
plified form of the mesoscopic dynamics which includes sufficient physics so that the desired macroscopic
behavior is recovered. Macroscopic flow quantities such as density and momentum are calculated by discrete
integration of the distribution functions. According to turbulence theory, the unresolved universal scales in
the dissipative and inertial ranges are modeled by introducing a local effective relaxation time in the colli-
sion operator governing the Boltzmann equation. This can be compared to the concept of eddy viscosity in
a Navier-Stokes solver. The sub-grid scale turbulence dynamics is represented by two additional equations
which complete the LBM. These equations are derived from an extended Renormalization Group theory.
More details about the mathematical foundations of the mesoscopic flow model behind the LBM-solver can
be found in [6, 15].

3.2 Space and Time Discretization

The cubic Cartesian lattice (voxels) for the LBM-solver[1] is generated automatically from the CAD-file of
the propeller which is enclosed in a sliding-mesh region. As visible in fig. 2, the blades (blue) and the rotating
spinner (red) are enclosed by a volume that denes the rotating mesh region (green) and the spinner is extended
with a solid non rotating cylinder (grey). All these surfaces have a no-slip wall-boundary condition. A series
of variable resolution or Voxel Refinement (VR) regions are set around the propeller from the coarsest one
(VR0) to the nest one (VR13) with the mesh resolution varying by a factor 2 between two adjacent VR
levels. VR10 corresponds to the rotating mesh region (green). VR levels from 12 onwards are generated
by offsetting the geometry parts in the wall normal direction. Solid surfaces are covered automatically by
intersecting the mesh with the wall geometry using planar surface elements (surfels).

In the standard configuration (here after referred to as v8), for aeroacoustic calculations, 600 voxels are
generated along the blade chord at 75% radius for VR13 as shown in fig. 3 resulting in about 114 million
voxels in total.

All unsteady simulations are conducted for three full rotations of the propeller after a transient period of
three rotations to yield satisfactory periodic convergence. The computations are started using the seeding
technique from previous converged cases. With the maximum acoustic frequency of interest set at 11kHz
and taking an anti-aliasing factor of 2 into account and at least 7 time steps per wave, this results in 6.5e6
time steps of the order of 5.5e− 7s each.
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Figure 3: Highest refinement in VR12 and VR13 (blocks of 2x2 voxels shown for clarity).

3.3 Analytical Model

The analytical models for the prediction of noise from a serrated trailing edge or a serrated leading edge
were recently developed by Lyu et al. [16, 18, 17] by generalizing Amiet’s theories. Both models yield the
Power Spectral Density (PSD) and follow similar steps. The airfoil broadband noise models are extended to
a rotating blade using the strip theory [25, 24] and by introducing a Doppler factor before integrating over all
possible angular locations of the blade segment. Given the dependency of the flow conditions and boundary
layer statistics on the spanwise location [8], the blade is divided in six segments. The present implementation
of these models have been validated for airfoils and rotating blades in [12].

4 Results and Analysis

4.1 Influence of Model Parameters on the Prediction of Aerodynamic Performance

The influence of several model parameters is first assessed according to table 1 in order to yield adequate
grid independence. The thrust coefficient is

CT =
T

ρn2D4
(1)

with T the net propeller thrust, ρ the freestream volumic mass and D the propeller diameter. The power
coefficient is given by

CP =
P

ρn3D5
(2)

where P is the net power. And the resulting efficiency is

η =
JCT

CP
(3)

As can be seen from table 1, the v8 settings offers an accurate solution for a moderate cost since the compu-
tational time scales roughly with the number of voxels whenever the number of CPUs is kept constant. From
a purely aerodynamic point of view, this setting satisfies the requirement on accuracy of the solutions as can
be seen from table 2 which shows the results from a grid dependency study performed according to Celik et
al. [7]. The computed order of the extrapolation polynomial is of 3.3 for CT and 0.3 for CP .

Using the v8 set-up, different geometries are being analyzed under constant flow conditions. The aerody-
namic performance of some of the geometries from Fig. 1 is shown in Fig. 4 where it appears that although
differences exist in terms of net thrust and power, the penalty from trailing-edge serrations is limited in terms
of efficiency. Leading-edge serrations lead to a larger efficiency.
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Version VR region #vovels frequency CT CP η
of the blade per chord of interest

v2 12 450 11kHz 0.158 0.289 0.76
v3 13 450 11kHz 0.163 0.309 0.74
v4 raw 13 450 12kHz 0.162 0.309 0.73
v5 12 600 11kHz 0.160 0.299 0.75
v6 fine 13 700 11kHz 0.167 0.314 0.74
v8 standard 13 600 11kHz 0.166 0.313 0.74

Table 1: Influence of model parameters on the aerodynamic performance (STE4 at J =1.4).

φ CT CP

φext
fine,std 0.1685 0.3155

eafine,std 0.60% 0.32%

eext
fine,std 0.89% 0.47%

GCIfine 1.12% 0.59%

Table 2: Grid convergence study according to Celik et al. [7] with the refinement factors rfine,std = 1.17
and rraw,std = 1.33.

4.2 Aeroacoustic Prediction Capability

The influence of the different settings (see table 1) onto the aeroacoustic predictions is shown in Fig. 5 where
it is compared to the spectrum obtained from the analytical model. The v8 set-up delivers valuable results.

Using the v8 set-up, the spectra from the reference and STE4 blades are compared in Fig. 6 from the ana-
lytical and LBM approach. This figure illustrates the potential of the analytical method since it accurately
captures the trend and relative differences between two geometries without the need for the intricate set-up
of a numerical model. The required resources and its computational time are at least one order of magnitude
less than for the LBM approach. Nevertheless, one should be careful not to miss some of the physics going
on around the blades. Therefore, several samples should be analyzed using both approaches.
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Figure 4: Aerodynamic performance in terms of CT , CP , and eta fro different individuals.

AEROACOUSTICS AND FLOW NOISE 617



102 103 104
25

30

35

40

45

50

55

60

65

70

frequency (Hz)

P
S

D
 (

dB
/H

z,
 r

ef
 2

0e
-5

P
a)

STE4 v2

STE4 v3

STE4 v4

STE4 v5

STE4 v8

STE4 analytical

Figure 5: Influence of model parameters on the predicted power spectral density.
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Figure 6: Power Spectral Density for different geometries compared to the results from the analytical model.
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5 Conclusions

Simulations have been performed with a time-domain Lattice Boltzmann Solver to compute the flow around
propeller blades with a straight or a serrated trailing or leading edge. The grid dependency study of the
simulations revealed the best set-up for aerodynamic computations. This set-up is also able to accurately
model the broadband sound spectrum of the rotating blades.

The STE4 blade, although it features large serrations (h/δ = 4, h/λ = 1), has interesting properties since it
effectively reduces the noise emissions typically by −5dB in the rotational plane. The good correspondence
between analytical and LBM results allows to use the analytical tool in the search for interesting geometries.
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