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A B S T R A C T

Noise reductions due to trailing edge serrations of several representative unmanned air vehicle
propellers are calculated using a low-order methodology based on RANS simulations coupled
with an extension of Ayton’s model proposed by Li and Lee, which provides a heuristic three-
dimensional model for finite span applicable to rotor blades. The latter model is validated in
the limit of zero serration amplitude against Amiet’s and Schlinker and Amiet’s models, finding
good agreement at high frequencies for both airfoils and rotating blade elements. Similar good
validation results are obtained for finite serrations by comparing with experiments achieved
on the Controlled Diffusion airfoil at Université de Sherbrooke, and with calculations for a
serrated blade element by Tian and Lyu. The coupled methodology is then validated both
aerodynamically and acoustically with ISAE measurements for a representative drone propeller
at different rotational speeds. The corresponding serrated model is then used to calculate noise
reductions caused by different shapes. The square wave serration is shown to outperform the
sawtooth and sinusoidal shapes for all frequencies and observer angles for small propeller
blades typically used for drones. Yet, for larger chord blades typically used for ducted fans,
combinations of sawtooth and sinusoidal serrations provide better noise reductions.

. Introduction

Trailing edge noise (TEN) is a by-product of the flow over airfoils and blades and is the dominant propeller broadband noise
echanism under homogeneous steady inflow conditions, e.g., while hovering [1,2]. The proliferation of unmanned aerial vehicles

UAV) and the potential introduction of Urban Air Mobility (UAM) vehicles pose many challenges for the aeronautics community.
mong them is the noise emission from the propeller. The relatively low Reynolds number in which UAV operates adds further
hallenges to predicting and mitigating TEN [3]. While the use of the Ffowcs-Williams & Hawkings acoustic analogy with results
rom high-fidelity simulations such as Lattice-Boltzmann/Very-Large Eddy Simulation [1,4] now permit the calculation of UAV/UAM
railing-edge noise, their high computational cost puts them at the end of the design cycle rather than at the beginning. Thus,
ropeller designers could benefit from low-order methodologies during early design phases or for surrogate-based optimization.

Bio-inspired modifications such as serrations, brushes, and porous edges have shown the potential to reduce airfoil and propeller
railing edge noise [5], with serrations being the favored passive method in turbomachinery. While Oerlemans et al. [6] pioneered
he use of serrations for wind turbines, their use in propellers is more recent. For example, Ning et al. [7] found that using sharp
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serrations reduced propeller TEN at one observer location without significantly impacting global aerodynamics. Similar results for
more observers upstream of the propeller were measured by Pang et al. [8]. Later, Yang et al. [9] found no difference in having
alf-span versus full-span serrations, additionally investigating the influence of serration manufacturing method in aerodynamics
nd acoustics. While there is sufficient experimental evidence that serrations can reduce propeller TEN, the theoretical models are
till in their infancy [10], and the necessary simplifications made to obtain closed-form solutions are ongoing research.

The process by which a minute fraction of the turbulence kinetic energy within the boundary layer is converted to noise at the
trailing edge was heavily studied following Lighthill [11] seminal work, with Powell [12] showing a ≈ 𝑈4−5 scaling of the acoustic
power with the flow velocity. During the seventies, Ffowcs Williams and Hall [13], Howe [14] and Amiet [15] derived analytical
models from first principles to predict trailing edge noise. All models agree with Powell’s scaling and yield a dipole-type directivity
pattern. A detailed account for these TEN models can be found in [5] (section 2). Brooks et al. [16] (BPM) then proposed a simpler
mpirical model to calculate airfoil self-noise, including TEN. The model is based on scaling laws for TEN and empirical fitting

using several measurements on NACA0012 airfoils at different operating parameters [17]. The main drawback of the method is
hen it is used for airfoils that differ significantly from the NACA0012 shape [5]. Later, Roger and Moreau [18] extended Amiet’s
odel to include the effects of backscattering from the leading edge which are important at small non-dimensional frequencies.

In the latter physics-based model, a relationship exists between the source, i.e., the wall-pressure fluctuations close to the trailing
dge, and the far-field acoustic pressure [5,14]. Direct measurement of the former is difficult for any rotating machinery [19].

Thus, a key step of TEN prediction is the modeling of the wall-pressure fluctuations spectrum. Since the local pressure field in an
incompressible boundary layer depends on the velocity field over the whole domain [20], this task is not trivial. One approach
ses Poisson’s equation that relates the pressure and velocity fields. Provided the turbulent field is found homogeneous in planes
arallel to the wall, Panton and Linebarger found a solution of this inhomogeneous equation in the form of a quintuple integral
hat can only be solved efficiently with a Monte Carlo method. A simplified version of it is the TNO-Blake model, which also uses
nformation on the mean shear profile and the vertical velocity spectrum to yield the wall-pressure spectrum. Yet, this approach still
equires the approximation of a multiple integral [5] and might not be ideal for fast calculations. A faster alternative is based on
 semi-empirical approach where the one-point wall-pressure spectrum is modeled based on a universal spectrum shape, requiring

only local characterization of the boundary layer. Goody [21] used measurements over a zero-pressure gradient turbulent boundary
layer to propose an empirical wall-pressure model with Reynolds number effects. Further developments included the effects of
adverse [22] and favorable pressure gradients [23].

Direct Numerical Simulations (DNS) [24–26] have shown that the far-field noise reduction achieved by serrations is caused by
he scattering process, i.e., tip-root interference rather than a change in the turbulence statistics. This minimal change in turbulence

statistics between straight and serrated edges can be exploited by modeling the wall-pressure spectrum only once and using analytical
models to account for the scattering differences between straight and serrated edges. In this study, fast, single-passage Reynolds-
veraged Navier–Stokes simulations are used to model the wall-pressure fluctuations spectrum at the trailing edge [27,28]. Howe
29] was the first to propose a modified TEN model to predict noise reduction due to serrated edges; however, experimental
indings [30] disagreed with theoretical results. Lyu et al. [31] identified an incorrect Green’s function as the source of disagreement
nd used a Fourier expansion and Amiet’s solution iteratively to solve the serrated edge problem, improving the noise reduction

predictions. Later, Ayton [32] used the Wiener–Hopf method to solve the boundary value problem and found a closed-form solution
nvolving a sum over a finite number of modes [33].

The analytical computation of propeller trailing edge noise often relies on Schlinker and Amiet [34] method, which has been
validated theoretically [35] and experimentally [36]. In essence, the method uses a blade strip approach to compute the rotor TEN
y a weighted average of the acoustic pressure over one revolution. For serrated propellers, Halimi et al. [37] used Lyu et al. [31]

first-order solution coupled with Schlinker and Amiet’s method, finding fair agreement with LBM calculations, but pointing out the
eed for further investigations for order-convergence and number of modes required. More recently, Tian and Lyu [10] showed
hat at most second order was necessary for convergence and found that the Doppler effects are minimal at low Mach numbers and
he directivity patterns depended mostly on the isolated airfoil patterns. Li and Lee [38] heuristically extended the rapid Ayton’s
odel to use it for propellers, and while the agreement with experiments is not perfect, the model gives insight into possible noise

eductions. The original model of Ayton [32] states how different serration geometries perform better at different frequency ranges.
In this paper, this fact is exploited for a propeller with different serration patterns along the span.

The present study provides a low-order methodology to predict noise reductions for a representative drone propeller with
serrations. The method uses RANS simulations to model the wall-pressure statistics, the extended Ayton’s model to calculate the
blade strip far-field noise, and Schlinker and Amiet’s method for the complete rotor far-field noise. Section 2 presents the theoretical

odels and their limitations. The validation of the extended Ayton’s model for airfoils and rotating blades follows in Section 3. In
Section 4, the proposed methodology is applied to a typical drone propeller to calculate the potential noise reductions by using
ifferent shapes. Section 5 then provides a parametric study to more general UAVs. Conclusions and perspectives are drawn in
ection 6.

2. Modeling of trailing edge noise

This section presents the mathematical models for predicting trailing-edge noise from airfoils and/or blade segments and their
corresponding extension to rotating blades. Fig. 1 shows the airfoil coordinates.
2 
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Fig. 1. Blade strip (local) coordinates.

2.1. Straight edge

For straight edges, Amiet’s model [15,39] is used. The latter assumes a pressure disturbance convected by a uniform flow with
velocity 𝑈 in the 𝑥 direction along a half-plane that models an infinitesimally thin airfoil with its edge aligned with the 𝑦 axis. The
disturbance is responsible for the unsteady loading on the half-plane, and by using the linearized Euler equations, it is possible to
obtain a Helmholtz equation in terms of the pressure. The boundary value problem (BVP) then requires two boundary conditions,
one upstream of the edge and one downstream. The no-flow-through condition must be satisfied in the former case and the Kutta
condition in the latter. The validity and importance of the Kutta condition for aeroacoustics has been discussed in [40]. Amiet
proceeded to solve the BVP by using the Schwarzschild solution, which was originally used in electromagnetic diffraction problems.
The solution yields the pressure (loading) distribution on the plane and it is assumed to be an equivalent dipole noise source.
The acoustic propagation of the noise source to the far-field is obtained by integrating along the plane’s surface using Curle’s
analogy [41]. Statistical considerations of the hypothetical boundary layer developing over the plate are required to model the
turbulence and obtain a close form for the acoustic pressure power spectral density (PSD) at a given angular frequency 𝜔, and
observer position 𝐫𝐨:

𝑆𝑝𝑝(𝜔, 𝐫𝐨) =
(

𝑘𝑐 𝑧
4𝜋 𝑆2

0

)2

2𝜋 𝐿
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟

1

|

|

|

|

|

𝐼
(

𝜔
𝑈𝑐

, 𝑘 𝑦
𝑆0

)

|

|

|

|

|

2

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
2

𝛱0

(

𝜔
𝑈𝑐

, 𝑘 𝑦
𝑆0

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟
3

(1)

Eq. (1) has three terms. The first one is a directivity factor depending on the acoustic wavenumber 𝑘, the airfoil strip chord 𝑐, and
span 𝐿, the observer position normal to the airfoil 𝑧, and the convection-corrected observer distance 𝑆2

0 = 𝑥2 + 𝛽2(𝑦2 + 𝑧2). The
second term is the aeroacoustic transfer function found by integrating the source term, which depends on the convection velocity
of turbulent eddies 𝑈𝑐 , taken as 0.7𝑈 in this paper, and the spanwise wavenumber 𝑘𝑦 = 𝑘 𝑦∕𝑆0. Expressions for the aeroacoustic
transfer functions can be found in Appendix A. Lastly, the wall-pressure wavenumber–frequency spectrum 𝛱0 contains the energy of
the pressure fluctuations beneath the boundary layer. The latter term is not usually known and must be either measured, simulated,
or modeled. The term 𝛱0 contains a vast amount of information [18] and for practical engineering calculations can be approximated
using Corcos’ model [42]:

𝛱0

(

𝜔
𝑈𝑐

, 𝑘 𝑦
𝑆0

)

= 1
𝜋
𝜙𝑝𝑝(𝜔) 𝑙𝑦

(

𝜔, 𝑘 𝑦
𝑆0

)

(2)

where 𝜙𝑝𝑝(𝜔) is the local wall-pressure spectrum and 𝑙𝑦 is the spanwise correlation length of wall-pressure fluctuations for which
the simplified Corcos’ model can be used:

𝑙𝑦
(

𝜔, 𝑘𝑦
)

=
𝜔∕(𝑏𝑐𝑈𝑐 )

𝑘2𝑦 + 𝜔2∕(𝑏𝑐𝑈𝑐 )2
(3)

with 𝑏𝑐 , the inverse of the exponential decay rate of the spanwise coherence function, which is fixed to 1.47 in this paper. In the
absence of measurements or numerical simulations, the wall-pressure spectrum can be modeled by using semi-empirical models
based on experimental measurements and theoretical developments [5]. For flat plates at an angle of attack, the simple model
of Chou and George [43] can be used:

𝜙𝑝𝑝(𝜔) =
( 1
2
𝜌𝑈2

) 𝛿∗

𝑈
𝐹 (𝜔̄) (4)

where 𝜌 is the fluid density, 𝛿∗ is the boundary layer displacement thickness and 𝜔̄ = 𝜔𝛿∗∕𝑈 .
3 
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More sophisticated wall-pressure models can be found in the literature [23] and in the present study, Lee’s extension of
ozenberg’s [22] model is used

𝜙𝑝𝑝(𝜔)𝑆 𝑆 =
𝑎(𝜔𝐹 𝑆)𝑏

[𝑖(𝜔𝐹 𝑆)𝑐 + 𝑑]𝑒 + [(𝑓 𝑅𝑔
𝑇 )(𝜔𝐹 𝑆)]ℎ (5)

where 𝑅𝑇 is the ratio of timescales between the outer and inner boundary layer sides given by (𝛿∕𝑈𝑒)∕(𝜈∕𝑢𝜏 ) that characterizes the
Reynolds number effect. Note that other models may use the boundary-layer displacement thickness 𝛿∗ instead of the boundary-layer
thickness 𝛿. Additionally, 𝑈𝑒 is the boundary-layer edge velocity, 𝜈 is the kinematic viscosity and 𝑢𝜏 =

√

2𝜏𝑤∕𝜌 is the friction velocity
ith 𝜏𝑤 being the wall shear stress. 𝑆 𝑆 and 𝐹 𝑆 represent the spectrum scale factor and the frequency scale factor, respectively. The
alues of the parameters used in Rozenberg’s and Lee’s model can be found in Appendix B.

2.2. Serrated edge

Modeling serrated edges is more involved than straight edges, albeit the BVP is rather similar between the two cases. The only
difference is the physical boundary determining the edge between the slip and Kutta conditions. While many efforts [29,31] have
ocused on sawtooth trailing edges, it is possible to have any piecewise function to describe the geometric pattern of the edge.
n general, the serration tip-to-root amplitude is 2ℎ, and its wavelength 𝜆. For example, Lyu et al. [31] used a non-orthogonal

coordinate change and assumed the solution as a Fourier expansion, yielding a system of coupled PDEs. By iteratively using
the Schwarzschild solution, an approximation of different orders can be found, with a second-order solution giving reasonable
convergence [31,37]. Later, Ayton [32] used the Wiener–Hopf method to obtain a closed form of the mixed BVP. Ayton used the
same non-orthogonal coordinate transformation as Lyu but noted that the traditional method of separation of variables could be
used by Fourier transforming the coupled streamwise and spanwise coordinates. This resulted in an eigenfunction expansion for the
spanwise direction, with corresponding eigenvalues depending on the spanwise wavenumber. The expansion coefficients are found
by application of the standard Wiener–Hopf method. To obtain a closed-form solution for the far-field acoustic pressure, Ayton
applied the method of steepest descent (or stationary phase) to approximate the inverse Fourier Transform. The resulting equation
still required the numerical approximation of an integral. Later Lyu and Ayton [33] noted that the integral could be reduced to a
um for sharper serrations fulfilling the condition 𝑘𝜆∕𝛽 < 2𝜋. The rapid Lyu and Ayton’s model then reads:

𝑆𝐴
𝑝𝑝(𝜔, 𝐫𝐨) ≈

𝑘𝛽
4𝜋2𝑆0

𝜒 + 𝑘̄
(𝜒 − 𝑘̄ cos𝛩)2

sin2
(𝛩
2

)

𝜙𝑝𝑝(𝜔)
+∞
∑

𝑛=−∞

|

|

𝐸𝑛(𝛬)||
2 𝑙𝑦

(

𝜔, 2𝜋 𝑛
𝜆

)

(6)

where 𝜒 = 𝑘̄𝑥𝛽 is the corrected reduced aerodynamic streamwise wavenumber with 𝑘̄𝑥 = 𝜔∕𝑈𝑐 +𝑘𝑀∕𝛽2 and 𝛩 is the observer angle
measured from the streamwise direction (see Fig. 1). Note that Corcos’ model given by Eqs (2) and (3) has been used to obtain
the expression in terms of 𝜙𝑝𝑝 and 𝑙𝑦. The modal expansion coefficients 𝐸𝑛 are analogous to the aeroacoustic transfer function and
epend on the geometry of the serration, 𝐹 (𝑦).

𝐸𝑛(𝛬) = ∫

1

0
𝑒i𝛬𝐹 (𝑦)𝑒−i2𝜋 𝑛𝑦d𝑦 (7)

where 𝛬 = (𝑘̄𝑥 − 𝑘̄ cos𝛩)2ℎ∕𝛽. This coefficient regulates the degree of interference between the serration tip and root [32], thus
ictating the noise reduction capabilities of each shape. Expressions for the sawtooth, sinusoidal, and square wave modal expansion
oefficients can be found in Appendix A and in Ayton and Chaitanya [44] for more shapes. Note that the original formulation for

the expansion coefficients in [32] is used in this paper to avoid a scaling issue found in [45].
In practice, only a finite number of modes are considered for the evaluation of the modal expansion coefficients in Eq. (6)

[26,38] and the zeroth-mode, 𝐸0(𝛬), dominates the root-to-tip interference effect, thus giving a good overview of the noise reduction
capabilities for each shape. Fig. 2 shows the magnitude squared of the zeroth-mode expansion coefficient for the sawtooth, sinusoidal,
litted-V, and square wave taking an observer at 90◦. Firstly, it is observed that for sufficiently low values of 𝛬 the square wave

outperforms all other shapes. Secondly, for values of 𝛬 close to 10, the square wave becomes ineffective and the sinusoidal shape
utperforms for a small range of values before the sawtooth overtakes. The minima keep alternating between sawtooth and sinusoid
or larger values of 𝛬. Lastly, it is shown that the slitted-V only outperforms the other shapes for very narrow ranges of 𝛬. The
ehavior of each shape thus can be exploited depending on the application type as will be shown in the next sections.

Both Lyu’s and Ayton’s models require some approximation to obtain a closed-form solution. This paper chooses the rapid Ayton’s
model due to its simpler final form and the possibility of handling different serration shapes. As noted by Tian and Lyu [10], the rapid
Lyu and Ayton’s model is a strictly two-dimensional model for an infinite span, and consequently, its radiated field is cylindrical as
can be seen by the 1/𝑆0 dependence in Eq. (6) as opposed to the expected 1/𝑆2

0 decay in the far-field. Therefore, the 3D extension
of the model is not straightforward; however, Li and Lee [38] heuristically modified the model to include the effects of finite span,
ropagation distance, and influence of spanwise observer. The extended Ayton’s model then reads:

𝑆𝐿𝐿
𝑝𝑝 (𝜔, 𝐫𝐨) ≈

𝐿𝛽2𝑘̄
4𝜋2𝑆2

0

𝜒 + 𝑘̄
(𝜒 − 𝑘̄ cos𝛩)2

sin2
(𝛩
2

)

𝜙𝑝𝑝(𝜔)
+∞
∑

𝑛=−∞
|𝐸𝑛(−𝑘̄ cos𝛩)|2𝑙𝑦

(

𝜔, 𝑘𝑦
)

(8)

where the airfoil strip span 𝐿 and an additional observer distance term 𝑆0 have been included. Additionally, the spanwise
avenumber is now 𝑘 = 2𝜋 𝑛∕𝜆 + 𝑘𝑦∕𝑆 . The factor of 4 in [38] is omitted in Eq. (8) for coherence with the previously defined
𝑦 0

4 
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Fig. 2. Zeroth-mode expansion coefficients for different shapes.

Amiet’s model in Eq. (1), which is a double-sided angular spectrum corresponding to a single boundary layer scattering at the flat
plate trailing edge. Hence, once the calculation of either Eq. (1) or Eq. (8), the frequency spectrum is obtained by applying a factor
of 8𝜋 corresponding to the appropriate 4 factor mentioned in [38] and the 2𝜋 factor corresponding to the conversion from angular
frequency to frequency.

For the rest of the paper, Eq. (8) will be referred to as the extended Ayton’s model.

2.3. Propeller trailing edge noise

Schlinker and Amiet [34] proposed a strip-theory-based method to use Amiet’s model (Eq. (1)) for helicopter rotors, which was
later successfully applied to low-speed fans [27,46], and more recently to wind turbines [47,48]. Let us consider a blade strip (green)
rotating in the XY plane as shown in Fig. 3. This blade strip moves in a local rectilinear motion, thus neglecting the acceleration
effects due to rotation. Additionally, the rotor frequency is much smaller when compared to the turbulence frequency, and the
noise is blade-to-blade uncorrelated. Lastly, the noise from one blade strip can be obtained by a weighted average over one strip
revolution, with the weight factor accounting for the Doppler effect for the emission frequency 𝜔𝑒(𝛾). Thus, the PSD of the far-field
coustic pressure generated by the rotor reads:

𝑆rotor
𝑝𝑝 (𝐑𝐨, 𝜔) = 𝐵

2𝜋

𝑁𝑠
∑

𝑘=0
∫

2𝜋

0

(

𝜔𝑒(𝛾)
𝜔

)2
𝑆k
𝑝𝑝
(

𝐫𝐨, 𝜔(𝛾)
)

d𝛾 (9)

with 𝐵 the number of blades and 𝑁𝑠 the number of blade strips. The integration variable 𝛾 sweeps the angular shift of the observers
over a whole revolution (0 ≤ 𝛾 ≤ 2𝜋). The Doppler shift is given by

𝜔𝑒(𝛾)
𝜔

= 1 + 𝑀𝑡 sin 𝜃 sin(𝛾 − 𝜙)
√

1 − (

𝑀𝑥 sin 𝜃
)2

(10)

where 𝑀𝑡 and 𝑀𝑥 are the blade strip tangential and axial Mach number respectively, with 𝜃 and 𝜙 the polar and azimuthal angles
determining the observer’s position in the rotor frame of reference. The full blade rotor noise is obtained by adding the contributions
of all blade segments calculated with either Amiet’s model (Eq. (1)) or the extended Ayton’s model (Eq. (8)). The present study solves
the integral in Eq. (9) numerically with the trapezoidal rule using 50 angular positions. The acoustic power radiated by the rotor can
hen be found by integrating Eq. (9) over a sphere  centered at the rotor hub center; in practice, a discrete number of observers is

used. In this paper, 360 observers are used in the meridional plane (XZ plane in Fig. 3) and four observers in the azimuthal direction
to obtain sufficient resolution without too much computational time.

(𝜔) =
𝑆rotor
𝑝𝑝 (𝐫𝐨, 𝜔)

d𝑆 (11)
∫ 𝜌0𝑐0
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Fig. 3. Rotor (global) coordinates.

with 𝜌0𝑐0 being the air impedance at rest. The sound power level (SWL) in dB is computed from  for a resolution of 𝛥𝑓 = 1 Hz
and with a reference power of 𝑊ref = 10−12 W:

SWL = 10 log10
(

 𝛥𝑓
𝑊ref

)

(12)

3. Validation and sensitivity analysis

The first part of this section presents directivity patterns for an industrial controlled-diffusion (CD) airfoil, for which abundant
numerical and experimental data is available [24,49–51], using Amiet’s model and the extended Ayton’s model when the serration
amplitude goes to zero. The models evaluate the directivity patterns for a representative wind turbine and cooling fan blade elements
in the second part.

3.1. CD airfoil

Far-field acoustics, wall-pressure statistics, boundary layer, and wake profiles measurements were conducted at the anechoic
wind tunnel at Université de Sherbrooke [52] and École Centrale de Lyon [51] on the CD airfoil at 8◦ and 16 m/s. The airfoil has a
chord of 0.135 m and a span of 0.3 m, with a Reynolds number based on the chord of 1.5 × 105. A modular mockup of the CD airfoil
has been built to test different passive noise control techniques [53]. Noise reduction obtained using smooth three-dimensional
sawtooth serrations of size 2ℎ = 10 mm with an aspect ratio of 2 have been evaluated in the same flow conditions. Noise prediction
using Direct Numerical Simulations have also been obtained on the straight and serrated CD airfoil for this configuration [24,26].
In the present work, DNS acoustic predictions are obtained using the Ffowcs Williams and Hawking’s (FWH) analogy to avoid jet
noise additional noise source [24] and provide a proper reference for the analytical models.

Fig. 4 compares experimental data from UdeS with Amiet’s model extended to finite-chord given by Eq. (1), Lyu and Ayton’s
model given by Eq. (6) with a serration height set to zero, Li and Lee’s extension given by Eq. (8) and the numerical predictions.
It has been shown that wall-pressure statistics are fundamental to modeling trailing edge noise [5] accurately. Therefore, in the
present validation case, the measured wall-pressure statistics are directly used in analytical models. In Fig. 4 (left), measured and
predicted noise levels at 2 m from the trailing-edge in the 𝛩 = 90◦ direction are shown for the baseline airfoil configuration with
straight trailing-edge. In Fig. 4 (right), the noise level attenuation is computed by the difference in noise levels emitted by the airfoil
with the serrated and the straight trailing edge.

Li and Lee’s model (termed Ayton Extended) is seen to match Amiet’s model at all but low frequencies, which is expected given
the half-plane assumption involved in Lyu and Ayton’s model [32]. Moreover, Li and Lee’s model improves the agreement between
the original Lyu and Ayton’s model and Amiet’s model as it automatically accounts for the finite span and the three-dimensional
6 
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Fig. 4. (a) Acoustic pressure PSD for an observer at 2 m and 90◦ from the trailing edge for a straight edge airfoil and (b) SPL reduction with the use of
errations.

Fig. 5. SPL directivity for the CD airfoil using Amiet’s and the extended Ayton’s models. (a) 𝑘𝑐 = 1, (b) 𝑘𝑐 = 5, (c) 𝑘𝑐 = 10 and (d) 𝑘𝑐 = 25. The flow is from
eft to right.

noise radiation. Therefore, the ad-hoc scaling used by Moreau et al. [26] is no longer necessary. All analytical models follow the
trends of the experimental data at mid to high frequencies. Only at high frequencies, does the experimental PSD at UdeS level out,
as an additional wake noise source contributes to this frequency range [54,55]. Similar good trend of the noise reduction is observed
or the serrated case. The difference seen beyond 4 kHz is again caused by the additional wake noise source. The extended Ayton’s
odel therefore provides excellent airfoil noise predictions for both straight and serrated cases at 𝛩 = 90◦.

Fig. 5 shows the directivity patterns for the CD airfoil using Amiet’s model (Eq. (1)) and the extended Ayton’s model (Eq. (8))
when the serration height, 2ℎ, approaches zero. It is clear that the extended Ayton’s model matches the well-known half-plane
solution, and the patterns are in perfect agreement with the finite chord and half-plane patterns in Howe [56] and Roger and
Moreau [18]. Thus, it is expected that the extended Ayton’s model gives good predictions for observers at 90◦ from the trailing
edge, and discrepancies are expected at other observer positions.
7 
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Fig. 6. SPL directivities for blade elements using Amiet’s and the extended Ayton Model. (a) Cooling fan, 𝑘𝑐 = 0.5; (b) wind turbine, 𝑘𝑐 = 0.5; (c) cooling fan,
𝑐 = 50; and (f) cooling fan, 𝑘𝑐 = 50. The flow is from right to left.

Table 1
Parameters of the blade elements.

Wind turbine Cooling fan

𝛺 25 RPM 600 RPM
Span 7.25 m 0.1 m
Chord 2 m 0.13 m
Pitch 10◦ 34◦

𝑅𝑒𝑐 7.5 × 106 1.8 × 105

𝑀𝑥 0.029 0.0354
𝑀𝑡 0.165 0.0525

3.2. Rotating blade elements

Having established the directivity patterns of the extended Ayton’s model for isolated blades, this section presents results on the
epresentative wind turbine and cooling fan blade elements, first presented by Blandeau and Joseph [57] and later used by Sinayoko
t al. [35] and Tian and Lyu [10] to validate Schlinker and Amiet’s theory for rotating blades and for Lyu’s serration model extension

to rotating blades, respectively. The parameters of the blade elements are shown in Table 1. In both cases, Chou and George [43]
wall-pressure spectrum is used (Eq. (4)). The free stream-to-convection velocity ratio, 𝛼, is assumed to be 1.25 and Corcos’ constant,
𝑏𝑐 , 1.61 following Sinayoko et al. [35].

Fig. 6 shows the directivity results for the cooling fan and the wind turbine at a low Helmholtz number, 𝑘𝑐 = 0.5, and a high
one, 𝑘𝑐 = 50. The flow goes from right to left, so the rotational plane is at 90◦. Firstly, it is noted that the implementation of
Amiet’s model is successful as the results are in good agreement with the directivity patterns in Sinayoko et al. [35]. Secondly, at
igh frequencies, it is clear that the extended Ayton’s model matches Amiet’s model for observers at high elevation angles from the
otational plane for both the cooling fan and the wind turbine, with the largest discrepancies occurring close to the rotational plane,
s expected from the isolated airfoil directivity patterns from Fig. 5. In summary, it is expected that the extended Ayton’s model
ill be valid for applications with sufficiently large chords (𝑘𝑐 ≫ 1), like wind turbines for all frequencies, whereas the validity for
pplications where the chord might be on the order of the acoustic wavelength (𝑘𝑐 ≈ 1) must be carefully assessed.

3.3. Sensitivity to serration shape

Given the behavior of the modal expansion coefficients over the range of the input 𝛬 (Fig. 2), it is worth exploring how different
shapes will perform for the representative cooling fan and wind turbine blade elements. Since detailed information on the boundary
8 
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Fig. 7. Noise reduction for different serration shapes for the cooling fan and wind turbine blade elements computed at an observer at 𝜃 = 0◦, except for
onfiguration (b) where the location is at 𝜃 = 45◦. (a) Cooling fan (2ℎ = 0.1 𝑐), (b) Cooling fan (2ℎ = 0.2 𝑐), (c) Wind Turbine (2ℎ = 0.1 𝑐) (d) Wind Turbine
2ℎ = 0.2 𝑐).

layer is not available for these cases, the largest serration amplitude considered is 20% of the chord to limit the impact on the
aerodynamic performance. Fig. 7 shows the SPL reduction between straight edges and different serration shapes for the cooling fan
nd wind turbine elements. The serration amplitude-to-wavelength ratio (2ℎ∕𝜆) is fixed to 2, except for the cooling fan in Fig. 7(b)

where it is 2.5 to allow comparison with the results in Tian and Lyu [10]. For this case an observer at 𝜃 = 45◦ is used, whereas for
the other cases, the results are for an upstream observer given the good agreement for straight edges in Fig. 6 for both applications.

he frequency range for the wind turbine is from 100 to 10 000 Hz and from 1000 to 10 000 Hz for the cooling fan.
It should be noted that the same conclusions from the zeroth-mode expansion coefficients in Fig. 2 apply for all cases. The square

wave, sinusoidal, and sawtooth shapes outperform each other in different frequency ranges, but for all cases the sawtooth provides
more consistent noise reduction and dominates over the other shapes as the serration height increases. For the cooling fan with a
erration height of 10% of the chord, it is noted that the sinusoidal and sawtooth serrations outperform each other in relatively
lose frequency ranges. Thus it could be possible to use both shapes along the span to take advantage of their scattering properties.
his arrangement will be investigated in the next sections. The large jump in the sawtooth case for the wind turbine is due to the
ecay rate of the expansion coefficients. For large argument, it can be shown that the sawtooth coefficients fall as ≈ 1∕𝑥 whereas the

sinusoidal coefficients fall as ≈ 1∕√𝑥. Finally, the noise reductions for the wind turbine grow as log(2ℎ𝑘) in perfect agreement with
the original model by Ayton [32]. These results show a fundamental limitation of the serrated models available in the literature as
hey do not account for the noise increase due to the flow through the serrations as reported experimentally [30].

4. Application to drone propellers

Having verified the frequency range and the directivity limitations of the extended Ayton’s model, this section presents results
or a representative drone propeller. The two-bladed rotor has a 0.25 m diameter (𝐷), constant pitch (10◦), and a constant chord
0.025 m) based on the NACA0012 airfoil. Experimental data from ISAE [58,59] are available for validation. The far-field acoustics

are calculated following the methodology of Sanjosé and Moreau [60]. First, a single-passage RANS simulation of the rotor is
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Fig. 8. Methodology for trailing-edge noise calculation.

Fig. 9. Comparison of the thrust coefficient (a) and the Figure of Merit (b) calculated from RANS with experimental data.

performed. After the convergence of mean aerodynamic quantities, the blade is divided into strips, and boundary layer parameters
are extracted. These parameters are used in the in-house broadband turbomachinery noise code PyFanNoise to model the wall-
pressure spectrum and to calculate the far-field acoustic pressure using the models introduced and validated in Sections 2 and 3
for each strip. Lastly, the complete rotor far-field acoustic pressure at a given observer location is calculated. The methodology is
summarized in Fig. 8.

4.1. Aerodynamic performance

RANS simulations of the isolated rotor in hover configuration from ISAE [58,59] are run using ANSYS CFX for the same rotational
speed range [4000–8000 RPM]. The unstructured grid comprises prismatic elements for the boundary layer and tetrahedron for the
rest of the domain for a total of 25 million elements. The meshing strategy follows the methodology by Ruiz et al. [61] in a similar
low-Reynolds number propeller. Details of the mesh and the mesh convergence analysis can be found in Appendix C. The RANS
equations are closed with 𝑘-𝜔 SST turbulence model. Given that the flow over the blades is mostly transitional, in addition to fully-
turbulent simulations, the 𝛾 - Re𝜃 model, based on the Langtry–Menter approach, is used to account for transitional flow effects.
The computational domain consists of one stationary and one rotating domain using the frozen rotor formulation at the interface.
Additionally, the dimensionless distance to the wall, 𝑦+, is below 3 for most of the blade span in all cases and has maximum values
at the leading edge of about 3, 4, and 5 for the 4000, 6000, and 8000 RPM cases respectively. Further simulation details can be
found in Santamaria et al. [45].

Fig. 9 compares the thrust coefficient, 𝐶𝑇 = 𝑇 ∕𝜌(𝜋 𝑅2)(𝛺 𝑅)2, and Figure of Merit, 𝐹 𝑀 = 𝐶3∕2
𝑇 ∕

√

2𝐶𝑄 calculated from the RANS
simulations with two data sets. The first data set is from Gojon et al. [58] obtained using an SMD100 sensor on a test-rig located
outside the anechoic room, while the second data set comes from Santamaria et al. [59] using a Nano 17 load cell on the test-rig
inside the anechoic chamber. The latter data set also includes a propeller with tripping cylinders at 10% from the leading edge to
force transition to turbulence on the blade suction side. First, note that there is a considerable variation between measurements
on the same clean propeller as highlighted by the shaded areas. Secondly, the results for the transitional 𝛾 − Re𝜃 and for the fully
turbulent models are within the 95% confidence interval of the measured thrust and Figure of Merit values. Lastly, note that the
prediction of static thrust remains challenging even for high-fidelity simulations with discrepancies between 5–12% [4,62,63].

A deeper insight into the rotor aerodynamics can be obtained with the mean wall-pressure contours and streaklines as shown in
Fig. 10 for 4000, 6000, and 8000 RPM for the fully turbulent simulations. In addition, the same visualization is also shown for the
transitional simulation at 6000 RPM. The pressure has been made dimensionless by the dynamic pressure taking as reference the
blade’s relative velocity at 75% of the span. The pressure distribution is the same in all cases, with the loading mostly concentrated
in the last 25% of the span. The streaklines reveal the existence of radial flow on both the suction and pressure sides. The radial flow
is stronger closer to the hub, affecting the whole suction side for the lowest velocity and less portions of the blade as the velocity
increases. For the transitional results, the streaklines show much more radial flow on the suction side consistent with previous LES
10 
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Fig. 10. Pressure coefficient contours and streaklines on the suction[(a),(c),(e) and (g)] and pressure [(b),(d),(f) and (h)] sides for various simulations:
[(a),(b)] 8000 RPM, [(c),(d)] 6000 RPM, and [(g),(h)] 4000 RPM for fully turbulent cases, and [(e),(f)] 6000 RPM for the transitional case. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

results [64]. They also show the location of the transition to turbulence along the span as a result of laminar flow separation. The
latter triggers the transition to turbulence at mid-chord in the outermost part of the blade, and thus the state of the boundary layer
at the trailing edge is close to the fully turbulent case. Additionally, the influence of the tip vortex is noticed in all cases on the
suction side as it disturbs the flow from the chordwise direction. Lastly, the streaklines in the fully turbulent cases show no evidence
of flow detachment or recirculation.

Fig. 11 shows the turbulence kinetic energy (TKE) contours at mid-span and 90% span for the previous RPMs. For the fully
turbulent results, the maximum TKE location is shown to be within the prismatic layer for all cases. This, along with the 𝑦+

values obtained, assures that the inputs for the wall-pressure models are accurate. Additionally, note that the boundary layer of
the 4000 RPM case presents very low levels of turbulence and it develops from the mid-chord, unlike the other two cases where
the development starts around the quarter chord. Similarly, the transitional case remains laminar at midspan, and the transition
triggered by the LSB at 90% span results the sharp increase of TKE and its thicker build-up all the way to the trailing edge.

With the results from the RANS simulations, the next step is the extraction of the boundary layer parameters to model the wall-
pressure fluctuations spectrum. The extraction follows the same methodology based on the relative total pressure for the detection
of the boundary layer edge as described by Sanjosé and Moreau [60], and it is performed at 85% of the chord. The evolution of some
of the parameters required to model the wall-pressure spectrum is shown in Fig. 12 for different RPMs. The displacement thickness
decreases as the speed increases as a direct consequence of increasing the Reynolds number. The curves for Clauser’s parameter, 𝛽𝑐 ,
tend to collapse for all rotational speeds along the midspan and diverge close to the blade tip, showing thus the independence of the
Reynolds number in the midspan given that the chord at all radial positions is the same. Lastly, the wall shear stress, 𝜏𝑤 increases
with Reynolds number as expected.

4.2. Acoustic results: straight edge

Following the extraction of the mean flow quantities along the span, the wall-pressure fluctuations spectrum 𝜙𝑝𝑝(𝜔) and the
far-field acoustic pressure PSD are calculated in PyFanNoise. Unless otherwise noted, Lee’s model (8) is used in all calculations.
After calculating the wall-pressure fluctuations spectrum and the blade strip acoustic pressure, the rotor acoustic PSD at a given
observer location is computed from Eq. (9). The results for the propeller rotating at 6000 RPM obtained with the methodology
described in Fig. 8 are shown in Fig. 13 and compared with experimental measurements from the clean and tripped propellers.

First, the impact of the turbulence modeling is assessed in Fig. 13 by investigating the results obtained with Amiet’s model
using fully turbulent (blue line) and transitional (green dashed line) results. Note that despite the different flow topology shown in
Figs. 10 and 11 the far-field noise predictions are almost identical with minor differences in the low-frequency range as also observed
11 
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Fig. 11. Turbulence kinetic energy at 50% of the span [(a),(c),(e) and (g)] and 90% of the span [(b),(d),(f) and (h)] for various simulations: [(a),(b)] 8000
RPM, [(c),(d)] 6000 RPM, and [(g),(h)] 4000 RPM for fully turbulent cases, and [(e),(f)] 6000 RPM for the transitional case. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

experimentally. Since wall-pressure spectrum and correlation length model developments have been based on experimental data
from fully developed turbulent boundary layers, only the results from the k-𝜔 SST model will be used in the rest of the study.

Secondly, Amiet’s model and the extended Ayton’s model with serration height close to 0 are compared and good agreement
in the trend is found between computations with identical strip number. The extended Ayton’s model is seen to over-predict the
sound power levels at low frequencies but matches Amiet’s model at around 4 kHz, making the model valid in the frequency range
where trailing-edge noise dominates. This is also consistent with the directivity analysis of Section 3. Lastly, note that both models
underpredict the sound power levels for frequencies beyond 10 kHz. This is most likely caused by an additional noise source from
a laminar boundary layer instability on the pressure side, as demonstrated in [65] where by tripping the pressure side only the
high-frequency hump was removed and an early spectral roll-off around 4–5 kHz similar to the current prediction was observed. In
the present study, only the noise caused by the scattering of fully turbulent boundary layers is considered, given the wall pressure
spectrum modeling.

The calculated noise levels can be influenced by the number of strips selected to discretize the blade response. The calculation
for the extended Ayton’s model becomes independent of the number of strips at around 10 strips, as shown in Fig. 13. Similar
results are obtained with Amiet’s model as well (not shown here). It is important to note that while using more strips may seem to
improve the matching with experimental data, the strip length cannot be arbitrarily small. The smallest strip length is limited by
the spanwise correlation length, 𝑙𝑦(𝜔). Additionally, even though ten strips are used for the noise calculation, it is worth noting that
approximately 95% of the acoustic power is radiated from the 2 outermost strips. Fig. 14 shows that strips 9 and 10 contribute the
most to the total radiated acoustic power for a straight trailing edge, regardless of the model used.

Finally, a comparison of the directivity patterns obtained with Amiet’s and Ayton’s models with the experimental data from the
tripped propeller is presented. The frequency range considered is 1–16 kHz as in the experimental campaign, where the broadband
12 
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Fig. 12. Evolution of the boundary layer displacement thickness (a), Clauser’s parameter (b), external velocity (c), and wall shear stress (d) along the span for
ifferent RPMs.

Fig. 13. Comparison of SWL from RANS-PyFanNoise using Amiet’s and the extended Ayton’s model with experimental data from clean and tripped propellers
at 6000 RPM. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

noise was extracted as in Zawodny et al. [3]. Fig. 15 shows the overall sound pressure level (OASPL) directivity for the 4000, 6000,
nd 8000 RPM cases. The flow is from top to bottom with the rotational plane at 0◦. On the one hand, Amiet’s model captures

the expected dipolar pattern due to trailing edge noise while the extended Ayton’s model matches Amiet’s model at high elevation
angles from the rotor plane in agreement with the results of Section 2. On the other hand, the results from both models are in
better agreement with the experimental data as the rotational speed increases; this follows the findings of the development of the
boundary layer as shown in Fig. 11.
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Fig. 14. Acoustic power radiated from each blade strip using Ayton’s model.

Fig. 15. OASPL directivity at 4000 (a), 6000 (b), and 8000 (c) RPM for a straight edge propeller using Amiet’s and the extended Ayton’s model. The flow is
rom top to bottom.

4.3. Acoustic results: serrated edge

In this section, the performance of different serration shapes on the NACA0012 drone propeller is investigated. According
o [5,66], a serration becomes effective for amplitudes on the order of the boundary layer thickness (2ℎ ≈ 𝛿). Without loss of

generality, the 6000 RPM case is chosen as the baseline. At this rotational speed, the boundary layer close to the tip is about
2.5 mm; thus, the serrations amplitude, unless otherwise noted, is 5 mm (20% of the chord). The serration amplitude-to-wavelength
atio 2ℎ∕𝜆 is fixed to 2, in this case, following the optimal ratio found both experimentally and numerically [66,67].

Firstly, the noise levels of the propeller with sawtooth, sinusoidal, slitted-V, and square wave trailing edges are compared in
Fig. 16 with the noise levels of the propeller with a straight edge. Note that the spectra are zoomed in the frequency range of 1 kHz
to 10 kHz, where the attenuation occurs and where the models were in good agreement with the experimental data as shown. A
linear scale is used for this decade. The slitted-V shape has the worst acoustic performance and the square wave the best with the
sawtooth and sinusoidal shapes radiating almost equally across the spectrum. Given that all other inputs are identical, the difference
n the spectrum for each shape is only caused by the modal expansion coefficients 𝐸𝑛.

The fact that the square wave performs better than the other shapes is surprising. The results from Section 3 showed that the
square wave performs the worst in the cooling fan and wind turbine cases. To understand why the square wave outperforms all the
ther shapes for the NACA0012 propeller it is necessary to look in depth at the expansion coefficients, 𝐸𝑛(𝛬).

Fig. 17 shows the magnitude of the zeroth-mode expansion coefficient as a function of frequency for different shapes and an
observer above the trailing edge. The Mach number and velocity values are taken from the propeller’s outermost strip since it
14 
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Fig. 16. (a) Acoustic power radiated from the drone propeller with different serration shapes and (b) OASWL reduction between straight edge and serrated edge
configurations.

Fig. 17. Zeroth-mode expansion coefficient for different shapes for the NACA0012 propeller case.

contributes the most to the far-field. The curves follow the trend shown in the acoustic power spectrum (Fig. 16) and demonstrate
that the square wave shape indeed outperforms the other ones. The zeroth-mode coefficient for the square wave is given by a cosine
function (see Appendix B) and thus it can be shown that it will have maxima/minima for values of 𝛬 = 2𝑛𝜋. For low Mach numbers
and an observer above the trailing edge, this is in perfect agreement with the experimental results from Woodhead et al. [68] where
the peaks/troughs were measured at frequencies 𝑓 = 𝑈𝑐∕(2ℎ)𝑆 𝑡 for an airfoil with square-wave-type (slits) serrations and where 𝑆 𝑡
is the Strouhal number. Physically, this behavior comes from the constructive/destructive interference between the scattered waves
from the root and the tip.

Contrary to the straight-edge case, the radiated acoustic power for serrated propellers might depend on more than the outermost
strips. Fig. 18 shows the acoustic power radiated from each strip with square wave serrations. It can be seen that the local minimum
at 10 kHz is due to the contribution from strips 4–8; thus how strips overlap is fundamental to understanding the shape of the total
spectrum.
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Fig. 18. Acoustic power radiated from each strip for a propeller with square wave serrations.

Fig. 19. OASPL directivity for different serration shapes at 4000 (a), 6000 (b), and 8000 RPM (c).

Since the serration height for a given propeller may be a fixed parameter once the blade is manufactured, it is important to
alculate the noise reductions over the whole operational range of the propeller. This is even more important if square wave
errations are to be used since a change in RPM could trigger a phase shift close to or at the constructive interference region.

Fig. 19 shows the directivity of the OASPL in the frequency range of 1–10 kHz for different serration shapes at different RPMs. It is
clear that the serration height of 5 mm is effective over the whole operating points and for all observer angles. Additionally, it is
noted that no lobes are present in any case, this is in good agreement with the original results in Ayton [32] where lobes appeared
for values of 𝑘(2ℎ) > 4 for the square wave and 𝑘(2ℎ) > 8 for the sawtooth. In the present calculations, 𝑘(2ℎ) was always less than
unity for the NACA0012 drone propeller.

The results for the NACA0012 drone propeller show that the square wave outperforms other serration shapes with the same
amplitude and wavelength. Considering the typical tip Mach number range of drone propellers (0.15–0.3) and that a serration
amplitude that would not impact the aerodynamics would be on the order of a few millimeters, the square wave has an interesting
practical potential for small UAV propellers.

5. Applications to other UAVs

Given the limited range of applicability of the square wave type serration to small propellers, it is worth investigating alternatives
for larger chord propellers, such as those found in ducted fans UAVs where diameter size constraints may play a key role and
low-aspect ratio blades would be more appropriate [69,70]. For such designs, the chord length is necessarily larger than for the
16 
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Fig. 20. (a) Acoustic power radiated from large-planform UAVs with different serration shapes and (b) OASWL reduction between straight edge and serrated
edge configurations.

Fig. 21. (a) Acoustic power radiated from large-planform UAVs with mixed serration shapes and (b) OASWL reduction between straight edge and serrated edge
onfigurations.

drone propellers discussed in the previous section, to achieve the required thrust. This allows longer serrations to be used without
ompromising aerodynamic performance.

First, a design where only the chord length is increased four-fold compared to the previous NACA0012 drone propeller is
considered. Thus, a similar blade but with a larger chord such that the serration height-to-chord ratio remains the same is analyzed.
The tip Mach number is also preserved, but the tip Reynolds number based on the chord length is now four times higher, which
makes the previous fully turbulent RANS flow field simulation even more relevant. As for the drone propeller case, the noise levels
for different serrated trailing edges are first compared in Fig. 20 with the noise levels of the same rotor with a straight edge (solid
black line). Compared to Fig. 16 for the drone propeller, a very different picture emerges in the frequency range of interest and more
significant noise reductions are observed. On the one hand, the square wave presents strong oscillations and no longer provides any
benefit beyond 3 kHz. On the other hand, both the sawtooth and sinusoidal serrations effectively reduce noise levels on the whole
17 
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Fig. 22. Magnitude of the zeroth-mode expansion coefficient for the sawtooth [(a),(d) and (g)], sinusoidal [(b),(e) and (h)], and square wave [(c),(f) and (i)]
serrations for 1000 Hz, [(a)–(c)], 5000 Hz, [(d)–(f)] and 10 000 Hz [(g)–(i)]. Wind turbine (▵), cooling fan(*), drone propeller (□) and ducted fan(◦). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

frequency range, by up to 8 dB at high frequencies. However, the frequencies at which they do so differ. The sawtooth outperforms
the sinusoidal serration shape at frequencies greater than 5 kHz, whereas the opposite is true at lower frequencies. Given that all
other inputs are identical, this effect is only caused by the modal expansion coefficients 𝐸𝑛. Moreover, an alternating pattern can
be used along the span to obtain the best from both. Given that the last strip is expected to contribute the most to the far-field
acoustics, as shown for the drone propeller case in Fig. 14, two configurations, one ending with sinusoidal serrations and the other

ith sawtooth serration for the outermost strip, are considered in Fig. 21. By blending the serrations, the noise reductions are seen
to be slightly modified from the single-shape cases, and the shift to higher frequency can be subjectively beneficial and exploited
to tailor the spectrum around the dominant trailing edge noise frequency.

If we now turn to more general design considerations where not only the chord length but also the diameter and the rotational
speed can change, both the tip Mach number and Reynolds number based on the chord will vary. If we still consider that the design
conditions will correspond to attached flow with flow features similar to Figs. 10 to 12, we can expect the noise reduction achieved
by serrations to be driven again by their diffraction effect and therefore by the modal expansion coefficients 𝐸𝑛. Contours of the
magnitude of the zeroth-mode expansion coefficients of the sawtooth, sinusoidal, and square-wave serrations are therefore presented
in Fig. 22 as a function of the serration length 2ℎ (in meter) and the tip Mach number 𝑀𝑡𝑖𝑝, at selected frequencies of interest. In
Fig. 22 the symbols represent the applications considered in this paper. For the wind turbine and cooling fan case, a serration height
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of 10% of the chord is used. These contours for the square wave clearly show that it outperforms the other shapes at moderate tip
Mach number and for serration heights less than 1 cm. As soon as the latter is beyond 1 cm, the sawtooth and sinusoidal serrations
outperform the square wave (or slit), with either one providing the largest noise reduction depending on the frequency range. As
shown above, this suggests a possible combination of these two serration types to achieve the broadest noise reduction over the
whole frequency range of interest. Finally, an augmentation of the tip Mach number significantly reduces the effect of all serration
designs for a given serration height. The latter needs to be doubled when the Mach number goes from 0.1 (small drones) to 0.4
(large UAM propellers).

6. Conclusions and perspectives

A low-order methodology has been presented showing potential noise reductions for a representative drone propeller. Li and
Lee’s extension of Ayton’s model, coupled with Schlinker and Amiet’s method for propellers, was validated for an industrial CD
airfoil and wind turbine and cooling fan blade elements. The extended Ayton’s model matches Amiet’s model at high frequencies
and for high elevation angles from the rotor plane. The directivity is typical of the half-plane solution.

Following single-blade passage RANS simulations of a small propeller with constant chord and pitch based on the NACA0012
airfoil, the wall-pressure fluctuations spectrum is modeled and the propeller far-field acoustics are calculated with the in-house code
PyFanNoise. The acoustic results agree fairly with experimental measurements, especially at high rotational speeds, where secondary
flows are weaker and the onset of turbulence matches more favorably with the fully turbulent 𝑘-𝜔 SST model used in the RANS.

The extended Ayton’s model was used to assess potential trailing edge noise reductions. It was shown that different serration
hapes perform better at different non-dimensional frequencies. The often-overlooked square wave was shown to outperform the
ore traditional sawtooth and sinusoidal serrations when used in the NACA0012 drone propeller, over the whole operational range.

The OASPL directivity plots showed no lobes for any of the shapes considered and reductions of up to 10 dB are possible with the
square wave at high frequencies. Larger noise reductions and a larger design space for the serrations can be obtained by increasing
the blade planforms allowing longer more efficient serrations. Indeed, a mixed of sinusoidal and sawtooth serrations can then be
tuned to achieve significant noise reduction over the entire audible frequency range of interest between 100 Hz and 10 kHz. This
could also change the classical propeller design paradigm where the blade chord distribution and planform should be no longer
driven by aerodynamic considerations first but by passive noise reduction constraints.

Future improvements to the present methodology might come from two fronts. Firstly, the inclusion of low-order transitional
odels has already been shown to provide a better agreement on aerodynamic quantities and give a more accurate description

f the state of the boundary layer over the rotor blade and consequently close to the trailing edge. However, extensions of the
odels for wall-pressure statistics are still needed. Secondly, while the extended Ayton’s model gives good insights, more precise

alculations require the development of more accurate transfer functions for different shapes as shown by Lyu [71]. Lastly, it is
worth mentioning that accounting for the relationship between serration shape and spanwise wall-pressure correlation length could
lead to further noise reductions as shown by Kholodov and Moreau [67].
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Appendix A. Aeroacoustic transfer functions

The aeroacoustic transfer function, sometimes referred to as acoustic lift, in Amiet’s model, Eq. (1) is given by:

𝐼 = i
𝐶

{

√

𝐵
𝐵 − 𝐶

er f
(

√

2i(𝐵 − 𝐶)
)

+ 𝑒i2𝐶
[

1 − er f
(
√

2i𝐵
)]

}

(A.1)

where 𝐵 = (𝑘𝑥 +𝑀 𝜇 + 𝜅)𝑐∕2 and 𝐶 = 𝑘𝑥𝑐∕2 − 𝜇(𝑥∕𝑆0 −𝑀) with 𝜇 = 𝑘∕𝛽2(𝑐∕2) and 𝜅2 = 𝜇2 − (𝑘𝑦∕𝛽)2
For serrated edges, the modal expansion coefficients in Ayton’s model, Eq. (6), serve the role of the aeroacoustic transfer function

nd depend on the shape. For sawtooth edges are given by:

𝐸saw
𝑛 (𝛬) = −4𝛬e-i𝑛𝜋

4𝑛2𝜋2 − 𝛬2
sin

( 1
4
(𝛬 + 2𝑛𝜋)

)

(A.2)

for square wave:

𝐸sq
𝑛 (𝑠) =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

i𝑒i(𝑛−1)𝜋∕2

𝑛𝜋 sin(𝛬4 ) 𝑛 odd

0 𝑛 even
cos(𝛬4 ) 𝑛 0

(A.3)

for sinusoidal shapes:

𝐸sin
𝑛 (𝛬) = 𝐽−𝑛(−𝛬∕4) (A.4)

where 𝛬 = (𝑘𝑥 + 𝑘𝑀∕𝛽2 − 𝑘𝑛 cos𝛩)2ℎ∕𝛽 and 𝐽𝑛 is the Bessel’s function of 𝑛th order of the first kind.

Appendix B. Wall-pressure models parameters

For the Chou and George [43] model, the boundary layer displacement thickness is given by:

𝛿∗∕𝑐 =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

(24.3 + 0.6625𝑥𝑎)10−4 𝑥𝑎 ≤ 4◦

(26.95 + 0.6625(𝑥𝑎 − 4) + 0.3044(𝑥𝑎 − 4)2
+ 0.0104(𝑥𝑎 − 4)3)10−4 𝑥𝑎 > 4◦

(B.1)

where 𝑥𝑎 is the angle of attack and the spectrum function 𝐹 (𝜔̄) is given by

𝐹 (𝜔̄) =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

1.732 × 10−3𝜔̄
1 − 5.489𝜔̄ + 36.74𝜔̄2 + 0.1505𝜔̄5

𝜔̄ < 0.06

1.4216 × 10−3𝜔̄
0.3261 + 4.1837𝜔̄ + 22.818𝜔̄2 + 0.0013𝜔̄3 + 0.0028𝜔̄5

𝜔̄ ≥ 0.06

(B.2)

The parameters to model the wall-pressure spectrum in Eq. (5) using Rozenberg’s and Lee’s model are given in Tables B.1 to B.3:
where 𝛥 = 𝛿∕𝛿∗ and 𝛱 = 0.8(𝛽𝑐 + 0.5)3∕4 is Cole’s wake parameter computed by an explicit formulation [60]

Table B.1
Parameters a-c for empirical wall-pressure spectrum models.

a b c

Rozenberg [2.82𝛥2(6.13𝛥−0.75 + 𝑑)𝑒][4.2(𝛱∕𝛥)+1] 2 0.75
Lee max(𝑎𝑅𝑜𝑧,(0.25𝛽𝑐 -0.52)𝑎𝑅𝑜𝑧) 2 0.75

Table B.2
Parameters d-g for empirical wall-pressure spectrum models.

d e f g

Rozenberg 4.76(1.4∕𝛥)0.75[0.375𝑒 − 1] 3.7+1.5𝛽𝑐 8.8 −0.57
Lee max(1,1.25𝑑𝑅𝑜𝑧)(𝛽𝑐 < 0.5) or 𝑑𝑅𝑜𝑧(𝛽𝑐 ≥0.5) 3.7+1.5𝛽𝑐 8.8 −0.57

Table B.3
Parameters h-i, spectrum, and frequency scaling for empirical wall-pressure spectrum models.

h i SS FS

Rozenberg min(3,19/
√

𝑅𝑇 )+4 4.76 𝑈𝑒∕𝜏2𝑚𝑎𝑥𝛿
∗ 𝛿∗∕𝑈𝑒

Lee min(3,(0.139+3.1043𝛽𝑐 ))+7 4.76 𝑈𝑒∕𝜏2𝑤𝛿
∗ 𝛿∗∕𝑈𝑒
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Fig. C.1. Mesh strategy showing zones of refinement for the leading edge (a), the blade near-field (b) and the trailing edge (c).

Fig. C.2. Mesh convergence for (a) thrust coefficient and for (b) Figure of Merit as a function of cell number given in million (M). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Appendix C. Mesh convergence study

Since the boundary layer parameters are essential for predicting trailing-edge noise, the meshing strategy was initially directed
to the blade with sufficient refinement to capture the boundary layer within the prismatic layer. This strategy resulted in an
underprediction of the thrust by almost 15%. A more global strategy is required to improve performance predictions. Based on
the results of Ruiz et al. [61], the following approach was taken. First, a smaller stretching ratio in the rotational domain was
adopted resulting in less dissipation of the propeller wake. Secondly, a local refinement was used to capture the tip vortex system
with an average tetrahedral element size of 2 mm (10% of the chord). Finally, the maximum tetrahedral size of in the entire domain
was limited to 50 mm (40% of the propeller diameter). Fig. C.1 shows a meridional view of the mesh with the refinements in the
near-field of the blade and the propeller.

The effectiveness of this meshing strategy is assessed by computing the thrust and torque coefficients together with the Figure
of Merit in several meshes obtained by scaling a baseline mesh of about 20 million elements. Fig. C.2 shows the convergence of
the thrust coefficient and Figure of Merit with increasing number of elements provided in millions. A rational function of the form
𝑓 (𝑥) = 𝑎

𝑥2
+ 𝑏 with 𝑥 being the number of cells in the mesh and 𝑏 the asymptotic value has been added to highlight the converging

trend. The shaded areas represent a margin of 1% and 5% centered on the asymptotic values obtained with the polynomial fits
for 𝐶𝑇 and 𝐹 𝑀 respectively. This highlights the importance of resolving not only the boundary layers on the blade but also the
correct trajectory and dissipation of the tip vortices in hovering. The selected mesh is highlighted in yellow as a compromise between
21 
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simulation accuracy and simulation cost. The obtained performances for the selected mesh are within 0.5% an 2.5% of the asymptotic
values of 𝐶𝑇 and 𝐹 𝑀 respectively. The convergence of the transitional simulations is not as regular as with the fully turbulent
simulations. This can be associated to more sensitivity of the transitional model to grid resolution.

Data availability

Data will be made available on request.
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