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The paper focuses on the development and validation of a new computational
framework designed for the prediction of tonal and broadband noise radiation of
propellers of unmanned aerial vehicles (UAVs) operating in the low-Reynolds number
regime. The depicted workflow is hybrid, consisting of in-house, academic, and commer-
cial software components intended for automatic pre-processing (block-structured grid
generation), efficient flow solution (computational fluid dynamics, CFD), and acoustic
post-processing (computational aeroacoustics, CAA). The delayed detached-eddy
simulation (DDES) approach constitutes the basis for estimation of mean blade loading
and surface pressure fluctuations due to the existence of massive flow separation that
are fed as input to an in-house acoustic solver based on Ffowcs Williams and Hawkings
(FW–H) linear acoustic analogy (Farassat’s formulation 1A). The initial phase of
validation of the acoustic tool is conducted for elementary rotating and oscillating
point sources of mass and momentum (forces) using available analytical solutions for
reference. Later, a two-bladed model propeller from the Delft University of Technology
(TUD) is analyzed with FLOWer (compressible CFD solver from DLR), relying on
RANS or DDES approaches and equipped with either 1-equation strain adaptive
linear Spalart–Allmaras or 2-equation shear-stress transport k–ω turbulence closures.
The equations are solved using both classical second-order and modern fourth-order
accurate numerical schemes. For a selected rotational speed of 5000 RPM (tip Mach
number of 0.23 and tip Reynolds number of 50 · 103) and the range of the advance ra-
tio J of the axial flight, the predicted propeller aerodynamic performance is confronted
with the measurements of TUD. Lastly, for exemplary J = 0 (hover conditions, tripped
boundary layer), the resolved pressure fluctuations (URANS/k–ω SST and DDES/k–ω
SST) are directly used as input for acoustic analysis of tonal (harmonic) and broadband
noise at an in-plane observer location and the resultant propeller sound pressure level
signature is compared with the measured spectrum confirming the applicability of the
developed framework for such computationally demanding cases of flow-induced noise.
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Notation

c chord length, m,
c0 reference (ambient) speed of sound, m · s−1,
cq rotor shaft torque coefficient,
ct rotor thrust coefficient,
D rotor diameter, m,
f frequency, Hz,
fosc frequency of oscillation, Hz,
frot frequency of rotation, Hz,
Ft rotor thrust force, N,
F (τ) force vector (F) magnitude, N,
Mq rotor shaft torque, N ·m,
J advance ratio,
Mi Mach number vector (M) components,
Mr Mach number in the radiation direction,
MT tip Mach number,
ni normal vector (n) components,
N sample count,
OASPL overall sound pressure level, dB,
p surface pressure, Pa,
p0 reference (ambient) pressure, Pa,
p′ total acoustic pressure, Pa,
p′L acoustic pressure due to aerodynamic forces (loading noise), Pa,
p′ref threshold of human hearing, Pa,
p′rms root mean square of acoustic pressure, Pa,
p′T acoustic pressure due to mass displacement (thickness noise), Pa,
r distance between the source and the observer, m,
ri radiation vector (r) components, m,
r̂i unit radiation vector (r̂) components,
R rotor radius, m,
ReT tip Reynolds number,
S acoustic source surface,
SPL sound pressure level, dB,
t observer (reception) time, s,
T0 reference (ambient) temperature, K,
Trot period of rotation, s,
ui velocity vector (u) components, m · s−1,
un normal velocity component, m · s−1,
UT tip velocity, m · s−1,
U0 free-stream axial flow velocity, m · s−1,
xi observer space coordinates (x), m,
yi source space coordinates (y), m,
y+ non-dimensional distance to the surface.

Greek letters

δ Dirac delta function,
∆p surface gauge pressure p− p0, Pa,
∆t time-step, s,
∆τ acoustic time-step, s,
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ηi body-fixed space coordinates (η), m,
ηprop rotor propulsive efficiency,
θ twist angle, rad,
θr angle between the surface normal (n) and the radiation (r) vectors, rad,
ρ0 reference (ambient) density, kg ·m−3,
τ retarded (emission) time, s.

1. Introduction

Two major challenges arise in the numerical analysis of low-Reynolds
number (104–105) propellers utilized in Unmanned Aerial Vehicles (UAVs).
Firstly, significant broadband noise emissions highlight the necessity for scale-
resolving simulations that can take into account laminar-turbulent transition and
accurately model separation bubbles in both laminar and turbulent flow. Sec-
ondly, there is a need for high-quality experimental data that integrates force,
flow, and noise measurements under controlled conditions [1]. For such configura-
tions, scale-resolved methods such as the lattice Boltzmann method (LBM)/very
large-eddy simulation (VLES) [2], detached-eddy simulation (DES) [3], or spe-
cific variants of hybrid RANS/large-eddy simulation (LES) methods are typically
employed for aeroacoustic applications. Tonal noise emission is usually attributed
to thickness (mass displacement effect) and steady loading (mean aerodynamic
forces) sources [4]. However, the broadband noise radiation is linked to flow-
induced surface pressure fluctuations, which may arise from various sources, e.g.,
the scattering of the turbulent eddies in the boundary layer by the trailing edge
(trailing edge noise, TEN), by the inflow turbulence impacting the leading edge
(turbulence ingestion noise, TIN), by the blade-vortex (BVI), or blade-wake
(BWI) interactions taking place at low advance ratios [5]. Nevertheless, for small-
scale propellers, the primary source of surface pressure fluctuations is linked to
unsteady laminar separation bubbles (including laminar shear-layer instability)
and the detachment of turbulent boundary layers, which contribute to separa-
tion noise (SN) [6, 7]. Among the various methods for predicting propeller tonal
and broadband noise, the hybrid CFD/CAA approach is of primary interest. In
particular, combining high-fidelity near-field CFD with the Ffowcs Williams and
Hawkings (FW–H) acoustic analogy, using either on-surface or porous variants,
for source generation and propagation (Farassat’s formulation 1A) proves ad-
vantageous [2, 3, 5, 8, 9]. In this approach, far-field noise is determined based
on the body geometry, kinematics, and surface pressure distribution (steady or
unsteady) obtained from CFD.

This paper is organized as follows. Section 2 provides a brief overview of
the implemented general FW–H acoustic analogy, derived for arbitrarily moving
bodies (Farassat’s formulation 1A), along with an elementary analytical solu-
tion for a rotating point source of momentum. Section 3 outlines the validation



70 O. Szulc, T. Suresh, P. Flaszyński

process of the FW–H solver for an oscillating and rotating point force scenario.
Section 4 is entirely devoted to the application of the FW–H code in the aerody-
namic and aeroacoustic analysis of a low-Reynolds number propeller. It includes
a detailed specification of the computational model designed for predicting the
propeller flow-field, validated against wind tunnel measurements of rotor aero-
dynamic loading. The resulting steady loading and unsteady surface pressure
fluctuations due to separation serve as input data for the subsequent FW–H
analysis of thickness, steady and unsteady loading noise sources, enabling final
validation of the computed sound pressure level (SPL) spectra against avail-
able experimental data. The conclusions of the paper are briefly summarized
in Section 5.

2. Theoretical basis

2.1. Ffowcs Williams and Hawkings inhomogenous wave equation

The Ffowcs Williams and Hawkings (FW–H) inhomogeneous linear wave
equation is a key equation in aeroacoustics, utilized to model noise produced
by moving surfaces in a fluid like air [10]:

(2.1)
∂2p′

∂t2
− c20∇

2p′ =
∂

∂t
[ρ0 un δ(S)]−

∂

∂xi
[∆p ni δ(S)],

where p′ is the acoustic pressure, t is the observer (reception) time, xi are the
spatial coordinates (Cartesian), ni are the local normal vector n components,
∂2

∂t2
and ∇2 are the temporal and the Laplacian operators, c0 and ρ0 are the speed

of sound and the ambient density (both assumed constant). Next, un = u · n and
∆p signify the normal velocity of the surface (u – panel velocity vector) and the
surface gauge pressure (∆p = p− p0, p0 – ambient pressure), determining the
strengths of the monopole and dipole sources (quadrupole sources are neglected),
respectively. Furthermore, δ(S) represents the Dirac delta function, which en-
sures that the source terms are only active at the surface of the moving body,
where S(x, t) = 0. This equation can be specialized or altered depending on the
assumptions about the flow and the body motion. Farassat proposed various
formulations, including formulation 1A, designed to simplify the computation
of these terms under particular flow conditions and presumptions, allowing for
a more efficient computational implementation or a more tractable evaluation of
the source terms [11].

2.2. Farrasat’s general solution (formulation 1A) to FW–H equation

The analytical (integral) solution to Eq. (2.1), suitable for propeller or he-
licopter rotor blades in arbitrary subsonic motion (formulation 1A), was pro-
posed by Farassat (2007) for an impermeable (non-porous) acoustic source sur-
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face S [11]. It is expressed as the sum of thickness (mass displacement) p′T and
loading (aerodynamic forces) p′L contributions, i.e. p′ (x, t) = p′T (x, t) + p′L (x, t)
where:

4π p′T(x, t) =

∫

S

[

ρ0 u̇n
r(1−Mr)2

+
ρ0 un r̂i Ṁi

r(1−Mr)3
+

ρ0 c0 un(Mr −M2)

r2(1−Mr)3

]

ret

dS,(2.2)

4π p′L(x, t) =

∫

S

[

ṗ cos θr
c0 r(1−Mr)2

+
r̂i Ṁi∆p cos θr
c0 r(1−Mr)3

(2.3)

+
∆p(cos θr −Mi ni)

r2(1−Mr)2
+

(Mr −M2)∆p cos θr
r2(1−Mr)3

]

ret

dS.

In this context, (x, t) and (y, τ) denote the observer and source space-time vari-
ables within the non-moving (inertial) reference frame, whereas the η = η(y, τ)
frame remains fixed with respect to the body surface. Hence, the radiation vec-
tor r = x− y, the distance between the source and the observer r = |x− y|, the
unit radiation vector r̂ = (x− y)/r, the Mach number vector M = u/c0, the Mach
number in the radiation direction Mr = r̂ ·M, cosine of the angle between the sur-
face normal and the unit radiation vectors cos θr = n · r̂, and all remaining vari-
ables are evaluated in the η-frame at the retarded (emission) time τ = t− r/c0,
indicated by the subscript “ret”. The dot notation signifies differentiation with
respect to source time, i.e. u̇n = ∂un

∂τ
= ∂

∂τ
(u · n), Ṁi =

∂Mi

∂τ
= 1

c0

∂ui

∂τ
, and ṗ = ∂p

∂τ
.

For each component of Eq. (2.2) and Eq. (2.3), the inverse distance dependence
may be identified, with the following distinction into near- and far-field terms
based on the 1/r2 or 1/r proportionality factors, respectively.

2.3. Elementary solution to FW–H (moving point force)

The solution to Eq. (2.1) for a point force F(τ) in arbitrary motion is ana-
lytically formulated as [12]:

(2.4) 4π p′L (x, t) =

[

r · Ḟ− c0M · F

c0 r2(1−Mr)2
+ (r · F)

r · Ṁ + c0(1−M2)

c0 r3(1−Mr)3

]

ret

with all parameters computed at the retarded (emission) time τ = t− r/c0 (sub-
script “ret”). The dot over the force vector F signifies the differentiation with
respect to the source time τ , i.e. Ḟ = ∂F

∂τ
.

3. FW–H solver validation (moving point force)

3.1. In-house FW–H acoustic solver (Tecplot 360 EX)

An FW–H acoustic solver was developed in-house using Tecplot 360 EX (Tec-
plot Inc.) macro command language directives [13]. It is based on the general so-
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lution to FW–H equation (2.1) proposed by Farassat as formulation 1A and rep-
resented by Eq. (2.2) and Eq. (2.3). A block-structured surface mesh and CFD
flow data can be directly implemented to specify both the source geometry (ro-
tor blade shape) and the acting forces (surface pressure distribution). Each grid
cell is considered an individual acoustic panel, tracked in space-time, and acts
as a distinct source of acoustic perturbations. As a first step, the integrands of
Eq. (2.2) and Eq. (2.3) are evaluated at the retarded time τ for each acoustic
panel. Next, the integrands are summed across all acoustic panels (integration)
based on the reception time t at the observer’s position, using linear interpo-
lation. This implies that the final shape of the signal depends not only on the
local history of each acoustic panel but also on their spatial distribution, which
affects the arrival time, leading to constructive or destructive interference. Thick-
ness noise analysis requires solely the surface mesh and blade kinematics while
loading noise prediction additionally necessitates the steady or unsteady surface
pressure distribution that is usually supplied from a preceding CFD analysis.

The thickness and steady loading noise prediction capabilities of the FW–H
solver have already been thoroughly validated in [13] for elementary rotating point
sources of mass and momentum (force) with subsequent application to a hov-
ering helicopter rotor case (low-frequency in-plane harmonic noise, LF-IPH).
However, for low-Reynolds number UAV propellers, operating mostly under sep-
arated flow conditions, induced surface pressure fluctuations significantly con-
tribute to broadband noise emission. Consequently, the FW–H solver has been
extended to account for the unsteady forces acting on the rotor blades. As de-
tailed below, a relevant elementary case involving a rotating and oscillating point
source of momentum (force) has been selected to validate this new functionality.

3.2. Specification of the elementary aeroacoustic problem

To thoroughly validate the implementation, an exemplary case of a rotat-
ing and oscillating point source of momentum (force) is selected as the origin
of loading noise. The considered unsteady force vector F(τ) is parallel to the
rotor plane while rotating around the azimuth with 5000 RPM and at the radius
of R = 0.15 m, emulating the movement of the sectional drag force of the tip
section of the propeller blade investigated in Section 4 (see Fig. 1). The observer
is located in the rotor plane, 1.2m from the axis of rotation (equivalent to 8R).
An arbitrary unsteady force magnitude F (τ) = 0.02 + 0.002 sin(2π fosc τ), char-
acterized by a constant mean value (representing the average aerodynamic force)
and overlaying sinusoidal oscillations (often attributed to the presence of bound-
ary layer separation), is selected for analysis. To ensure clear separation of
steady and unsteady loading noise contributions, the amplitude of oscillations
(0.002 N) represents 10% of the average (0.02 N). Moreover, the frequency of
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oscillations fosc = 833.3(3)Hz is 10 times higher than the frequency of rotation
frot = 83.3(3)Hz. All other parameters are selected according to the operating
conditions of the propeller discussed in Section 4, specifically an ambient pressure
of p0 = 101325Pa and an ambient temperature of T0 = 290.2K.

The overall sound pressure level (OASPL) in decibels (dB) is assessed using
the formulae below:

(3.1) OASPL, dB = 10 log

(

p′rms

p′ref

)2

, p′rms =

√

√

√

√

1

N

N
∑

k=1

p′2k , p′ref = 20µPa,

where p′rms is the root mean square of acoustic pressure p′, p′ref is the threshold
of human hearing, N is the signal sample count, and p′k are the successive p′

values. Furthermore, acoustic pressure p′ waveforms are converted from the time
into the frequency domain using the discrete fast Fourier transform (DFFT) and
presented as the sound pressure level SPL (dB) spectra for the first 20 rotor
harmonics.

3.3. Numerical solution of the elementary aeroacoustic problem

The analytical solution obtained for the moving/unsteady point source of
momentum and expressed by Eq. (2.4) is discretized in emission time τ using
Tecplot 360 EX macro command language directives and applied as a reference
for this validation. Conversely, for numerical solution (FW–H solver) based on
Farassat’s formulation 1A in the form of integral Eq. (2.3), the elementary point
source is replaced with a single rectangular acoustic panel of 1 mm× 1 mm di-
mensions and orientation depicted in Fig. 1 (red color). Both solutions advance
using the same source time-step ∆τ equivalent to 0.025◦ of azimuth and for a du-
ration of 2.5 rotation periods Trot (14400/1440 samples per rotation/oscillation

Fig. 1. Elementary moving point force.
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period). Figure 2 presents the resultant acoustic pressure p′ with the correspond-
ing sound pressure level (SPL) spectra. Both the analytical and FW–H signals
are equivalent, yielding an OASPL of 40.65 dB. Additionally, all depicted 20 ro-
tor harmonics are accurately replicated with a precision of 0.003 Hz, validating
the new functionality of the FW–H code. It is important to note that separate
studies on the dependency of source time-step ∆τ and acoustic panel dimensions
have been conducted to confirm that the presented solutions remain unaffected
by source/time discretization. Additionally, for verification purposes, different
in-plane and out-of-plane force directions, as well as various observer positions
regarding the rotor plane, were successfully validated; however, due to space
constraints, this data is not included here.

Fig. 2. Acoustic pressure p′ signal in time (left) and frequency (right) domains.

4. Small-scale model UAV propeller (TUD)

4.1. Propeller design and wind tunnel test set-up

A small-scale model UAV propeller of the Delft University of Technology
(TUD) is selected for analysis [8]. The rotor consists of two blades with a NACA
4412 airfoil section, a radius R of 0.15 m, and non-linear radial distributions
for both the chord length c and the twist angle θ (see Fig. 3). The rotor’s hub
diameter is DHUB = 0.027 m, with an elliptical root section transitioning into the
profiled section at a radius of 0.033 m (cROOT = 0.029 m and θROOT = 43.7◦).
The chord length reaches its maximum value of cMAX = 0.034 m and decreases
towards the tip (cTIP = 0.009 m). The blades feature a total root-to-tip washout
of −31.4◦, resulting in a twist angle of θTIP = 12.2◦ at the tip. The propeller is
constructed from aluminum alloys, providing high stiffness and ensuring minimal
elastic deformations during operation.

Experimental investigations of the propeller model were conducted by TUD
in the semi-anechoic aeroacoustic open-jet wind tunnel (A-Tunnel) [8] – see
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Fig. 3 (right). The model was positioned 0.5 m ahead of the exhaust of a con-
vergent nozzle with a diameter of 0.6 m. The test chamber measured 3.2 m in
height, with dimensions of 6.4 m by 4.4 m in length and width. For advance ratios
J = U0/(frotD) ranging from 0 to 0.8 and corresponding inflow velocities U0 of
up to 20 m/s, the mean streamwise velocity component remained uniform (with
an accuracy of 0.6%), and turbulence intensity was maintained below 0.14%. For
thrust and torque measurements, a load cell (maximum capacity of 22.2 N) and
a torque sensor (maximum capacity of 0.18N ·m) were utilized, both featuring
non-linearity and hysteresis of ±0.1% of RO. Data was sampled at 5 kHz over
a duration of 15 s and averaged in time. Furthermore, an optical encoder was
employed to monitor the rotational speed (RPM) of the shaft. Noise measure-
ments were conducted using 13 analog free-field microphones (with a frequency
response of ±1 dB) arranged on a linear vertical microphone array positioned
perpendicularly to the rotor plane. Microphone #7, adapted in the current in-
vestigation and marked in blue in Fig. 3, was located at the propeller plane, at
a distance of 4D (1.2 m) from the propeller axis. For the data acquisition system,
a sampling frequency of 51.2 kHz (sample length of 20µs, equivalent to 0.6◦ of
rotation) and a recording duration of 30 s were employed for each measurement.
The chamber’s cut-off frequency was roughly 200 Hz.

Fig. 3. Propeller design (left) and TUD A-Tunnel test set-up (right).

The propeller operated at a rotational speed of 5000 RPM (corresponding to
a rotational frequency frot of 83.3(3)Hz), resulting in a tip Mach number MT of
0.23 and a tip Reynolds number ReT of 50 · 103. The advance ratios J ranged
from 0 to 0.8 with an ambient pressure p0 at 101325 Pa and a temperature T0

at 290.2 K. The actual inflow Reynolds numbers varied between 50 · 103 and
100 · 103, based on the radial location and the advance ratio. Both natural and
forced transition (tripping at 25% of the chord on the suction side) were examined
experimentally; however, this study focuses solely on the tripped cases.
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4.2. Block-structured FLOWer solver (DLR)

A block-structured compressible FLOWer solver (DLR) was employed to
conduct the flow-field analysis of the propeller [14]. Steady simulations were
performed using a standard second-order central scheme with artificial dissipa-
tion, coupled with the SALSA (strain adaptive linear Spalart–Allmaras [15])
1-equation turbulence model (time integration by the explicit Runge–Kutta
method). Unsteady simulations employed the delayed detached-eddy simulation
(DDES) approach [16], utilizing the enhanced fourth-order accurate SLAU2 up-
wind scheme of Kitamura and Shima [17]. With the implementation of the Mach
number scaling of numerical dissipation, this AUSM-type scheme maintains ac-
curacy across incompressible, transonic, supersonic, and hypersonic flow regimes.
A blend of second and third-order scheme BDF2OPT (optimized second-order
backward difference scheme) was used for time integration [18]. For the “de-
layed” version of DES, the model stress depletion (MSD) issue (often leading
to grid-induced separation) is avoided by appropriately selecting the shielding
function within the boundary layers. In this hybrid RANS–LES method, the
RANS branch (attached flow regions) utilizes the k–ω SST (shear-stress trans-
port) 2-equation turbulence model [19] while in LES mode (areas of massive
separation), this closure serves as a subgrid-scale model (rather than, for exam-
ple, the Smagorinsky model) [20].

4.3. Computational set-up

The computational domain is cylindrical in shape, with the propeller posi-
tioned at its center (Fig. 4). The outer boundaries are located 10R above and
15R below the rotor plane, and 10R from the rotation axis. Two sets of struc-

Fig. 4. Computational domain and grid topology (left), surface grid (middle), and tip-zoom
(right) – RANS grid with 172 blocks and 95.6 · 106 of control volumes.
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tured grids (2 blades, C-H-H topology, y+< 1) are prepared for either RANS or
DES analysis. The RANS mesh consists of 172 blocks and 11.9 · 106 (medium)
or 95.6 · 106 (fine) of control volumes. The refined DES grid (medium) contains
1496 blocks (parallel efficiency) and 20.5 · 106 of cells. The medium grids are
constructed by removing every other mesh line from the respective fine grids.
All meshes are generated semi-automatically using a developed series of Python
scripts designed for the Interactive Grid Generator (IGG) application from the
Fine/Turbo (Cadence) commercial software suite. The geometry of the propeller,
the size of the domain, the mesh topology, and the number of cells in each direc-
tion for each block are parameterized, facilitating relatively simple adjustments
to the existing grid. The RANS and DES meshes comprise 84% and 82% of good
quality cells with orthogonality between 75◦ and 90◦, respectively while only 4%
of the total number of cells exhibit orthogonality below 60◦, which is unavoidable
in the tip region due to the sharp trailing edge of the rotor blade. The RANS grid
refinement necessary for DES modeling facilitates an increase of the maximum
aspect ratio from 14600 up to 65200 (low-impact control volumes located in the
far-field). As the paper focuses on the development and validation of the com-
putational framework, the entire workflow is demonstrated – from steady RANS
(fully-turbulent, second-order) to unsteady RANS (transitional, high-order) and
ultimately to DDES (transitional, high-order). This progression highlights how
increasing model complexity improves the accuracy of sound emission and propa-
gation predictions, thereby building confidence in the final results. Moreover, the
standard RANS approach is crucial for evaluating the impact of grid resolution
and determining the appropriate mesh refinement level for DDES simulations.

Flow simulations are conducted with a propeller in free-stream, using an in-
let eddy viscosity ratio of 0.2 (the default value for SALSA closure) or 0.001
(the default value for k–ω SST closure). Additionally, the inlet turbulence in-
tensity measured at 0.14% is applied for the two-equation model. Depending
on the analyzed test flight characteristics (axial translation or hover), at the
outer boundaries of the computational domain, either the characteristic variable
far-field boundary condition (J 6= 0) or a specialized Froude boundary condition
(J = 0) is imposed. The Froude boundary condition considers the induced ve-
locities in the far-field resulting from the rotor’s downwash in hover (source-sink
model). Finally, solid surfaces are represented using the no-slip adiabatic wall
boundary condition.

4.4. Aerodynamic analysis of the propeller

Figure 5 compares the total thrust coefficient ct, rotor shaft torque coeffi-
cient cq, and propulsive efficiency ηprop between the measurements from TUD
and the FLOWer steady-state solutions (RANS/SALSA) in fully-turbulent mode
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Fig. 5. Propeller thrust coefficient ct (top left), torque coefficient cq (top right), and
propulsive efficiency ηprop (bottom).

for fine (95.6 · 106 cells) and medium (11.9 · 106 cells) RANS grids. The following
formulae define the coefficients ct, cq, and ηprop:

(4.1) ct =
Ft

ρ0 U2
T πR2

, cq =
Mq

ρ0 U2
T πR3

, ηprop =
ct
cq

J

π
,

where Ft and Mq represent the thrust force and torque, respectively (with a tip
velocity UT = 78.5m/s and an ambient density of ρ0 = 1.217 kg/m3) and ηprop
signifies propulsive efficiency. The FLOWer solver operates in steady and fully-
turbulent mode (using a classical second-order scheme), while the experimen-
tal data is collected with a boundary layer trip. Notable agreement of ct is
observed across the investigated range of J . A satisfactory correlation is also
noticeable for cq, primarily above J = 0.2. The slight overestimation of torque
for J < 0.2 warrants further investigation (a similar effect is observed in the
VLES simulations conducted at TUD and presented in [8]). The propulsive ef-
ficiency ηprop matches the test points until approximately J = 0.6, leading to
a noticeable underestimation at J = 0.7 which might be attributed to small
deviations in ct and cq, resulting from the numerical model deficiencies and rel-
atively large absolute thrust and torque measurement uncertainties inherent for
lower measured values. Lastly, the computations with medium and fine grids



Development of a computational framework. . . 79

yield virtually identical results for the total thrust and shaft torque, indicating
mesh-independent solutions.

Given the limitations of unsteady RANS/SALSA modeling in capturing flow
unsteadiness under the investigated hover conditions, the DDES approach using
k–ω SST with transition tripping at 25% c (on the suction side only) was sub-
sequently applied for J = 0 (DDES/SST). The FLOWer solver, utilizing the
SLAU2 upwind scheme of fourth-order spatial accuracy and the BDF2OPT
time integration scheme, along with a refined DES grid (20.5 · 106 volumes) and
a time-step of ∆t = 8.3 · 10−6 s, equivalent to 0.25◦ of rotation (1440 time-steps
per revolution), yields mean values for the rotor thrust ct and shaft torque cq co-
efficients that are comparable to previous RANS/SALSA predictions (see Fig. 5).
Nevertheless, notable surface pressure fluctuations caused by separation can now
be observed. Figure 6 presents an instantaneous distribution of the skin friction
coefficient sign, with red color indicating areas of reversed flow, not only for
DDES/SST but also for a reference solution denoted as “URANS/SST“ (calcu-
lated also with the refined DES grid and high-order numerical scheme). Three
distinct separation zones can be readily identified on the suction side. A large
turbulent separation zone extends along the trailing edge across nearly the en-
tire radial span of the blade. At the inboard stations, a second reversed flow
region near the leading edge is evident, resulting from massive separation due to
high local incidences. At the outer sections, significant flow detachment is ob-
served, likely caused by both high inflow velocities and blade-vortex interaction
– a collision between the leading edge and the tip vortex structure generated
by the preceding blade. The latter two phenomena appear to be laminar, as
the separation onset occurs upstream of the transition trip, particularly in the
inboard regions.

Fig. 6. Instantaneous suction side skin friction coefficient sign (reversed flow areas) at J = 0
for URANS/SST (left) and DDES/SST (right).

Surface pressure data was collected over 2.5 revolutions (3600 files), time-
averaged (p′rms), and converted to the logarithmic scale (OASPL). The resultant
suction and pressure side fluctuations are presented in Fig. 7 for URANS/SST
(left) and DDES/SST (right) approaches to turbulence modeling. For DDES/SST
(top right), the highest pressure fluctuation intensity is observed on the suc-
tion side, near the blade tip (peaking at 155.1 dB) and in the region of mas-
sive inboard separation (maximum of 146.8 dB). Interestingly, the unsteadiness
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Fig. 7. Suction and pressure side surface pressure fluctuations (OASPL) at J = 0 for
URANS/SST (left) and DDES/SST (right).

introduced by the trailing edge separation is not apparent at this scale. Con-
versely, on the pressure side (bottom right), there is a local rise in pressure fluc-
tuations downstream of the two separated regions, attributed to the interaction
between the flow structures and the trailing edge. Once again, a rise in pressure
fluctuations is evident near the leading edge of the tip, reflecting the previously
discussed blade-vortex interaction phenomenon. However, for URANS/SST mod-
eling the depicted intensity of surface pressure fluctuations is notably reduced in
magnitude and area coverage. Not only the inboard source is slightly attenuated
(by 3 dB) but primarily the tip source is absent compared to the DDES/SST
result. As a consequence, lowering the eddy viscosity based on the grid resolution
and flow features (DDES), has a positive impact on the presence and strength
of resolved acoustic perturbations.

4.5. Aeroacoustic analysis of the propeller

Three distinctive numerical sets of input surface pressure distributions, re-
sulting from RANS/SST, URANS/SST, and DDES/SST modeling for J = 0
(hover), are provided for subsequent FW–H prediction of the acoustic signals at
an in-plane microphone location positioned at a distance of 1.2m, with numerical
results shown in Fig. 8 (left). It is worth mentioning that all CFD solutions are
progressed with the same refined DES grid (20.5 · 106 of control volumes), time-
step ∆t of 8.3 · 10−6 s (equivalent to 0.25◦ of rotation), fourth-order numerical
scheme, and transition prescribed on the suction side of the blade at 25% c. More-
over, also the presented FW–H solutions are advanced with the same source-time
step ∆τ of 0.25◦ of azimuth, full-resolution surface mesh, and for 2.5 periods of
rotation Trot (the choices based on the performed acoustic grid, time-step, and
duration time dependency studies).
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Fig. 8. Acoustic pressure p′ (left) and sound pressure level (SPL) spectra (right) at J = 0.

The FW–H (RANS/SST) prediction is based on the averaged (mean) pres-
sure distribution of the URANS/SST simulation, allowing for separation of the
rotational noise from the broadband component. Therefore, the dominant mech-
anisms of acoustic radiation are attributed to thickness (mass displacement) and
steady loading (mean aerodynamic forces) effects, leading to a quasi-sinusoidal
acoustic pressure p′ signal (green line in Fig. 8). In this case, the calculated
overall sound pressure level (OASPL) based on Eq. (3.1) is equal to 68.4 dB,
comprising the sum of the thickness (58.3 dB) and the dominating steady load-
ing (66.6 dB) components. On the other hand, because URANS/SST flow results
exhibit noticeable small-scale surface pressure fluctuations due to the presence
of separation, the resultant acoustic signal depicted as “FW–H (URANS/SST)”
(orange line) exhibits an unsteady loading component of broadband character,
resulting in an increase of the total OASPL by 0.7 dB (up to 69.1 dB). Fi-
nally, the DDES/SST flow modeling results in significant unsteadiness of surface
pressure distribution due to laminar and turbulent boundary layer separation
and shear-layer instability. Therefore, the resultant acoustic signal, marked as
“FW–H (DDES/SST)” (black line), represents an addition of the tonal noise with
the effect of the rotating surface pressure fluctuations on account of flow detach-
ment (broadband). Notably, this curve closely resembles the elementary solution
shown in Fig. 2. In this case, the OASPL is slightly higher at 69.9 dB, resulting
from the summation of the thickness (58.3 dB) and the loading (68.6 dB) com-
ponents. It is important to note that the addition process depends not only on
the amplitude but also on the phase of the component signals, leading to partial
cancellation or augmentation effects.

For experimental validation of the presented results, the FW–H analysis
is extended to 10 periods of rotation while increasing the time-step to ∆τ =
1.67 ·10−5 s (0.5◦ of azimuth), in line with the signal post-processing procedures
at TUD (sampling frequency of 51.2 kHz, resulting in sample length equivalent to
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0.6◦ of azimuth). Based on the initial acoustic grid dependency studies, two times
coarser (in each direction) surface mesh (compared to the CFD grid) is sufficient
to accurately resolve the propeller tonal and broadband source generation and
propagation effects (introducing an uncertainty of less than 0.2 dB to OASPL).
The final signals are transformed into the frequency domain using DFFT with
rectangular windowing function and the resulting SPL spectra are compared
with the wind tunnel test data from TUD, as shown in Fig. 8 (right). The
FW–H (DDES/SST) solution captures both the harmonic (tonal) and broad-
band components of the propeller’s acoustic signature, presenting a satisfactory
correlation with the measurements (blade passing frequency of 166.7 Hz). The
observed discrepancies can largely be attributed to experimental factors such as
instantaneous variations in propeller RPM (±2 dB), electric motor noise in the
1 kHz to 6 kHz range, the presence of a shaft frequency peak (BPF = 0.5) and its
harmonics due to blade imbalance, low-frequency background noise (< 200 Hz),
and inflow unsteadiness caused by room recirculation during hover. However, the
integration of the experimental and computational FW–H (DDES/SST) spectra
(SPL) leads to a relatively small difference in OASPL of 2.9 dB (72.5 dB and
69.6 dB, respectively). On the contrary, the FW–H (URANS/SST) solution is
characterized by a significantly reduced level of the broadband component (by
5 dB–20 dB), leading to an increased deviation from the measured OASPL of
3.8 dB (68.7 dB). Finally, the FW–H (RANS/SST) solution is purely tonal and
lacks important broadband noise generation mechanisms (OASPL of 68.4 dB).

Because the propeller acoustic signature in terms of the unweighted over-
all sound pressure level is dominated by low-frequency (tonal) components, the
A-weighting procedure is applied to the data to emphasize the difference in per-
ception of the calculated signals (Fig. 9). A-weighting is a frequency-dependent
curve (or filter) designed to adjust the SPL spectra to account for the non-
linear sensitivity of human hearing by minimizing the influence of low (<1 kHz)

Fig. 9. A-weighted sound pressure level (SPL) spectra at J = 0.
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and high (> 6 kHz) frequencies. For all depicted acoustic signals, i.e. FW–H
(DDES/SST), FW–H (URANS/SST), and FW–H (RANS/SST), the thickness
and steady loading components are practically equal, therefore the weighting
procedure highlights solely the differences in resolved broadband noise gener-
ation (due to unsteady loading). The corresponding weighted OASPL values
equal 63.4 dBA, 57.5 dBA, and 55.7 dBA, respectively. The deviation from the
experimental value of 67.5 dBA increases from 4.1 dBA for FW–H (DDES/SST),
through 10.0 dBA for FW–H (URANS/SST), up to 11.8 dBA for FW–H
(RANS/SST) due to the decreasing intensity of resolved surface pressure fluctu-
ations on account of flow phenomena. It is worth emphasizing that the 4.1 dBA
difference is dictated mostly by the presence of electric motor noise (approx.
5 dBA–10 dBA) in the wind tunnel data, exactly in the 1 kHz to 6 kHz range
of maximum audibility of human hearing.

5. Conclusions

This paper reports on the development and validation of a new computational
framework designed for aeroacoustic predictions of noise radiation of small-scale
propellers operating in the low-Reynolds number regime. The implemented al-
gorithm relies on the FW–H analogy and is based on Farassat’s formulation 1A
of the solution to the FW–H equation, enabling tonal and broadband noise anal-
ysis. The validation process was initially performed for elementary rotating and
oscillating momentum sources (forces) with available analytical solutions. Sub-
sequently, the TUD propeller was simulated using the block-structured, com-
pressible flow solver FLOWer which employs RANS/SALSA (fully-turbulent)
and URANS/SST or DDES/SST (transitional) approaches, utilizing second- and
fourth-order numerical schemes. The predicted rotor aerodynamic performance
was compared to the experimental data (for tripped cases only) at a rotational
speed of 5000 RPM (the tip Mach number of 0.23) across a wide range of advance
ratios J . Finally, under challenging hover conditions and for an in-plane observer
location (where maximum radiation occurs), the predicted surface pressure fluc-
tuations were utilized as input for FW–H analysis, and the resulting propeller
SPL signature was compared with the measured spectrum.

The newly developed computational framework includes Python software
for semi-automatic propeller grid generation and setup, a set of Tecplot 360
EX macros for analyzing and preparing unsteady surface pressure distributions
(mean pressure, p′, and OASPL), an in-house FW–H solver modified to accept
unsteady blade loading data, and post-processing Tecplot 360 EX macros for
analyzing the resulting acoustic signals in both time (p′) and frequency (SPL)
domains. This simulation/analysis platform has proven capable of predicting
propeller flow-field and acoustic emissions (both tonal and broadband) with
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acceptable accuracy. Therefore, the proposed arrangement can be utilized in
future studies on propeller noise reduction techniques. Nevertheless, the natural
unsteadiness resulting from flow separation in the rotating system is highly sensi-
tive to the computational grid and time-step resolutions, the specifics of the par-
ticular turbulence modeling approach, and the accuracy of the numerical scheme
used, leaving some room for improvement. Additionally, cross-validation using
another set of propeller experimental data could be advantageous, particularly
in the absence of electric motor noise that contaminates the critical frequency
range relevant to human perception. Lastly, the inclusion of the boundary layer
transition prediction module of FLOWer is envisaged to extend the range of
applicability of the tool.
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