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Abstract. Recent designs of electrical aircraft are the main driver for new applications of propellers in civil aviation,
such as delivery UAVs, urban transport, eVTOLs, and small-scale regional electrical aircraft. As expected, these new
applications imply propeller-powered aircraft operating in highly populated urban areas, making the resulting noise a
critical design issue. In this paper, a numerical method consisting of a lattice-Boltzmann-based Large Eddy Simulation
approach is assessed to predict the aerodynamics and noise of isolated propellers. Numerical results are presented
for thrust, torque, and power-spectral density in the far-field. Comparison with measurements available in the literature
shows that the method can predict the aerodynamic parameters and 1st-BPF tones within 10% and 5dB of the experimental
data, with a fraction of the computational processing cost of traditional LES approaches.

Keywords: propeller simulation, LBM, PowerFLOW, Aeroacoustics, CFD.
1. INTRODUCTION

Recent advances in electric batteries allow a wide range of new applications in the transport industry, as vehicles
could be powered by electrical engines. Regarding the aerospace industry, these engines could enable new possibilities
of usage for propeller-powered aircraft. These possibilities arise from known limitations of combustion engines, such as
the impossibility of providing high torque rates in low rotational speeds, altitude dependence of combustion performance,
and high maintenance demands compared to the electrical engines. Moreover, the emissions of combustion engines are
one of the main issues in the environmental impact of the aviation industry, which could be majorly attenuated by the
electrical ones.

Although electrical engines seem promising, they still face major disadvantages against combustion engines. The most
critical one is related to its battery’s energy density, which is more than ten times smaller than fossil fuels (Rohacs and
Rohacs, 2019). This has serious implications for the aircraft’s weight and autonomy. As a result, these battery limitations
still majorly limit aircraft electrification to propeller-driven small ones. On the other hand, the limitation opens a branch
of new types of aircraft such as UAV, eVTOL, and small passenger airplanes that could operate in urban delivery systems,
air taxis, and short-range flights (Viswanathan et al., 2019; Airway, 2020; Castillho, 2020), and demonstrated in Figure
??. While those new airplanes could provide new behaviors, their possible proximity with highly populated areas could
generate too much noise. As aircraft noise is highly regulated (Smith, 2004), especially in cities, a rigorous propeller
aerodynamic and acoustic assessment is mandatory.

(a) UAV (b) eVTOL
Figure 1: UAV and EVTOL implementations. Adapted from Airway (2020) and Castilho (2020)
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As so, one of the key aspects of propeller design involves the predictions of its aerodynamic performance and its
noise emissions. The aerodynamic performance can be predicted using the implementation of well-established low-order
models such as the Blade Element Momentum Theory or the Vortex lattice Method (Strash et al. 1998; Ol et al., 2008;
Leng et al., 2019; Igraham et al., 2019) On the other hand, the same strategy is not similar regarding its acoustic behavior,
as the acoustic phenomena are much more complex.

The reasons for these complexities arise from the nature of the propeller noise, resulting in a very characteristic noise
spectrum. It is dominated by two types of noise: broadband and tonal noise. The tonal noise corresponds to the noise
generated because of periodic passage of the propeller blade, so that the spectrum is marked with high energy in each
Blade Passing Frequency - BPF. The broadband represents small peaks of energy oscillations widely distributed in a wide
range of frequencies in the spectrum. This behavior is a consequence of complex flow mechanisms such as instabilities
waves, turbulence, and vorticities. Although the energy contributions from each broadband energy peak are much smaller
than the tonal peaks, the widespread frequency bands of its energy put the broadband as a significant part of the propeller
noise.

Regarding models to predict the noise, the tonal type can be well predicted in low order flow models and analogies,
such as the one by Amiet and Roger (2008). Due to its nature and complex sources, broadband noise requires complex
numerical models or experiments to be evaluated. Experiments can permit a better understanding of those phenomena, but
in the early conception stages, they could represent high costs or impracticalities. On the other hand, in traditional high-
order computational fluid dynamics simulations, such as LES and uRANS, the noise can be predicted very accurately, and
results very close to experiments can be realized. However, those models require several processing hours or difficulties
in implementation that could pair them to the costs and impracticability from experiments.

Alternatively, numerical implementations of the Boltzmann Equation, the lattice-Boltzmann Method, allow results
with the same error order as classic LES and uRANS implementations as reported by Gonzalez et al. (2018). Those
models are modifications from traditional LES methods where the mean flow is resolved using lattice-Boltzmann and the
sub mesh scale is modeled using a turbulence model. In aeroacoustics simulation of a propeller, the commercial code
PowerFLOW is one of the most promising platforms for this method, as reported in recent works (Avallone et al., 2018)
(Avallone et al., 2019) where its predictions account for no more than 5 dB differences in OASPL and narrow-band BPF
prediction as good as 1 dB. For aerodynamic results, thrust and torque coefficients show differences from experimental
results as good as 15% differences. Regarding the computational costs, the method, compared to LES, deliveries the
same result with four times less the computation hour, as reported by Golzalez et al. (2018). In this work, we conduct
an evaluation of PowerFLOW for the prediction of the aerodynamic performance and noise emission from a small-scale
propeller. Due to the nature of this noise, this evaluation is conducted separately: evaluation of the noise spectrum from
the complete signal, tonal noise, and broadband noise. The next sections present the mathematical and computational
methodology performed in PowerFLOW, the results from this evaluation, and, in the end, the conclusions regarding them.

2. METHODOLOGY
2.1 Mathematical Methods
2.1.1 lattice Boltzmann based LES

Due to the impracticalness to fully simulate a system considering all its molecules in a classical mechanic’s ap-
proach !, many thermodynamics and fluid dynamics systems are modeled using a statistical mechanics one. Among
these approaches, an important theoretical development is Boltzmann’s one. This development associates the state of
the system many particles with the transport equation of its Probability Density Function - PDF. This led to an integro-
differential equation where its non-homogeneous term integrate all collision possibilities in a control volume’s molecules
(Kriiger,2016; Succi, 2018):

Dif = at+%af+ﬁ.aﬁ F@pt) =C (1)

where f(Z,p,t) is the control’s volume PDF, Z, 7, ¢ is the particle position, momentum and temporal position,ﬁ is an
external force vector, C' is the integral collision term and t is the temporal dimension.

As Equation (??) is an integro-differential one, it still imposes several solutions difficulties, including numerical ones,
because of its collision term (C). This term has such a degree of complexity as it considers all the possibilities of molecular
collisions in a fluid control volume. Although many experiments have been showing that the collision could be simplified
to finite effects, it was only with the advent of the model proposed by Bhartknar et al. (1954) that this equation was

IClassical mechanics, in this context, means the raw treatment of every molecule as a material point considering its linear momentum and position.
So this would escalated to a control volume where its molecules are modeled by a minimal of two equations
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majorly simplified by a collision succeed by relaxation time to an equilibrium situation:

fo = f(& p)t)

T

C= 2)
where f, is the equilibrium probability density function and 7 is the relaxation time. This allowed to the development of
numerical implementations of Equation (??). The most widely used is the one called lattice-Boltzmann, in this approach
the collisions are limited to finite directions and the control’s volume PDF is thought to be discrete in space , where each
"molecular conglomerate" is modeled by one point of the PDF. Those assumptions led to deterministic positions in the
volume where each cell is connect to the adjacent one by its collisions possibilities. As a consequence, the information
of each PDF is transported in the volume by this collision possibilities and this systems forms a net or lattice. This lattice
is organized in its space dimensions (Dx) and the possibilities of collisions, including rest (Dy), as displayed in Figure
??. In this present implementation, the lattice employed is the D3Q19. This model spans a transport model much simpler
than Navier-Stokes equations’ terms , identified as the lattice-Boltzmann equation:

file + ;. At t+ At) = fi(x,t) + C(x,1) 3)

where the subscription 7 refers to the direction of the collision in the lattice and the /A means the discrete displacements
betwen two lattice molecular conglomerates and the timesteps.

L S

(2) D2Q3 (b) D3Q19
Figure 2: lattice classification

In PowerFLOW this model solves the mesh scale of a fluid flow and integrating it to a turbulence model, it states the
foundation of the lattice Boltzmann-based LES in use for this work (Dassault, 2019). In a lattice-Boltzmann based LES
the turbulence model of the submesh is integrated to the mesh scale by its effective viscosity, which is the summation of the
mean flow viscosity and the turbulent viscosity. Considering the Chapman—Enskog theory the viscosity is a function of the
relaxation time (SUCCI, 2018). This fact allows the definition of an effective relaxation time, which, as the viscosity, is a
summation of the turbulence and mean flow relaxation time (Zhu and Carolus, 2017). The turbulence model implemented
in PowerFLOW is the k-/epsilon RNG:
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where p and i is, respectively, the dynamic viscosity and the turbulent dynamic viscosity, and e is the turbulent dissipation
and k is the turbulent kinetic energy, Py is the production of turbulent kinetic energy, p is the fluid density and o.,0%, C1.
and C3,, are models constants.

Additionally, the model in PowerFLOW models the near-wall boundary layer using the Wall model developed by von
Karman (1931), which is represented in Figure ?? and in its most external regions of the boundary layer, the fluid velocity
is governed by a log law.

Finally, PowerFLOW uses a far-field noise propagation model, as in the case of an isolated propeller free-field simu-
lation, one can consider that all system sources are concentrated in a finite volume. This implies that all fluid outside this
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Figure 3: von Karméan Law. Adapted from Dassault (2019).

volume is at rest and in a homogenous state. This was first observed by Lighthill et al. (1951) and, following this purpose,
Ffowcks Williams and Hawkings (1969) developed a theory where all sources in that volume could be described as the
fluctuations of both pressure and velocity in its surface. When applying those concepts to the non-homogeneous wave
equation it drives to Ffowcs Williams’ equation:

o 82 Tij.] 0 pijnjA
Am(p(x,t) = po) = 02,01, / Lll — Mr]dn - 8701/ [rl—MTJ ds(n) (6)
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where c is the speed of sound, is the mean density perturbation, is the Lighthill tensor (1951), F is the surface-describing
function, the surface-normal velocity component, and is the Dirac delta, J is a Jacobian, r is the distance between the
sources and the farfied, M, is the wave propagation speed, 7 are the physical domain Lagrangian and S is the function
taht defines those coordinates.

Therefore, the knowledge of the flow properties in this surface can allow that the noise can be propagated to any point
in the system, which is known as the far-field. In this work, a numerical form based on Equation (2?) is implemented,
with more details about it in the next section.

2.2 Computational Methods

In PowerFLOW, such as in other standard software, the mesh is discretized in different resolution regions throughout
the simulation domain. In this implementation, the refines follow sequentially circumscribe spheres regions with respect
to the center of the propeller, where every interior one has more resolution than the exterior. Special treatment is given
to the propeller geometry, highlighting its blade leading edge and trailing edge, as shown in Fig. 4. The results were
verified for truncation error, by using three grid refinements: (i) grid 1 with 17 Million element, (ii) grid 2 with 34 Million
elements (iii) grid 3 with 435 Million elements. Results of thrust and torque coefficients were found to vary by 4.52% and
4.32%, respectively, when the grid was varied from grid 1 to grid 2 and 0.68% and 0.10%, when the grid as varied from 2
to 3. Similar test for the OASPL showed deviations no more than 0.4 dB.

The simulations are conducted in different propeller rotational speed, it is considered the measurement from ten
complete rotations. Those measurements are taken after six complete rotations, this allows that all domains are sensibilize
by the boundary conditions and that the system leaves a transient state.

The numerical implementation of the far field model is implemented by the definition of a surface where the pressure
and velocity fluctuations from then rotations are stored. This surface is defined as a cinder containing the propeller. In
this work, the fluctuation from the inferior side of the cylinder are disconsidered. This enables non acoustics contributions
from the propeller wake to be neglected.

As stated in the introduction, the propeller noise spectrum is formed by the overlapping of different noise types. For
this reason, this study implements different signal processing techniques for each of those noise types. The complete
signal is treated considering bands of frequencies from %2 BPF to 10 kHz. The choice to set a minimal frequency of %2
BPF allows that non-propeller sources, such as the motor rotation, can be excluded from the energy contribution. This
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(a) Circunscreve spheres’ mesh refinement. (b) Propeller’s refinements.
Figure 4: Mesh refinements.

Figure 5: Reproduction of HKUST (2020) propeller.

spectrum is analyzed by its Power Density Spectrum - PSD calculated using the method developed by Welch (1967). The
spectrum level in db/Hz is obtained as:

S{L"'L'

where S, is the pressure spectrum calculated via Welch’s method.
By its integration its Sound Pressure Level - SPL, resulting in the Overall Acoustics Sound Pressure Level OASPL:

f=10kHz
SPL[db] = PSD + 10logio(A f3) OASPL[db] = 10logio( Y 105PLU/10)) (8)
f=0kHz

where A fj is the frequency band size.

Additionally, for analyzing the BPF SPL level, a narrow band filter is employed. Tests between many types of filters
showed a preliminary evidence that the ensembling average one could lead to more suitable results. In this technique
implementation a mean signal of one rotation, calculated from 10 rotations average, is obtained. The spectrum of this
signal is dominated by propeller rotation periodic levels. This allowed a efficiency way to extract the BPF levels as high
frequency bands levels are excluded and the spectrum is formed by periodic peaks with respect to the BPF multiples.

3. RESULTS

The chosen propeller’s experiments for this assessment are a set of measurements conducted by HKUST (2020). The
propeller has a 240 mm diameter and two blades. The set of experiments were conducted at a range of speeds of 60 to
120 Rotations Per Second - RPS in 10 RPS steps. The propeller CAD model was obtained from HKUST (2020) and then
simulated in PowerFLOW with an average cost of 0.90 kCPUh, also the CAD reconstruction of the propeller is displayed
in Figure 5.

3.1 Aeordynamic

Figure ?? displays the comparison between the thrust coefficient from experiments and predicted by PowerFLOW
implementation. The deviations are no higher than 15% in the range of 60 to 90 RPS, after this range, the deviations
drop to less than 2%. This is possibly an issue from the turbulence model implementation, as it was observed that the
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turbulence intensity drops abruptly. It follows that in Figure 6 (b), deviations less than 25% are observed and, in the range
after 90 RPS, they drop to 15%. This occurred for the same reason as previously stated.
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Figure 6: Experimental ?? and numerical ?? results.

3.2 Noise

In the acoustic comparisons, Figure 7 displays the comparison between the experimental spectrum signal and the
numerical one for a microphone positioned orthogonally to the propeller’s rotation axis. The comparison is displayed for
the two rotations limits - 60 and 120 RPS-, as they represent the other rotations’ behavior. For the first BPF, results show
great similarity, for higher BPFs the spectrum commences to deviate, the phenomena are more evident in higher rotational
speed, as well-defined higher BPF are more likely to appear in higher speeds. As a result of the spectrum integrations,
Figure 8 unveils the OASPL comparison for rotations. For 60 RPS it is observed the higher deviation, which is close
to 3 dB. On the other hand, for the next rotations, the average deviation drops to 2,4 dB with corresponding tendencies
between experimental and numerical data.

Hence, Figure 9, exhibits the first BPF directivity level extracted from the spectrum for the experimental and the
numerical predictions for then microphones displayed in a polar arc with angles measured from the propeller rotation
axis. The level in SPL uses the same band as in the experimental data (5 Hz). The higher deviations are no more than 5
dB and the average deviation is close to 2.5 dB. It is observed also a good correlation between the two data regarding a
cardioid pattern.

To assay the broadband, Figure 10 dispose of the spectrum in third-octave bands. The comparison between ex-
periments shows high tendency capture, especially in low rotation speeds. In contrast, the rotational speed increment
implicates in small peaks of the energy, which are not captured for the numerical prediction.
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Figure 7: Experimental ?? and numerical ?? results.

65 |
60}
q
=
3 55|
A
2
S 50|
45|
40 | | | | | | |

60 70 80 90 100 110 120

RPS
Figure 8: Experimental ?? and numerical ?? results.

(a) 60 rps (b) 120 rps
Figure 9: Experimental ?? and numerical ?? results.
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4. CONCLUSIONS

In the light of the novel electric airplane designs using propellers and their possible use in the urban areas, the predic-
tion of the aerodynamics and acoustics behavior of a propeller impose major difficulties arising from the complex nature
of the flow. Those difficulties are even more severe in the high frequencies of broadband noise. Numerical simulations
based on the Navier-Stokes equations show promising results, but at a high computational cost. Conversely, lattice-
Boltzmann-based LES simulations can deliver highly accurate results with much less computational costs than classical
LES approaches.

The evaluation of this performance against experimental data displays good accuracy. For the aerodynamic perfor-
mance, even the highest error is no greater than other numerical approaches and for higher rotational speeds the deviations
are much less than other numerical approaches. For the acoustic prediction, which is the most challenging one, the pre-
diction of OASPL and tonal BPF noise levels are, respectively, 2,4 dB and close to 2 dB. This result is more accurate than
other numerical techniques. Moreover, very promising results are displayed for the broadband noise in high frequencies
using the third-octave bands.

It can be concluded that the lattice-Boltzmann-based LES is a promising technique for this type of prediction. How-
ever, limitations in the turbulence model require more considerations, their solution will further improve the results.
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