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This paper proposes a CFD/CAA-based approach to predict the aerodynamic performances and tonal/
broadband noise radiation of low-Reynolds number propellers at engineering level. Broadband self-noise
prediction of low-Reynolds number propellers is particularly challenging, due to the requirement for
the employed computational method to emulate the complexity of the laminar/turbulent boundary-layer
behavior on the blade. In this study, the numerical flow solution is obtained by using the Lattice-
Boltzmann/Very Large Eddy Simulation method, whereas far-field noise is computed through the Ffowcs-

Keywords: Williams & Hawkings’ acoustic analogy applied on the propeller surface. A zig-zag transition trip on the
Lattice-Boltzmann method propeller blades is used in the numerical setup to reproduce resolved turbulent pressure fluctuations
Propeller in boundary-layer for broadband noise computation at a relatively low computational cost. The effect

Low-Reynolds number
Aerodynamics
Aeroacoustics

of using a transition trip to simulate low-Reynolds number propellers, as well as the impact of its
chordwise position on the calculation of performances and radiated noise, is outlined. The trip position
marginally affects the thrust and to a slightly larger extent the torque prediction. Tonal noise at the
blade-passing frequencies does not show a relevant sensitivity to it, whereas broadband noise is found
to be slightly more influenced by the chordwise position of the trip, especially at high advance ratios.
The low sensitivity of the numerical results to the trip location, as well as their good agreement with
loads and noise measurements carried out in the A-Tunnel of TU-Delft, demonstrates the robustness of
the proposed approach for industrial applications.
© 2021 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

In recent years, the aeroacoustics associated to low-Reynolds
number (Re; < 1-10° based on the chord at 75% of the blade
radius) propellers has significantly gained the attention in the
aerospace community [1-5], due to the rapid expansion of small
rotary-wing UAVs for commercial, scientific or recreational appli-
cations, as well as to the emergent market of propeller-driven
PAVs for on-demand urban air transport [G]. Since these are full-
electric and battery-powered vehicles that are expected to operate
in densely populated areas, high propulsive efficiency and low-
acoustic footprint represent essential target of their design process,
with the aim of increasing endurance and limiting noise nuisance
towards the community [6].

Due to the lower blade tip velocity of small-scale propellers
compared to traditional helicopter rotors, broadband self-noise,
in the form of turbulent boundary-layer trailing-edge noise, be-
comes a relevant contributor to the far-field acoustics in addi-

* Corresponding author.
E-mail address: g.romani@tudelft.nl (G. Romani).

https://doi.org/10.1016/j.ast.2021.107086

tion to steady/unsteady loading and thickness noise [7]. Turbulent
boundary-layer trailing-edge noise is associated to the scattering
of the hydrodynamic pressure fluctuations, within the turbulent
boundary-layer developing over the blade surface, when they pass
a geometrical singularity such as a sharp trailing-edge [8]. More-
over, the performance and noise signature of propellers operating
at low-Reynolds numbers can be significantly affected by the be-
havior of the boundary-layer developing over the blades. In the
low-Reynolds number regime, the boundary-layer remains lami-
nar for a relatively large extension of the blade chord and pos-
sibly separates. The resulting separated shear layer, depending on
the local angle of attack, Reynolds number, airfoil characteristics
and incoming flow conditions, can reattach as either a laminar or
turbulent boundary-layer and lead to the formation of a laminar
separation bubble [9,10]. The position and length of the laminar
separation bubble are mainly influenced by the local airfoil angle
of attack and Reynolds number [9], and can have a detrimen-
tal impact on both propeller performances [11] and noise emis-
sions [12].

The presence of a laminar separation bubble can significantly
alter the airfoil pressure distribution, resulting in an increment of
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Nomenclature
c Airfoil chord ... m
Coo Free-stream speed of sound.................... m/s
Cp Pressure coefficient.............covvvviiiiniiinnn. -
Cqo Propeller torque coefficient........................ -
Cr Propeller thrust coefficient........................ -
D Propeller diameter................ccovviivennenn... m
f FreqUeNCY ..ottt i Hz
J Advance ratio.........ooeviiiiiiiiiiiii i -
k Critical trip height...................cooiiilt m
Lyay3) Far-field noise 1/3-octave sound pressure level dB
Mach number............cooviiiiiiiiiiiie i -
n Revolution per second...............cceveeenn.. RPS
Doo Free-stream static pressure ...................... Pa
Q Propeller torque..........c.ooovvviiiiiiiinennn.. Nm
r Propeller radial coordinate....................... m
R Propeller radius...........coovviiiiiiinennnn... m
Re. Chord-based Reynolds number.................... -
Rey Critical roughness height-based Reynolds number -
T Propeller thrust............ccoviviiiiiniiinnnnn.. N
Too Free-stream temperature.......................... K
Voo Free-stream axial velocity magnitude.......... m/s
Vr Flow velocity magnitude in the blade reference
frame. .......oviiii m/s
Vie Free-stream velocity magnitude in the blade
reference frame.................oooiiiiin.L, m/s

Vims Flow velocity root-mean-square................ m/s
X, y,Z Airfoil reference frame coordinates .............. m
Xb, ¥b,2p  Blade reference frame coordinates............... m
Xf,yf,zf Freestream reference frame coordinates......... m
y+ Non-dimensional wall-distance in viscous units.. -
n Propeller propulsive efficiency..................... -
v Flow kinematic ViSCOSity ...............o.. ... m2/s
Poo Free-stream density.......................... kg/m?3
Dgq Far-field noise power spectral density....... dB/Hz
Dpp Wall-pressure power spectral density ....... dB/Hz
w Propeller angular velocity ..................... RPM
BEMT Blade Element Momentum Theory

BPF Blade Passing Frequency

CAA Computational Aero-Acoustics

CFD Computational Fluid Dynamics

DES Detached Eddy Simulation

FW-H Ffowcs Williams & Hawkings

LBM Lattice-Boltzmann Method

LES Large Eddy Simulation

LRF Local Reference Frame

PAV Personal Aerial Vehicle

RANS Reynolds-Averaged Navier-Stokes

UAV Unmanned Aerial Vehicle

VLES Very Large Eddy Simulation

VR Variable Resolution

the drag generated by the local blade section [13]. Furthermore,
a feedback loop between hydrodynamic instability waves in the
boundary-layer and acoustic waves, associated to the scattering of
such instabilities at the trailing-edge, can lead to a significant noise
increment when the laminar separation bubble is sufficiently close
to the trailing-edge [14], with narrowband tones over a broadband
hump featuring the corresponding far-field noise spectrum for 2D
airfoils [15]. Concerning rotor applications, a high frequency broad-
band hump has been reported in the far-field noise spectrum in
the presence of a laminar separation bubble on the blade surface
in previous experimental studies, with [14] and without [12,14,16]
the emergence of a strong tonal content strictly ascribable to the
acoustic feedback loop. The presence of a broadband hump with no
tonal contribution was associated to the mere trailing-edge scatter-
ing of instability waves without the occurrence of a proper acoustic
feedback [14].

The accurate prediction of low-Reynolds number propellers
aerodynamics aeroacoustics is a quite challenging topic from a
computational perspective. Low-fidelity approaches such as BEMT-
2D viscous panel methods for propeller loadings computation
(in which 2D viscous panel method computations are used to
provide the sectional force coefficients for the BEMT calcula-
tion) [16] coupled with compact monopole/dipole FW-H formu-
lations for far-field noise radiation [17], can provide very good
forces prediction [16], as well as tonal noise estimation within
2-5 dB accuracy [2,16], at a negligible computational cost. How-
ever, the accuracy of such approaches is limited as far as turbulent
boundary-layer trailing-edge noise prediction is also concerned,
due to the relatively low predictive capability of the semi-empirical
wall-pressure spectrum models, which are often used in their
semi-analytical trailing-edge noise models [7,16]. A recent bench-
mark study on a small-scale propeller aeroacoustics conducted by
Casalino et al. [16] showed a large sensitivity of broadband noise
to the particular wall-pressure spectrum model employed, with a
scatter of broadband noise predictions within 30 dB among the
different models.

Higher fidelity scale-resolving methods, such as DES [18], hy-
brid RANS-LES [18] or LBM-VLES [19,20], represent more accurate
approaches to compute both tonal and broadband rotor/propeller
noise at computational cost that is lower than that required by
LES and complies with industrial turnaround times. Nevertheless,
these global hybrid CFD methods may suffer in accurately pre-
dicting flows characterized by shallow regions of boundary-layer
separation and re-attachment [21]. Moreover, they typically rely
on the presence of a sufficiently high level of flow instabilities in
the numerical solution to switch from modeled to scale-resolving
turbulence mode, and thus to generate an unsteady resolved tur-
bulent content [22], which is essential for the sake of turbu-
lent boundary-layer trailing-edge noise prediction. Such short-
comings make capturing laminar separation bubbles and laminar-
to-turbulent boundary-layer transition, as well as the associated
trailing-edge noise radiation, quite challenging problems to be ad-
dressed with these hybrid CFD methods.

In this study, the commercial CFD/CAA solver SIMULIA Power
FLOW®, based on a Lattice-Boltzmann Method hybridized with
a Very Large Eddy Simulation (LBM-VLES) model for turbulence,
is employed with a computational approach to emulate the flow
complexity of low-Reynolds number propellers and predict the re-
sulting far-field noise radiation. The aerodynamic noise generated
by the propeller is evaluated by using an acoustic analogy based on
Farassat’s formulation 1A of the Ffowcs Williams & Hawkings’ (FW-
H) equation applied to the propeller surface. Similarly to DES or
global hybrid RANS-LES approaches, the LB-VLES method used in
this work relies on the presence of some instabilities in the numer-
ical flow solution to force the VLES turbulence model to enter into
the scale-resolving mode. This paper proposes a computational ap-
proach based on the usage of a low-intrusive zig-zag transition trip
to address this aspect. The zig-zag trip constitutes a geometric im-
perfection on the blade surface that guides the VLES turbulence
model towards a scale-resolving mode and triggers the formation
of vortical structures, with scales able to emulate the complexity of
the low-Reynolds boundary-layer on the blade, which is required
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for turbulent boundary-layer trailing-edge noise computation. The
validation of such an approach is accomplished by comparison
with forces and noise measurements carried out in the A-Tunnel
of TU-Delft. Two different tripping approaches are considered by
placing the trip arbitrarily on the quarter-chord line of the blade,
and along the expected turbulent boundary-layer transition line,
as predicted by a BEMT code coupled with a 2D viscous panel
method. With this regard, this paper is aimed at: (i) assessing the
proposed computational approach to predict the performances and
noise radiation associated to low-Reynolds number propellers; (ii)
analyzing the impact and limitations of using a transition trip for
low-Reynolds number propeller simulation, as well as to investi-
gate the effect of the trip line location on the propeller loads and
noise radiation.

The paper is organized as follows. Section 2 briefly introduces
the computational methodology adopted in this study. The pro-
peller geometry, operating conditions and computational setup are
described in Sec. 3. The numerical results are presented and dis-
cussed in Sec. 4. Finally, the main conclusions of this work are
summarized in Sec. 5.

2. Computational method

The CFD/CAA solver SIMULIA PowerFLOW® 6-2019 is used in
this study to compute the flow around the propeller and ex-
tract the resulting noise signature. It is based on the Lattice-
Boltzmann Method (LBM) with a wall-modeled Very Large Eddy
Simulation (VLES) approach used for turbulence modeling [23-30].
PowerFLOW® solves the Boltzmann equation for the distribution
function f(x,t, v), which represents the probability to find, in the
elementary volume dx around the spatial position x and in the
infinitesimal time interval (t,t + dt), a number of fluid particles
with velocity in the interval (v, v+ dv). The Boltzmann equation is
solved by discretizing the space velocity domain into a prescribed
number of values in magnitude and direction. For low-subsonic
flow simulations, the D3Q19 model is used, which employs 19
velocity states in the 3 spatial dimensions [31]. The collision op-
erator is modeled with the Bhatnagar-Gross-Krook (BGK) approxi-
mation [31,32].

The LBM scheme is solved on a Cartesian grid composed of
cubic volumetric elements (Voxels). The surface of solid bodies is
discretized within each voxel intersecting the wall geometry using
planar surface elements (Surfels). A boundary scheme based on a
particle bounce-back process and a specular reflection process is
used to reproduce no-slip and slip wall boundary condition [33],
respectively. Hydrodynamic flow quantities, such as flow density
and velocity, can be determined through discrete integration of the
discrete distribution function [25], whereas all the other physical
quantities can be determined through ideal gas thermodynamics.
For simulations of rotating geometries, the computational domain
is decomposed into an outer ground-fixed reference frame and an
inner body-fixed Local Reference Frame (LRF). The latter is charac-
terized by a mesh which rigidly rotates with the rotating geometry
so that no relative motion between the LRF grid and the enclosed
geometry occurs. An external body force term, corresponding to
the inertial force introduced by the non-inertial rotating LREF, is in-
troduced at the right hand side of the discrete Boltzmann equation
for the fluid region inside the LRF domain [34]. A closed trans-
parent interface is used between the inner and outer domains in
order to connect the two fluid flow regions [35].

In this study, a hybrid CFD/CAA approach is adopted to com-
pute the far-field noise to avoid expensive computations associ-
ated to the necessity of accurately resolving the acoustic waves
propagation up to the far-field. An impermeable Ffowcs-Williams
and Hawkings’ (FW-H) acoustic analogy [36] is used to compute
the far-field noise from the body geometry, kinematics and pres-
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sure distribution. The FW-H solver used in this work is part of
the post-processing software SIMULIA PowerACOUSTICS® and is
based on a forward-time solution [37] of Farassat’s formulation
1A [38]. This FW-H formulation includes distributions of acous-
tic monopoles and dipoles (i.e. surface integrals), which are typ-
ically referred to as thickness and loading terms, while neglects
the quadrupole term (i.e. volume integral), which accounts for
all the possible non-linear effects in the volume surrounding the
integration surface (i.e. shock waves, turbulence mixing and non-
linear propagation effects). This last source term can be neglected
for propellers operating at low blade-tip Mach number [8]. In
such operating conditions, no shock waves occur on the propeller
blades and dipole noise sources, such as broadband trailing-edge
noise and harmonic loading noise, which respectively scale as the
fifth [39] and sixth [40] powers of the Mach number, are signifi-
cantly more efficient than the quadrupoles in the turbulent wake
of the propeller, which scale with the eighth power of the Mach
number [41].

3. Propeller geometry and computational setup

The geometry used in this study (shown in Fig. 1(a)) is a two-
bladed propeller designed at TU-Delft and derived from an APC
9x6 propeller. It is characterized by a radius R of 0.15 m and
NACA 4412 airfoil sections, which are merged with the propeller
hub by elliptical sections (for r < 0.01 m). The airfoil chord and
twist spanwise distributions are shown Fig. 1(b). The propeller hub
radius is 1.25 cm and connected to a nacelle of 5 cm diameter
and 52 cm length. The propeller geometry under examination has
been experimentally tested in the A-Tunnel of TU-Delft and will
be used for future low-Reynolds number propeller benchmarking.
A more detailed description of the propeller geometry and ex-
periment that is used as benchmark in this work can be found
in Refs. [16,42]. Fig. 1(a) shows the free-stream (xf,yr,zy) and
blade coordinate (xp, yp,zp) systems that are used in this study.
The former is rigidly connected to a ground-fixed reference frame,
whereas the latter rigidly rotates with the blade geometry. The
free-stream velocity V. is directed along the x-axis of the free-
stream coordinate system. The propeller is operated at fixed an-
gular velocity (w = 5000 RPM) and five different advance ratios
] =0.0,0.24,0.4,0.6,0.8 (where | = V,/(nD), with n denoting
the revolutions per second and D the propeller diameter), by vary-
ing the free-stream velocity from O to 20 m/s. The resulting tip
Mach number is 0.23 and the Reynolds number based on the local
airfoil chord and velocity ranges between 5-10* and 1-10° across
the different section and axial velocity conditions. The free-stream
static pressure and temperature considered are po, = 99000 Pa
and T = 293.15 K, respectively.

Fig. 2(a) depicts the computational setup used in this study. The
computational fluid domain is a spherical volume of 325D radius
centered around the propeller. Free-stream static pressure and ve-
locity, and turbulence intensity of 0.1% of the free-stream velocity
are prescribed on its outer boundary. The experimental wind tun-
nel geometry is not modeled in the computational setup. An acous-
tic sponge is used to dissipate the out-going acoustic waves and
minimize the backward reflection from the outer boundary and re-
produce a full anechoic digital environment. The acoustic sponge is
defined by two concentric spheres of radius 15D and 55D, respec-
tively, centered around the propeller. The fluid kinematic viscosity
is gradually increased starting from its physical value within the
inner sphere, up to an artificial value two orders of magnitude
higher outside the outer one. The acoustic sponge, which has no
aerodynamic effect in the flow region of interest, is placed based
on previous LBM/VLES benchmark and validation studies carried
out by the authors [16,19].
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(a) Propeller and coordinate systems
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Fig. 1. Propeller geometry, coordinate systems, airfoil chord and twist spanwise distributions. (For interpretation of the colors in the figure(s), the reader is referred to the
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Fig. 2. Sketch of (a) computational setup (not drawn to scale), (b) near body mesh and (c) trip line distributions on the blade suction side.

Since one of the goals of the present study is to predict trailing-
edge noise of low-Reynolds number propellers with turnaround
times feasible for industrial applications, it is necessary to resolve
part of the energy spectrum associated to the turbulent pres-
sure fluctuations in the simulated boundary-layer. Hence, a zig-zag
transition trip of 0.17 mm thickness, 0.9 mm amplitude and wave-
length is used on the suction side of the blade for r/R > 0.2 to
drive the LBM-VLES scheme from turbulence modeling to scale-
resolving behavior and trigger the formation of vortical structures,
with scales capable of emulating the complexity of a low-Reynolds
number boundary-layer at a relatively low computational cost. The
zig-zag topology is preferred to other trip shapes due to its high ef-
ficiency and low critical roughness height-based Reynolds number
in initiating transition [43]. The height of 0.17 mm, corresponding
to three finest voxels, is selected to ensure that the flow volume
surrounding the trip is sufficiently fine discretized, according to
the employed computational mesh, and that the trip is able to
initiate transition regardless its chordwise position for the sake
of industrial robustness. Indeed, the blade suction side is tripped
considering two different strategies: (i) trip line arbitrary posi-
tioned at 25% of the chord; (ii) trip distributed along the expected
boundary-layer transition line (i.e. at the end of the laminar sepa-
ration bubble) as predicted by OptydB-BEMT, a BEMT code coupled
with a 2D viscous panel method developed by Dassault Systémes.
The former is a modeling choice that might be followed in ab-
sence of any information on the boundary-layer transition process,

while the latter represents an approach more consistent with the
physics of the problem, according to which transition is likely to
occur across the laminar separation bubble reattachment line. For
both cases, no trip is placed on the blade pressure side, since no
laminar-to-turbulent boundary layer transition is expected to oc-
cur by the BEMT/viscous panel method code. Fig. 2(c) shows the
trip line positions predicted by the BEMT model for the different
advance ratios considered, as well as the configuration with trip
located at 25% of the blade chord. Portions of the trip line ex-
ceeding 80% of the chord were omitted from the generation of the
zig-zag trip to avoid placing the trip excessively close to the blade
trailing-edge and promoting an undesired flow separation.

Fig. 2(b) shows the details of the computational setup and mesh
in proximity of the propeller geometry. The propeller and hub are
encompassed by a volume of revolution that defines the Local
Reference Frame (LRF), namely the rotating sliding mesh domain
used to reproduce the propeller rotation. The solid FW-H integra-
tion surface used to compute the far-field noise radiation coincides
with the propeller, hub and nacelle surfaces. A total of 16 Variable
Resolution (VR) regions are used to discretize the whole fluid do-
main, with the finest resolution level (VR15) placed around the
blade trip and trailing-edge. A resolution of 200 voxels along the
mean chord (22.85 mm) is used in the second finest resolution
level (VR14), resulting in a smallest voxel size of 0.06 mm, a mean
y+ ~ 5 on the blade surface and an overall mesh size of 107 mil-
lion voxels. The computational cost is 840 CPUh/rev on a 430 cores
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Fig. 3. Thrust (left), torque (center) and propulsive efficiency (right) coefficients at different advance ratios ranging between ] = 0.0 and J = 0.8. Comparison between
measurements and numerical solutions obtained with the x/c = 0.25 and OptydB-BEMT trips.

cluster with Intel Xeon CPU E5-2697 2.6 GHz. The whole fluid do-
main is initialized with the instantaneous flow solution from a
statistically converged coarser simulation. Hence, after a settling
time corresponding to 2 propeller revolutions, the sampling of rel-
evant flow data is started for 10 additional revolutions. Acoustic
data is sampled at 365 kHz with spatial averaging of 0.5 mm on
the solid FW-H integration surface. Fourier transformed data is ob-
tained with 2 Welch blocks, 50% overlap and Hanning windowing,
corresponding to a bandwidth of 16.6 Hz (BPF 0.1).

4. Results and discussion

In this subsection, the LBM-VLES results, obtained by tripping
the blade suction side at x/c = 0.25 and along the boundary-layer
transition line location predicted by OptyoB-BEMT, are presented.
The numerical results are compared against the measurements car-
ried out in the A-Tunnel of TU-Delft to assess the capability of
the employed computational approach to predict the performances
and aeroacoustics of low-Reynolds number propellers at engineer-
ing level. No transition trip was employed in the experimental data
reported in the following. Since no acoustic data was measured at
Voo =20 m/s, due to the relatively high background noise in the
experimental setup, the aeroacoustic analysis is limited to only J
between 0.0 and 0.6. Hence, results for ] = 0.8 are presented only
in terms of thrust and torque coefficients. The grid independence
of the numerical results was verified in a previous study carried
out by the authors [16].

4.1. Mean thrust, torque and propulsive efficiency

Fig. 3 shows the comparison between the experimental and nu-
merical thrust (Cr) and torque (Cq) coefficients, and propulsive
efficiency (n) at different advance ratios, which are computed as
follows:

T C
= CQZ% =l (1)
pon<D pn<D 2mCq
with T and Q being the mean propeller thrust and torque, n the
number of revolutions per second and D the diameter.

As shown in Fig. 3, the thrust coefficient is predicted in a satis-
factory way. The Cr is quite insensitive to the two different ways
of tripping the blade suction side between | = 0.0 and J = 0.6,
where the two Cr curves, obtained by tripping the blade at x/c =
0.25 and along the expected boundary-layer transition line, pro-
vide almost identical thrust values. Contrarily, a small difference is
observed between the two numerical solutions at J = 0.8, as no
zig-zag trip is applied on the blade suction side for the OptyoB-
BEMT trip case at this advance ratio (since the BEMT-trip line po-
sition completely exceeded the 80% of the chord for the entire
blade span, see Fig. 2(c)). Overall, the numerical results tend to
slightly underestimate the thrust generated by the propeller, ex-
cept at | = 0.8 for the untripped numerical solution (OptydB-BEMT
trip case). Although not shown for the sake of conciseness, it is

Cr

observed that at | = 0.8 the presence of the trip causes a slightly
reduction of the suction peak at the leading-edge, thus yielding
to a certain thrust decrease compared to the untripped case (i.e.
OptyoB-Bemt). This trip effect on the pressure coefficient distri-
bution will be briefly illustrated in Sec. 4.6, while discussing the
sensitivity of the numerical results to the reduction of the trip
thickness for | =0.0.

Regarding the torque coefficient, the numerical predictions are
in a good agreement with the experimental results for low and
high values of the advance ratio, although the numerical Co does
not show the slope sign inversion around ] = 0.24 observed in
the measurements. For intermediate J, the agreement between nu-
merical and experimental results decreases, with the former gener-
ally showing lower values compared to the latter. A transition trip
is known to provide a local increment of the skin friction across
the trip itself, in addition to that associated to an earlier transition,
and thus to provide some drag increment of the local airfoil sec-
tion compared to an untripped case [44]. However, as previously
mentioned, the trip is also responsible for a certain attenuation
of the suction effect at the leading-edge in the current compu-
tations, which in turn is associated to a lower local airfoil drag
generation. In addition, due to the presence of the trip, no laminar
separation bubbles occur in the numerical simulations, which are
known to increase the local airfoil drag [45] and thus the overall
propeller torque. These aspects might represent the causes of the
torque under-prediction in the numerical results despite the use of
a transition trip.

Finally, the propulsive efficiency of the propeller is predicted
in a very satisfactory way, except at J = 0.8 for the computa-
tional setup with trip at 25% of the chord. However, it should be
recalled that the propulsive efficiency becomes very sensitive to
even small discrepancies in the prediction of Ct and Cq at nearly
non-thrusting advance ratios, such as | = 0.8 in the present study,
due to the relatively low values of both thrust and torque at such
conditions. Interestingly, the aforementioned thrust and torque dis-
crepancies tend to cancel out in the computation of 7. The fact
that thrust, torque and propulsive efficiency are weakly sensitive
to the trip chordwise location highlights the industrial robustness
of the proposed approach, which can be used with sufficient confi-
dence for the sake of low-Reynolds number propeller performance
prediction.

4.2. Far-field noise

Fig. 5 shows, for | between 0.0 and 0.6, the comparison be-
tween numerical and experimental far-field noise power spectral
densities @y against the frequency f normalized by the Blade-
Passing Frequency (BPF = 167 Hz). Two different microphones in
the free-stream coordinate system are considered: Mic. 7 (0.0 m,
1.2 m, 0.0 m) and Mic. 11 (—0.75 m, 1.2 m, 0.0 m), respectively
located in and out of the propeller plane, as depicted in Fig. 4.
For each microphone and advance ratio, the unloaded (i.e. without
the propeller) electric motor noise (in orange) and the background
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noise (in green) of the wind tunnel are reported to further support
the discussion. To support the analysis of the numerical results, it
is worth mentioning that the main sources of uncertainty in the
experimental spectra are represented by: (i) the background noise
below the wind tunnel cut-off frequency (~200 Hz), which is re-
sponsible for the large broadband noise levels at low frequencies;
(ii) the loaded electric motor noise and the non-perfect balance
of the blades that cause the rise of harmonics of the shaft fre-
quency (BPF 0.5, 1, 1.5, etc.); and (iii) the unloaded electric mo-
tor noise, which generally adds mid-frequency tonal contributions
(approximately between BPF 5 to 25) to the far-field noise spec-
trum [16,42].

As shown in Fig. 5, the position of the transition trip on the
blade suction side does not significantly affect the tonal noise
component generated by propeller, even at high advance ratios
where the x/c = 0.25 and OptydB-BEMT trip lines are distributed
in a rather different way. For J = 0.0, the amplitude of the tone
at BPF 1 is nearly the same for both the x/c = 0.25 and OptydB-
BEMT trip cases. For increasing advance ratios, the tone at BPF 1,
for the solution with trip at 25% of the chord, tends to be slightly
larger than that with the BEMT trip, up to a maximum difference
of about 1 dB at J =0.6. This aspect is consistent with the thrust
results presented in the previous section, which showed that the
different trip position has a negligible impact on the thrust gener-
ation. Overall, the prediction of the BPF 1 tone is quite satisfactory
compared to the measurements for all the operation conditions
considered. However, while for the microphone upstream the pro-
peller (Mic. 11), the value of the tone at BPF 1 is predicted within
1 dB difference with respect to the measurements, its prediction
worsen up to an under-prediction of 3-4 dB for in-plane observer
positions. Such a directional increase of the BPF 1 tone mismatch,
that was also observed when comparing the measurements against
BEMT-compact dipole/monopole FW-H noise computations [16],
cannot be solely attributed to the lower thrust prediction observed
in Fig. 3, whose impact on the radiated tonal noise is expected
to be about 1.5 dB according to low-fidelity computations [16].
It might be also related to the experimental imperfect balance of
the blade loading that leads to the generation of harmonics of the
shaft frequency, as well as the wind-tunnel acoustic confinement
effect at low frequency (i.e. test room not fully anechoic below
200 Hz).

Contrarily to the tonal component of the noise, broadband noise
is more influenced by the chordwise distribution of the trip line.
Since the BEMT-predicted trip lines are distributed similarly to the
x/c = 0.25 case at low advance ratios than at high ones, it is rea-
sonable to expect that similar boundary-layer development and
turbulent boundary-layer trailing-edge noise emissions take place

Aerospace Science and Technology 125 (2022) 107086

at low J in the numerical simulation, and that opposite situation
occurs at large advance ratios. This aspect begins to be noticeable
at J = 0.4, although it is more clearly visible at ] = 0.6. For inter-
mediate advance ratios (J = 0.24 — 0.4), the agreement between
measurements and numerical solutions is fairly good. On the other
hand, in hover (J = 0.0) and at high advance ratio (J = 0.6),
the numerical results show a certain over-prediction and under-
estimation of the broadband noise levels, respectively.

For | = 0.0, the larger broadband noise might be attributed to
excessively high turbulent pressure fluctuations generated in the
boundary-layer, promoted by the presence of a transition trip in
combination with high blade loading conditions. Under such con-
ditions, the flow experiences a higher local acceleration on the
blade suction side, which would in principle require a lower trip
height to initiate transition compared to higher advance ratio cases
and/or more downstream trip placements, according to considera-
tions based on the critical roughness height-based Reynolds num-
ber [44]. Hence, it is reasonable to expect that the same zig-zag
trip height can lead to the development of higher turbulent fluctu-
ations in boundary-layer under higher blade loading, as it will be
qualitatively illustrated in Sec. 4.3. A sensitivity study of the nu-
merical results to the trip thickness for | = 0.0 will be presented
in Sec. 4.6 to further discuss, in the limit of the employed near-
wall resolution, the boundary-layer over-tripping and the broad-
band noise over-prediction in hover.

Regarding the under-prediction of broadband noise for | = 0.6,
it can be attributed to the absence of the laminar separation bub-
ble and the associated acoustic feedback mechanism in the nu-
merical solution. Such phenomena, which were observed to be the
cause for the high frequency noise increment and broadband hump
in the experimental data [16], are not captured in the present nu-
merical results. This is due to the usage of a transition trip to
force the turbulence model to enter into scale-resolving mode and
initiate transition. However, it is worth mentioning that even in ab-
sence of the tripping device, the laminar separation bubble would
be unlikely captured in the numerical solution, due to the intrinsic
difficulties of the employed numerical method in capturing shal-
low regions of boundary-layer separation and reattachment. This
aspect motivates once more the choice of using a zig-zag trip for
such low-Reynolds number cases for the sake of broadband noise
prediction at engineering level.

This subsection concludes the validation of the proposed com-
putational approach, which is aimed at providing an industrial
solution for the prediction of performances and tonal/broadband
noise of propellers operated at low-Reynolds numbers. The fol-
lowing subsections provide some insights on the numerical results
to further support the discussion on the effect of using a transi-
tion trip to simulate low-Reynolds number propellers, as well as
the impact of its chordwise position on performances and radiated
noise.

4.3. Mean and turbulent velocity fields

Figs. 6 and 7 respectively show the contours of the time-
averaged velocity magnitude (V, expressed in the non-inertial ref-
erence frame rotating at the propeller angular velocity w) and of
the root-mean-square (V,ns) for the two numerical solutions ob-
tained with trip at x/c = 0.25 and along the BEMT-predicted tran-
sition line for J = 0.0 — 0.6. The airfoil section considered is that
at 70% of the blade span, which is expected to be representative of
the overall aerodynamic behavior of the blade. The time-averaged
velocity magnitude and the rms values are then normalized by
the tip free-stream velocity experienced by the airfoil section in
the body-fixed reference frame rigidly rotating with the blade, i.e.

Vi =v/VZ + (@n)2.
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Interestingly, the time-averaged velocity magnitude fields (Fig.
6) show the more intrusive nature of the trip located at x/c =
0.25 compared to the trip distributed along the expected laminar-
separation bubble reattachment line, which leads to a less pro-
nounced flow acceleration around the blade leading-edge, a higher
flow acceleration around the trip and the growth of a thicker
boundary-layer downstream it. Although not reported for the sake
of brevity, the inspection of the pressure coefficient distributions
on the airfoil at r/R = 0.7 showed that the trip at 25% of the
chord is responsible for a certain reduction of the suction effect
at the leading-edge of the blade compared to the BEMT-predicted
trip cases. However, this effect is found to be balanced out by a
larger low-pressure area generated down-stream the trip, which is
consistent with the rather similar Cy predictions between the two
different tripping strategies observed in Fig. 3.

For all the numerical solutions with trip located at 25% of the
blade chord, a similar rms velocity pattern is found, although the
level of the velocity fluctuations tends to decrease as the advance
ratio increases. As J increases, the local blade angle of attack and
flow acceleration on the suction side decrease (Fig. 6). As a result,
the same trip line experiences a slower incoming flow for increas-
ing J and leads to the generation of lower turbulence levels in the
boundary-layer downstream it (Fig. 7). Interestingly, for increasing
J, the decreasing rms velocity correlates with the slightly reduc-
tion of the broadband noise shown in Fig. 5, which is associated
to the scattering of the turbulent boundary-layer pressure fluctu-
ations at the blade trailing-edge. Similarly to the cases with trip
at 25% of the chord, higher advance ratio conditions correspond
to a more intense velocity fluctuations in the boundary-layer also
for the BEMT-predicted trip simulations. However, in such cases,
the rms velocity levels decrease more rapidly as the advance ra-
tio increases. Since the BEMT trip lines move towards the blade
trailing-edge as J increases, the trip is subjected to a lower rel-
ative velocity and thicker incoming boundary-layer (as shown in
Fig. 6). As a consequence, both the perturbation of the incoming
flow and the generation of the fully turbulent boundary-layer by
the trip are gradually mitigated for increasing J.

4.4. Wall-pressure spectrum at the trailing-edge

According to Amiet’s trailing-edge noise theory [46], turbulent
boundary-layer trailing-edge noise is proportional, among other
quantities, to the level of wall-pressure fluctuations in proxim-
ity of the trailing-edge. Hence, the numerical wall-pressure power
spectral densities ®@p, on the suction side at 95% of the chord for
different spanwise sections ranging between 50% and 95% of the
blade radius are analyzed in this subsection (Fig. 8). It can be noted

that when the blade is tripped at 25% of the chord, the boundary-
layer reaches a fully-turbulent state in proximity of the trailing-
edge for all the advance ratios considered, at least above r/R = 0.5.
This can be inferred from the shape of the power spectra densities,
which exhibit the typical power decay laws of a fully-developed
turbulent boundary-layer, respectively proportional to f~7/3 and
f£~5 in mid-high and very high frequency ranges [47]. In contrast,
the simulations with trip line predicted by OptyoB-BEMT show that
a fully turbulent boundary-layer is generated only at low advance
ratios (J =0.0 — 0.24). For ] =0.4 and ] = 0.6, only the last 30%
of the blade span exhibits significant levels of wall-pressure fluctu-
ations. These results are consistent with the rms velocity contours
shown in Fig. 7 and with the broadband noise content in the far-
field noise spectra shown in Fig. 5. In particular, it can be appreci-
ated the correlation between the wall-pressure spectrum levels at
the trailing-edge on the suction side and the broadband noise lev-
els in the far-field noise computations, with the OptydB-BEMT trip
case generally showing broadband noise levels higher (J =0.0) or
lower (J > 0.4) than those of the x/c = 0.25 trip case in corre-
spondence of higher or lower resolved wall-pressure fluctuations
generated at the trailing-edge, respectively. These results suggest
once more the importance of using a transition trip in the present
computational setup, without which not enough resolved turbulent
pressure fluctuations in the boundary-layer would be generated in
the numerical solution for the sake of trailing-edge noise predic-
tion.

4.5. Beamforming noise source localization

The comparison between Clean-SC [48] beamforming noise
maps on the blade suction side for the two different computational
setups is shown in Fig. 10, for ] = 0.0 — 0.6. The digital beam-
forming analysis is performed to ensure that the dominant source
of broadband noise in the numerical results is due to turbulent
boundary-layer trailing-edge noise and that spurious broadband
noise sources, such as those potentially introduced by the usage
of the trip, do not sensibly affect the far-field noise spectrum. The
noise maps are computed from FW-H acoustic signals evaluated
from a single blade on a spiral array of 226 microphones of 60R
radius, which is defined in a reference frame rigidly rotating with
the propeller for broadband noise source localization. The array,
shown in Fig. 9, is centered around the propeller hub and located
at 4R distance from it in the upstream direction. The beamform-
ing antenna resolution at the minimum (BPF 10 = 1666 Hz) and
maximum (BPF 100 = 16666 Hz) frequencies of interest is ap-
proximately equal to 30% and 3% of the mean chord, respectively.
The employed Clean-SC deconvolution algorithm is implemented
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Fig. 9. Microphone array used for the beamforming noise source localization: full array (left) and array close-up view (right).

in the beamforming code OptydB-Br developed by Dassault Sys-
témes.

For both setups, the main broadband noise contributor between
BPF 10-100 is the blade trailing-edge, through the scattering of the
pressure fluctuations within the turbulent boundary-layer devel-
oping on the blade suction side, with no relevant contribution to
the far-field noise clearly ascribable to the zig-zag transition trip.
Both cases show that the noisiest trailing-edge region is that in
proximity of the blade tip, due to higher Mach number and effi-
ciency of the scattering process. However, while for the propeller
tripped at 25% of the chord the broadband noise sources at the
trailing-edge are quite uniformly distributed along the span, these
are more clustered in the outer part of the blade for the BEMT-
trip cases, especially as J increases. Moreover, the x/c = 0.25 trip
configurations exhibit rather similar acoustic source images across
the different advance ratios considered, with only a minor varia-
tion of their intensity and locations as | increases. The opposite
situation occurs for the numerical results with trip line distribu-
tion computed by OptydB-BeMT. Overall, for all the cases examined,
the beamforming noise maps magnitude variation for increasing J
correlates quite well with the broadband noise reduction observed

in the far-field noise spectra presented in Fig. 5. As a final remark,
it is worth pointing out the presence of broadband noise sources
between 80-90% of the radius on the leading-edge for the blade
tripped at x/c = 0.25, in hover conditions. Such sources, which are
not detected by the beamforming algorithm in the numerical sim-
ulations with BEMT-predicted trip, are related to the impingement
of secondary turbulent structures braking down from the blade
tip-vortex of the preceding blade. This breakdown phenomenon,
which was observed to be more pronounced for the x/c = 0.25
case, is expected to be related to the occurrence of a different
boundary-layer/tip-vortex interaction due to the different chord-
wise trip location at the tip of the blade.

4.6. Loads and noise sensitivity to trip thickness for ] = 0.0

Fig. 5(a) showed a certain broadband noise over-prediction for
J = 0.0 for both the trip strategies adopted, from 5 dB for ob-
servers in the propeller plane up to 10 dB for out-of-plane posi-
tions. It was conjectured that this could be related to the exces-
sively large boundary-layer fluctuations and boundary-layer thick-
ness promoted by a trip of 0.17 mm thickness under high blade
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Table 1

Thrust and torque coefficients sensitivity to the trip thickness for J = 0.0 and trip

located at x/c =0.25.

Case Cr [-] Cr rel. err. Co [-] Cq rel. err.
Experiment 0.117 - 0.00756 -

x/c =0.25 trip (3 vox.) 0.110 —6.2% 0.00839 +10.4%
x/c =0.25 trip (2 vox.) 0.113 —3.5% 0.00839 +10.4%
x/c=0.25 trip (1 vox.) 0.114 —2.6% 0.00851 +11.8%

loading conditions, compared to those that would be experienced
by the blade for a fully natural transitional case. Hence, a study on
the sensitivity of the numerical results to the trip thickness is pre-
sented in this subsection for J = 0.0 and the computational setup
with trip located at 25% of the chord, with the aim of shedding
more light on the cause of the aforementioned discrepancies. As
part of this analysis, also the sensitivity of thrust and torque to the
trip height is investigated. Two additional zig-zag trips of thickness
respectively equal to 0.11 mm and 0.06 mm (corresponding to a
height of 2 voxels and 1 voxel, respectively), are considered in ad-
dition to the trip of 0.17 mm (3 voxels) that was considered in the
previous subsections. It is worth recalling that the 0.06 mm trip
thickness (corresponding to 1 finest voxel) represents the lowest
trip height that can be achieved with the current computational
grid.

Table 1 reports the variation of the thrust and torque coeffi-
cients with respect to the trip height. It can be observed that the
reduction of the trip thickness leads to an improvement of the Cr
prediction, from a under-estimation of —6% for the thicker trip, to
an under-prediction of about —3% for the thinner one. Conversely,
the torque coefficient shows a lower sensitivity to the trip height,
with a minor over-prediction increment by 1%, most likely con-
sequence of the increased induced drag due to the increased lift
distribution generated along the span.

10

Fig. 11 depicts the pressure coefficient, time-averaged velocity
magnitude and root-mean-square contours for the blade section
at 70% of the radial coordinate. As for the time-averaged veloc-
ity magnitude and root-mean-square, also the C, is normalized
considering the dynamic pressure based on the local free-stream
velocity experienced by the airfoil. The pressure coefficient con-
tours show that a larger low-pressure area is generated around
the blade leading-edge on the suction side as the trip height is
reduced. At the same time, the region downstream the trip is char-
acterized by a slower recovery of the free-stream pressure for the
smaller trip height. These aspects are consistent with the larger
thrust generation observed in Table 1. The C, contours also show
the trivial consideration that a thinner trip exerts a less intrusive
action on the surrounding flow. This aspect is also clearly notice-
able from the time-averaged velocity magnitude contours, which
further illustrates that a progressively lower flow acceleration is
established around the trip as the trip height is reduced. Further-
more, a reduced trip thickness leads to the generation of a higher
flow acceleration around the blade leading-edge, which is consis-
tent with the increment of the pressure suction effect described
above. Concerning the root-mean-square of the velocity, the trip
thickness is seen to play a major role on the turbulent develop-
ment right downstream the trip (i.e. bypass transition process [49])
rather than on the ultimate levels of fluctuations that are achieved
in proximity of the blade trailing-edge.

Finally, Fig. 12 shows the far-field noise sound pressure level
Lpa3) plotted in 1/3-octave frequency bands to better discern
high-frequency broadband noise variations for the three different
trip heights considered. The two microphone positions are the
same as in Sec. 4.2. Similarly to what has been previously observed
regarding the trip chordwise position, it can be noted that also trip
thickness has no influence on the tonal component of the noise, at
least for the three trip heights analyzed in this study, for which
no flow separation is induced by the trip itself. Moreover, also the
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broadband component of the noise shows a very minor sensitivity
to the three trip thicknesses considered, for a zig-zag trip placed at
25% of the chord and under hover conditions. Although this aspect
is to some extent surprising, it could have been expected based on
the root-mean-square velocity contours shown in Fig. 11, which
qualitatively showed comparable turbulence levels in proximity of
the trailing-edge, thus suggesting similar turbulent boundary-layer
trailing-edge noise radiations. Surprisingly, the smallest trip height
generates slightly higher broadband noise emissions for frequen-
cies above BPF 100 compared to the two other trip thicknesses.
This might be the consequence of smaller scales of turbulence be-
ing triggered by a smaller trip within the transition process taking
place downstream it.

Fig. 12 shows that for the two additional trip heights of 0.11
mm and 0.05 mm broadband noise is also over-estimated from 5
to 10 dB for J = 0.0. For three-dimensional tripping devices, Van
Rooij and Timmer [50] proposed a critical roughness height-based
Reynolds number Rey =200 (where Rey = uk/v, with u being the
local flow velocity and v the kinematic viscosity) to define a min-
imum trip thickness k to trigger transition. Based on this criterion,
and considering a local velocity of the flow approaching the trip
u~ 14V,  (see Fig. 11) a critical trip thickness of approximately
0.04 mm can be determined for r/R = 0.70 for initiating transition

11

) and wind tunnel background noise (—) reported for reference.

in hover. With this regard, all the three trip thickness considered
would lead to an over-tripped boundary-layer above 70% of the
blade span, which might explain the origin of the broadband noise
over-prediction for J = 0.0. Nevertheless, the low sensitivity of
loads and broadband noise radiation to the trip thickness, in ad-
dition to that to the trip chordwise position discussed above, plays
in favor of the robustness of the proposed approach for industrial
applications.

5. Conclusions

This paper presented a computational approach based on the
LB/VLES method to predict the performances and noise signature
associated to a two-bladed propeller operated at low Reynolds
numbers. The numerical flow solution was obtained by solving
the explicit, transient and compressible lattice-Boltzmann equa-
tion implemented in the CFD/CAA solver SIMULIA PowerFLOW®.
The aerodynamic noise generated by the propeller was computed
by using an acoustic analogy based on Farassat’s formulation 1A
of the FW-H equation applied to the propeller/nacelle surfaces. A
transition trip was included in the computational setup to force
the numerical scheme to switch from modeled to scale-resolving
turbulence, and to trigger the formation of vortical structures with
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scales able to emulate the complexity of the low-Reynolds number
boundary-layer on the blade. Two different tripping strategies were
attempted by positioning the trip along the quarter-chord and the
expected turbulent boundary-layer transition lines, respectively.

Numerical results were compared against loads and noise mea-
surements carried out in the A-Tunnel of TU-Delft. Overall, thrust
and torque predictions were found to be in a satisfactory agree-
ment with respect to the experimental results, although some
discrepancies were observed for the former at low and middle
advance ratios, and at intermediate ones for the latter. The trip
position marginally affected the thrust, and to a slightly greater
extent the torque predictions. Both tonal and broadband predic-
tion compared favorably against the experimental data, especially
for intermediate advance ratios. A certain over-prediction of the
broadband noise levels were found for the hover case, due to ex-
cessively high levels of turbulence generated by the trip under high
blade loading conditions. Contrarily, at ] = 0.6 the numerical re-
sults did not show the measured high-frequency broadband hump
associated to laminar bubble separation noise, with both the com-
putational setups predicting lower broadband noise. Tonal noise
did not show a significant sensitivity to the trip chordwise posi-
tion, whereas broadband noise levels were found to be affected to
a slightly larger extent by the chordwise position of the trip.

A further investigation of the rms velocity fields and wall-
pressure spectra at the trailing-edge on the blade suction side
revealed that the formation of a fully-turbulent boundary-layer is
achieved for most of the blade span for the blade tripped at 25% of
the chord. Contrarily, the simulations with trip derived from BEMT
calculations exhibited a lower spanwise extension of high turbu-
lent activity regions as the advance ratio increases. These results
were confirmed by Clean-SC beamforming noise maps calcula-
tions, which showed that broadband noise sources generated at the
trailing-edge are more uniformly distributed along the span for the
propeller tripped at 25% of the chord, in contrast to the BEMT-trip
cases, especially for increasing advance ratios. The beamforming
results further showed that the trip did not contribute in a tangi-
ble way to the broadband noise levels.

The satisfactory agreement of thrust, torque and tonal/broad-
band noise numerical results with respect to the experimental
measurements validated the proposed approach for the prediction
of performances and noise radiation associated to low-Reynolds
number propellers at engineering level. Moreover, the robustness
of the proposed method for industrial studies was corroborated by
the low sensitivity of the trip chordwise location and height. As
future outlook, simulations with spanwise varying trip thickness,
based on a critical roughness height-based Reynolds number, and
local mesh refinement around the trip geometry will be performed
to improve the broadband noise prediction in hover (] = 0.0).
Moreover, untripped implicit LB/VLES simulations, in which the
inviscid energy cascade through the inertial range is captured by
the numerical scheme and the inherent numerical dissipation acts
as sub-grid model, will be attempted with the scope of captur-
ing the laminar separation bubble, the consequent boundary-layer
behavior and the associated noise radiation featuring propellers
operating at low-Reynolds numbers.
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