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Abstract

Theoretical predictions for broadband noise generated by rotors with serrated trailing edges are
presented. This study extends Lyu and Ayton’s model for serrated trailing-edge noise to account
for factors such as finite span length, the accurate acoustic attenuation rate of trailing-edge noise,

s modified spanwise wavenumber, and the proper scattering factor. This new model is implemented in
the rotorcraft broadband noise tool, UCD-QuietFly. The validation results demonstrate a satisfactory
level of agreement with the experimental data for serrated trailing-edge noise of a wing section,
a hovering rotor, and a forward-flight rotor. Next, the effects of serration parameters, such as the
number of serrations, serrations’ starting radial location, serration geometry, and serration height, on

20 rotor broadband noise are investigated. For example, it is observed that sine-wave, chopped peak,

or saw-tooth serration shapes provide the most significant noise reduction among the various shapes

Presented at the Vertical Flight Society 78th Annual Forum & Technology Display, Fort Worth, Texas,
USA, May 10-12, 2022.
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considered. Finally, broadband noise reduction through serrations is applied to two urban air mobility

aircraft scenarios: a 6-passenger quadrotor and a quiet helicopter. For the quadrotor, serrated trailing

edges show a noise reduction potential of over 9 dB, with higher reductions observed at higher tip

speeds and fewer blades. A quiet helicopter equipped with serrated blades in forward flight achieves

a maximum noise reduction of over 10 dB in the forward direction.

To

Nomenclature

chord length, m

speed of sound, m/s

serration shape coefficient

frequency, Hz

serration geometry function

serration height, m

acoustic wavenumber, w/cg

aerodynamic wavenumber, w/V,, 1/m
spanwise wavenumber, ky /Sy, 1/m

serration wavelength, m

spanwise turbulence lengthscale, 1.6V, /w, m
effective lift function, N/m

blade sectional flow Mach number

number of blades

number of rotors

mode number

overall sound pressure level, dB (ref. 20 pPa)
rotor radius, m

span radial location, m

observer distance, m
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RPM revolution per minute

Spp acoustic PSD, Pa*/Hz

SPL sound pressure level, dB (ref. 20 pPa)
Vv blade sectional freestream velocity, m/s
Ve rotor forward velocity, m/s

V. convection velocity, 0.7V, m/s

Viip rotor tip speed, m/s

xz observer position, m

XY, Z coordinates in airfoil section frame, m
Xs, Y5, Zy observer global coordinate, m

Q@ angle of attack, deg

Qsh rotor shaft angle of attack, deg

i rotor advance ratio, V, cos ag, /QR
Ar blade section span, m

Q rotational speed, rad/s

w angular frequency, rad/s

o, surface pressure spectrum, Pa’ /Hz

Do observer elevation angle, deg

U, observer azimuth angle, deg

0, observer angle to the trailing edge, deg

INTRODUCTION

Noise is a significant issue in rotorcraft applications (Ref. 1). For conventional helicopters, the noise
levels are regulated (Ref. 2). In urban air mobility (UAM) aircraft, noise is a potential major barrier to
market success, mainly due to public opposition (Ref. 3). UAM companies are committed to reducing
their aircraft noise (Refs. 1,4,5). The main source of community noise from rotorcraft is acrodynamic

noise from rotor blades, which is divided into tonal and broadband noise. Rotor tonal noise includes
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thickness noise, steady loading noise, high-speed impulsive noise (Ref. 6), and blade vortex interaction
(BVI) noise (Refs. 7-10), and is crucial for both in-plane and out-of-plane observers. Rotor broadband
noise, which includes blade-wake-interaction (BWI) noise (Refs. 11, 12) and airfoil-self noise (Ref. 13),
is mainly pertinent for out-of-plane observers and falls within the human hearing’s sensitive frequency
range. During high-speed forward flight and hovering, where blade wake interactions are less pronounced,
airfoil-self noise becomes the primary source of broadband noise (Ref. 14).

Rotorcraft noise reductions can be achieved by operation and design. During a rotorcraft operation,
noise can be reduced by adjusting the flight path and vehicle attitude (Refs. 15-17), including increasing
the flight altitude, avoiding populated areas, or decreasing the descending flight angle. On the other
hand, noise reduction can be implemented during the rotorcraft design phase. The rotor tip speed and
the number of blades can be varied to reduce tonal and broadband noise (Refs. 18-20). The tail rotor
noise can be eliminated by the NOTAR-style tailboom system (Ref. 21). Swept and tapered blades at the
rotor tip are widely adopted to reduce BVI noise (Refs. 22,23). In addition, turbulent boundary layer
trailing-edge broadband noise (Ref. 24) can be attenuated by turbulent hydrodynamic energy reduction or
acoustic scattering modification. These modifications include active flow controls (Ref. 25), finlets (Ref.
26), porous material (Refs. 27,28), and edge serrations (Refs. 29-31). Leading-edge serrations were also
experimentally shown to reduce blade-vortex interaction noise (Ref. 32).

Among the aforementioned broadband noise reduction techniques, serrated blades are preferred on ver-
tical flight rotors. The serrations are easy to manufacture, and the rotor performance remains unchanged
after adding the serrated edges (Ref. 33). Regarding the mechanism of the noise reduction, on properly
designed serrations, destructive interference can be achieved between the serration root and tip, and the
acoustic energy is redistributed to the high cut-off modes (Ref. 29). Although serrations have been widely
used on wind turbines to reduce trailing-edge noise (Ref. 34), the application of this idea to vertical flight
rotors is still limited. The drone rotors with serrated trailing edges are experimentally shown to have noise
reductions at high frequencies (Refs. 35,36). However, rapid design tools with proper analytical models to
investigate the potential to reduce rotor broadband noise are still lacking. Therefore, the current study will
focus on the analytical predictions of rotor broadband noise reduction with serrated trailing edges. The

exact reason for noise reduction with serrated trailing edges is controversial. Experiments (Ref. 37) and
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high-fidelity numerical simulations (Ref. 38) were performed to show that the wall pressure spectrum can
be significantly varied upstream a trailing edge with the serrations, which results in trailing-edge noise. It
is possible that both source and scattering effects may play a role in noise reduction. However, the current
research focuses on the acoustic scattering effect by serrations rather than the noise source effect, which
has been more traditionally accepted.

The early work of Howe used the tailored Green’s function to theoretically predict trailing-edge noise
of the serrated blade (Ref. 39), but this method was shown to over-predict the noise reduction (Ref. 40).
Using the Schwarzschild method (Ref. 41) and the Wiener-Hopf method (Ref. 42), Lyu et al. (Ref. 40)
and Huang (Ref. 43) derived more recent serrated trailing-edge noise models, respectively. However,
these two models cannot be solved exactly and require extensive computational time for the entire rotor
blade. Using the Wiener-Hopf method, Ayton (Ref. 29) developed a new model that can be solved
exactly with the infinite number of scattering modes, where any serrated shapes can be expressed in a 2-D
function. To further reduce the computational cost, Lyu and Ayton (Ref. 44) simplified Ayton’s model
(Ref. 29) by implementing the finite number of cut-on and cut-off modes.

In this research, Lyu and Ayton’s model (Ref. 44) will be modified to predict trailing-edge noise
from the serrated rotor. This model requires the wall pressure fluctuations upstream of the trailing edge,
which can be obtained from Lee’s wall pressure spectrum model (Ref. 45). Lee’s model is suitable for
adverse pressure gradient flows. An underlying assumption in Lyu and Ayton’s model is that the boundary
layer formation upstream of a trailing edge is not affected by the appearance of the serration geometries.
This was confirmed by Direct Numerical Simulation (DNS), showing that the wall pressure spectrum
change upstream of a trailing edge is negligible with the addition of the serrations (Refs. 46,47). The
boundary layer parameters used to calculate the wall pressure spectrum are obtained from the software
XFOIL using the panel method (Ref. 48), where the two-equation boundary layer formations are used
to calculate a turbulent boundary layer flow around an airfoil surface. As for the rotor aerodynamics, the
hovering flight is solved using the blade element momentum theory (BEMT), while the forward flight is
solved by coupling the blade element theory (BET), Peters-He dynamic inflow model (Ref. 49), and the
moment-balance trim solution (Ref. 50).

The current study will extend the capabilities of the rotorcraft broadband noise prediction tool, UCD-
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QuietFly (Ref. 51), from a straight trailing edge to a serrated trailing edge. For the straight blade sections,
Amiet’s model (Refs. 52-54) is transformed into the rotor blade coordinates (Refs. 55, 56) to predict
trailing-edge noise. Amiet’s model uses the Schwarzschild method (Ref. 41) to solve an acoustic scatter-
ing by a trailing edge (Ref. 57). For the serrated sections, modified Lyu and Ayton’s model is used. Note
that a user-defined blade geometry accepts a blend of straight and serrated shapes on a rotor blade.

The current study will first validate this developed toolchain for serrated wing sections and serrated
rotor blades against existing experimental data. Second, various parameters, including the serration num-
ber, shapes, and locations, will be compared for rotor broadband noise reduction capabilities. Finally, a
quadrotor and a quiet helicopter design will be used to demonstrate the effectiveness of noise reduction

with trailing-edge serrations in the context of UAM operations.

METHOD AND FORMULATION

The straight blade sections are calculated using Amiet’s trailing-edge model (Ref. 52) improved by

Roger and Moreau (Refs. 53,54), which reads as

o keZ \*
() =1 g ) 2ArLPR ()l (o) 1)

where S? = X? + 32 (Y? + Z?), 32 = 1 — M?, k is the acoustic wavenumber, ¢ is the chord length,
Ar is the blade sectional span, L is the acoustic transfer function, [, is the spanwise correction length,
and ®,, is the wall pressure spectrum (Refs. 45,58). The value of S, calculated in Eq. (1) is four times
greater than that in the original Amiet model. This increase is due to the fact that scattering on one surface
affects both surfaces of an airfoil section, effectively doubling the contribution to the scattered acoustic
pressure (Ref. 53).

The spanwise correction length of the wall pressure spectrum is calculated using Corcos’s model (Ref.
59) as

w/(Vebe)

ly<w7 k?J) = kZ 4 w2/(ngc)2 (2)

where the empirical constant b, is a taken as 1.6, suggested in Ref. 60.
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The acoustic transfer function L includes the contributions from the trailing-edge scattering L; and the
leading-edge back-scattering Lo, such that . = L + Ls. The current research added a correction term in
Ly, which is the last term in Eq. (3) in order to ensure that a factor of 4 that was described earlier is only

applied to the scattering part, but not to the incident part (Ref. 61).

622‘0 c B
6721'0 (3)
— (14+49)E*[2B] +1 — 7% ¢ T}
B=FK,+Mi+F& )
C =K, — y(X/So — M) (5)

For straight blades, Roger and Moreau’s leading-edge back-scattering correction (Ref. 53) is given in
Eq. (6). This term is important for small chord lengths and low frequencies, where the Helmholtz number

based on the chord length, kc, is small.

%LQ :{e4i“[1 —(1+ i)E*(4R)]} — %P

(0)

+i[D+k; + Mp — k|G

where

(1+1)e (i — 0%
H= 7
2/m(a — 1)k*v/B @
D=k —pX/Sy; a=V/V, (8)

K, + oM + &
SR il el )
k* + oM + &
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sin D — 2gr 1
D — 2k +
(1—¢e)(1+7)

2(D + 2FR)
e 2k I+9)(1—¢) (1—=9)(1+¢)

2 'EE(ﬂn[ D+2  D-2k ]

and the imaginary part of {}¢ in Eq. (6) is multiplied by € = (1/1 + 1/(4j2))~".

For the serrated blade sections, the original Lyu and Ayton model (Ref. 44) reads

o in D + 2%
a=(1 i(2r+D) SmA T ek

(1+¢€)e D+ 2R
(I+¢e)(1—1)

2(D — 2R)

. €>€i(—2R+D)

64iRE* (41%) o e—4iRE* (4%) (10)

k 0 X+ k o
S, ~ sin? -2 — (w, k)| En(N)]? (11)
P 2mr, 2 2(X—kC0890)2 nz_:oo Y

where the observer location, in terms of 7, and 6, are shown in Fig. 1. The observer angle, 6,, is defined
in the X — Z plane, and the spanwise location is not considered in the original model.

The current study proposes corrections to this equation to implement Lyu and Ayton’s model into
rotor cases. First, to eliminate the limitation of the unit span length assumption, the blade section span
length, Ar, is multiplied in Eq. (11) in order to account for the blade sectional length. Second, to
match the attenuation rate of the spherical acoustic propagation, Eq. (11) is divided by the observer
distance, 7,. Third, the effect of the spanwise observer location is included in 7> = (z/8)% + y* + 22
as well as in the spanwise wavenumber, such that k, = 27n/l + ky/Sp. In the original model, rZ and
k, were defined as (z/3)* + z* and 27n/I, respectively (Ref. 44). Fourth, a factor of four is added to
correct the scattering effect on the upper and lower surfaces, which is similar to Eq. (1). Note that these
modifications are physics-based corrections instead of thorough analytical derivations. Thus, the accuracy

of these modifications will be validated later. The final new equation used is given as

ANk . 50, X+ k = 2
R~ sin® — — (w, k)| En (A (12)
PP o2 22 (x — kcos 00)2 n:Z_OO (k) )

where the wavenumber-frequency wall pressure spectrum is

1
M(w, ky) = ;(I)pp(w)ly(waky) (13)

k= k(3 is the the mean-flow-corrected acoustic wavenumber, 6, the observer angle, y = k, [ the corrected
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convective wavenumber, k, = k, + kM/3?, A\ = (k, — kcos 0)¢/4, which is an input to the radiation
function E,(\) (Ref. 62), and ¢ = 2h/f the corrected serration amplitude. Note that the fundamental
mode of n = 0 is the most important modal term, and the effects of the higher modes appear when

k/B > 2nm. The radiation function of the serrated geometry is given in Eq. (14).

1 7 .
En()\) — / eiEF(n)(kw-i—)\)e—z%rnndn (14)
0

where F'(n) is the non-dimensional height of the serrations, and 7 is zero at the root and one at the tip
of a blade serration. 2/ and [ are used to denote the dimensional peak-to-peak amplitude of the serration
and the serration wavelength, respectively, for future usages in the current study, as shown in Fig. 2. This
function provides the flexibility to describe arbitrary serration geometries, including a blend of straight
and serrated trailing edges. The selected trailing-edge serrated geometries are plotted in Fig. 3, where
their corresponding equations are given in Eq. (16). The geometry equations describe the serration height
F(n) as a function of the 7 coordinate within a wavelength of [, where the origin of the F' — 7 coordinate
is located at the lower-left corner.

The sound pressure level (SPL) is calculated from the power spectrum density S, as

278,
SPL = 101log,, ((QTS’”E))Q) (15)

The starting blade radial location and shape of the serration can be customized, as shown in Fig. 2.
Although a straight blade can be calculated in the modified Lyu and Ayton’s model, Amiet’s trailing-edge
noise model is much faster when used on straight sections. In the current study, a rotor blade is segmented
into 40 sections of equal length. The rotor design and operational parameters, such as the collective and
cyclic pitches, blade twist, forward speed, and multi-rotor hub locations, are included in the blade section
coordinate transformations (Ref. 55). It is assumed that the serration does not affect the blade chord

length in aerodynamic simulations.
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In the current study, the boundary layer parameters are calculated using the XFOIL panel method
code (Ref. 48), the wall pressure spectrum near the blade trailing edge using Lee’s model (Ref. 45), the
hovering flights using blade element momentum theory (BEMT), the forward flights using an in-house
low-fidelity rotor comprehensive code (Ref. 63), and trailing-edge noise using UCD-QuietFly (Refs. 19,
51,55,64). Note that the boundary layer parameters can be alternatively found using Reynolds-Averaged
Navier-Stokes (RANS) (Refs. 65-67). A flow chart of this method of serrated rotor aerodynamics and

broadband noise predictions is shown in Fig. 4.

Validations

First, Amiet’s model (Ref. 52) is compared with the modified Lyu and Ayton’s model (Ref. 44) for
the calculations of trailing-edge noise on the straight wing section. Second, the broadband noise of two
serrated-blade rotors, one in hovering flight and the other in forward flight, is calculated in UCD-QuietFly
and validated against the experiments.

Aerodynamic tools used in the current study, involving the blade element momentum theory (BEMT)
and the blade element theory (BET), were validated in previous publications (Ref. 19, 68). Additionally,

the validations of the wall pressure spectrum model were given in Ref. 45.

Serrated Wing Section

Verifications and validations of the broadband noise predictions for straight and serrated wing sections
and straight and serrated rotors are presented. Table 1 shows two verification cases and one validation case.
The first verification case result is shown in Fig. 5(a), where the modified Lyu and Ayton’s model is used to
predict trailing-edge noise of a straight wing section, which is compared to the results of Amiet’s model.
The overlapping of these two models demonstrates the correctness of our improvements shown in Eq.
(12). The comparisons validate the effectiveness of changing observer distance by adding an attenuation
rate of 1/r, to the original Lyu and Ayton’s model. The modifications of the spanwise wavenumber and
the finite span in the current study demonstrate that the serrated trailing-edge noise model reduces to

Amiet’s trailing-edge noise model when used on a straight airfoil section.
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Figure 6 shows the effect of the spanwise wavenumber k, on a straight wing, where the original Lyu
and Ayton’s model used k, = 2nm/l that did not account for the change of observer locations in the
spanwise direction. The modified spanwise wavenumber of k, = ky/Sy + 27n/l is shown to give better
agreements with the Amiet model on a straight trailing edge for observers at non-zero spanwise locations.
This modification is important in rotorcraft applications since the observers of interest can be located in
the in-plane directions.

The predictions of trailing-edge noise of a serrated wing and a straight wing are provided in Fig. 7,
where the experiment data is given (Ref. 69). The noise reduction, ASPL (sound pressure level), is the
decibel difference between a straight blade and a serrated blade in the same condition. The positive ASPL
indicates the noise reduction. Amiet’s model was used on the straight blade, while the modified Lyu and
Ayton’s model was used on the serrated blade in this validation study. It is seen that noise reduction is
predicted well at mid-frequencies. The over-predictions of the noise reduction are observed in the high-
frequency range, which is likely due to other noise sources in the experiment that are not included in the
current acoustic model, such as misaligned small vortical flows at the serration root sections (Ref. 70).
The existence of these additional sources is case-dependent. The over-prediction of the noise reduction

was also present in the original Ayton’s paper (Ref. 29).

Serrated Rotor

A hovering rotor validation case is provided in Table 2, where an APC drone rotor is serrated from
the mid-span to the tip. The experiment of a hovering rotor was conducted in the University of Bristol’s
anechoic chamber; the saw-tooth trailing edge was cut on the APC 11x4.7 Slow Flyer rotor, and a micro-
phone array was installed to collect the acoustics data (Ref. 35). The microphone is 1.65 m directly above
the rotor hub. The predictions of the rotor noise with straight and serrated trailing edges are given in Fig.
8. The predictions of the straight-blade rotor noise match the experiment very well. At the mid to high
frequencies, the predictions of the serrated rotor noise give reasonable noise reductions compared to the
experiment, while some under-predictions appear. In the low-frequency range, both the straight rotor and

serrated rotor noise levels are over-predicted when using Lyu and Ayton’s model. It is found that blades
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with chord lengths larger than 0.1 m do not have this over-prediction issue at low frequencies. Overall,
although the serrated trailing-edge noise predictions have discrepancies compared to the experiment, they
give reasonable predictions for noise reduction. Discrepancies are also observed on the straight blade at
the high-frequency range between the Amiet model and the modified model, which is not consistent with
the trend found on an airfoil section by Santamaria et al. (Ref. 31). This inconsistency is likely due to the
effects of low observer angles on the twisted rotor blade, which deserves future investigations.

In addition to the broadband noise validation of a hovering rotor, broadband noise is predicted on a
forward-flight eHANG rotor with serrated trailing edges. The eHANG drone rotor parameters are pro-
vided in Table. 2, where the acoustic measurements were taken in an anechoic wind tunnel (Ref. 36). The
microphone is in the forward direction of the rotor, with an elevation angle of -56.31°, azimuthal angle of
180°, and a distance of 1.49 m. The tested rotor has saw-tooth serrations with a height-to-wavelength ra-
tio, 2h /1, of 0.5. The noise reduction between a serrated-blade rotor and a straight-blade rotor is predicted
in Fig. 9 and compared against the experimental data. It is seen that the prediction has good agreement

with the measurements, especially above 5 kHz, where apparent noise reductions are present.

Results

First, the serration effects on rotor broadband noise are assessed by varying the trailing-edge serration
parameters: the number of serrations, serrations’ starting radial location, serration geometry, and serration
height. Next, the trailing-edge serrations are applied to two NASA UAM eVTOL vehicles: quadrotor and
quiet helicopter. Quadrotor noise is compared between the straight blade and serrated blade with varying
tip speeds and blade numbers. The hemisphere directivity is compared with the two designs. A quiet

helicopter in forward flight is studied for serrated blades and straight blades.

Effects of Serration Parameters

The baseline rotor case is an APC Slow Flyer drone rotor with serrated trailing edges, where the
parameters are given in Table. 2. For each parameter studied, other parameters are kept as the baseline

values. In this parameter study, the straight-blade rotor noise prediction is used as a reference, which is
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calculated using the modified Lyu and Ayton’s model from the corresponding serration region outboard
and using Amiet’s model inboard. The purpose of this practice is to reduce computational time using the
faster Amiet’s model for the inboard straight sections, which are less important acoustically. The noise
difference between the straight-blade rotor and serrated-blade rotor (AOASPL) is calculated. Note that
the current research uses the modified Lyu and Ayton’s model even for the straight blade at the outboard
sections where the serrations would be located so that the noise comparison between the straight blade and
the serrated blade is fair. The frequency range of summation for OASPL (overall sound pressure level) is
0.1-13 kHz.

The effect of varying the number of serrations is shown in Fig. 10, where the rotor trailing edges
have saw-tooth serrations from its 50 % radial position to the tip. As the number of serrations increases,
the serration wavelength is shortened, which can also be seen as the effect of changing the serration
wavelength. The frequency spectrum of SPL in Fig. 10(a) shows that noise reductions occur in the mid-
to high-frequency range (above 2.5 kHz), while a slight noise increase is seen in the low frequencies.
Increasing the number of serrations (or reducing the serration wavelength) reduces the noise level. With
more serrations or the shorter wavelength, the destructive interference on the rotor blade is increased since
the modal coefficient in Eq. (14) gets more oscillations with more serrations on the blade span. However,
as more serration shapes are added, the effectiveness of noise reduction is reduced. This observation is
consistent with the experimental measurements taken on serrated airfoil sections (Ref. 71). Therefore,
considering the manufacturing and structural challenges, 22 serrations (2h/1=2) are desirable among the
tested cases, although more serrations slightly improve the noise reduction.

Figure 11 shows the effect of changing the starting radial position of the serrations, where the inboard
of the starting position has straight edges, as shown in Fig. 2. For example, serration root 1/R of 90%
means that the serration starts at the 90% span and ends at the tip. The frequency spectrum indicates that
the noise levels at the mid and high frequencies (above 2 kHz) are reduced with increasing the span portion
of the serrated blade, while the low-frequency range has a slight noise increase. This low-frequency noise
increase might result from the model difference when blending Amiet’s model and Lyu and Ayton’s model
on the same blade, as some discrepancies between the two models were present at low frequencies in

Fig. 8. The benefit of using Amiet’s model for the straight portion of a blade is the reduction of the
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computational time. The trend of the noise reduction shows that the noise level of the serrated rotor keeps
decreasing as the starting position of the serrations moves to the root, but the tip serrations are more
effective in reducing noise since the higher flow speeds at the tip sections give the higher noise levels.
The most outboard 10% sections provide a noise reduction of 1.56 dB, and the 70-90% and the 50-70%
sections each provide noise reductions of approximately 2 dB. However, the 30-50% sections give a noise
reduction of less than 1 dB, and the inboard 30% sections have minimal noise reduction benefits. Thus,
it is suggested that using trailing-edge serrations starting from 50% /R is preferred considering noise
benefit and manufacturing difficulty.

Figure 12 demonstrates the effect of increasing the serration height on broadband noise. The APC
Slow Flyer rotor has a chord length of approximately 28 mm at 75% 1/R, so attaching a too-large serration
height is unrealistic. Since the serrations are attached to the blade trailing edges, this approach results in
increasing the blade chord length. The impacts of varying the chord length on the boundary layer flows are
neglected in this study. It is observed that increasing the serration height has noticeable benefits of noise
reduction, but this benefit is reduced at the larger serration heights. As the serration height increases,
the incline angle between the serration and the blade span also increases to create stronger destructive
interference between the serration tip and root regions. Note that the results depend on the ¢,, and [,
obtained from the clean airfoil. The trend of changing the height to wavelength ratio 2k /1 in Fig. 12 is
the same as in Fig. 10; the higher 2A/l increases the noise reduction at a decreasing rate. This result
is consistent with the simulations on serrated airfoil sections by Kholodov and Moreau (Ref. 62). In
addition, more acoustic energy is redistributed to the higher-frequency cut-off modes (imaginary part of
E,) since the shape coefficient in Eq. 14 is a function of k¢ = 2kh/, which is proportional to the
serration height.

The different serration shapes shown in Fig. 3 and Eq. (16) are used on the rotor to study their noise
reduction capabilities. Figure 13 shows that the sine-wave shape gives the largest noise reduction, and
the chopped peak and the saw-tooth shapes give similarly excellent noise reductions. On serrated airfoil
sections, Kholodov and Moreau also found the optimal shapes to be close to the saw-tooth (Ref. 62). The
square and the half-sine shapes give the least noise reductions of approximately 3 dB. In Figs. 13(a) and

13(b), where the saw-tooth shape gives an increasing noise reduction as the frequency increases, but the
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square shape provides an up-and-down noise reduction behavior as a function of frequency. Note that the
saw-tooth shape in Fig. 13(a) appears to have more noise reduction than the sine shape, specifically above
4 kHz. This trend is not reflected in the AOASPL plot since the noise levels above 4 kHz for the saw-tooth
and sine shapes are very small compared to the low-frequency noise. The variations in noise reduction
for different geometries are reflected in the modal coefficients in Eq. (16), which describe the far-field
destructive interference between the tip and the root. In the case of serrated wing sections, this interference
manifests as oscillations in the frequency domain noise level. However, for rotors with serrated blades,

this oscillatory effect is less pronounced due to the presence of multiple sections and blade rotation.

Noise Reduction on an eVTOL Quadrotor

The UAM quadrotor conceptual designs by NASA (Ref. 72) shown in Fig. 14 are studied for their
noise reduction potentials using trailing-edge serrations. The vehicle is operated in hovering condition,
and the observer is 492 ft (150 m) directly below the quadrotor center. The detailed parameters of the
vehicle can be found in Table. 2. In this study, the blade trailing edges of the quadrotor are serrated from
mid-span to the tip with the saw-tooth geometry, where serration height is 2k = 0.0702 m and serration
wavelength is [=0.0351 m so that 2/ /] becomes 2. In the computer program UCD-QuietFly, the serration
shape function in Eq. 16 is discretized into 100 spanwise points per serration. The converged solution
was found by summing the mode number, n in Eq. 12, from -10 to 10. For the straight-blade quadrotors,
Amiet’s model is used on the entire blade span. For reference, the blade chord length at 75% span is
approximately 0.17 m. For this chord length, It was found that Amiet’s model and the modified Lyu and
Ayton’s model provide almost the same results on the straight blade as demonstrated in Fig. 5(a). Thus,
the current study has selected Amiet’s model for its fast calculation. Three designs, with different tip
speeds (700, 550, and 375 ft/s) and numbers of blades (3 and 7), are studied in Fig. 15. The selection
of the tip speed and blade number is the same as a quadrotor acoustic study by Kottapalli and Silva (Ref.
73). The community background noise measured in a neighborhood in Sunnyvale, California (Ref. 74) is
added to the figure as a reference.

The noise spectrum shows that the noise reductions appear in the entire frequency range. AOASPL
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shows that the trailing-edge serrations have more noise reductions on the higher-tip-speed and fewer-blade
designs. Trailing-edge serrations are effective in reducing noise in the mid-frequency range (1-5 kHz),
which is masked by the community background noise. Although the high-frequency noise with serrations
is not entirely masked by the background noise, the noise level, even in the loudest condition, is lower
than 40 dB, which will help have the UAM aircraft much more favorably received by the public. In
summary, using trailing-edge serrations as a noise reduction technique, multi-rotor eVTOL aircraft have
the potential to reduce broadband noise by more than 9 dB, as shown in Fig. 15(b), which is significant
considering the unmasked eVTOL noise in the urban environment (Ref. 51).

The hemispheric broadband noise directivities of the UAM eVTOL quadrotor are shown in Fig. 16,
including the straight-blade quadrotor, the serrated-blade quadrotor, and the noise reduction. The vehicle
parameters were given in Table 2, and the radius of the observer hemisphere is 150 m. The quadrotor
selected for this directivity study has three blades and a tip speed of 700 ft/s. The blue dot in Fig. 16
represents the vehicle position. The straight-blade quadrotor noise is calculated using Amiet’s model. It
is seen that both the straight-blade and the serrated-blade quadrotors have dipole directivity, where the
highest noise level is found directly below the quadrotor. The noise reduction is observed for almost
all observer locations on the hemisphere, except for the very small elevation angles (in-plane) due to the
model difference at low frequencies. This directivity pattern on serrated-blade rotorcraft is consistent with
the directivity on a serrated airfoil section, where noise reductions are observed for all observer angles

(Refs. 29,75).

Noise Reduction of a Quiet Helicopter in Cruise

The NASA single-rotor quiet helicopter in forward flight shown in Fig. 17 is analyzed for its broad-
band noise reduction using serrated trailing edges. This quiet helicopter (Ref. 18) design has a muffled
propulsion system and a NOTAR-style tailboom to eliminate high-frequency tail rotor noise. The quiet
helicopter parameters are given in Table 2, where the design of 700 ft/s tip speed is studied. The detailed
aerodynamic predictions for the quiet helicopter and parameter input can be found in Ref. 19. In the

UCD-QuietFly simulation, the number of discrete points per serration is 150, and the modes are summed
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from -5 to 5. For simple geometries, such as saw-tooth, it is found that these selections of discretization
and modes are sufficient to get converged solutions.

The broadband noise hemisphere directivities of the quiet helicopter are given in Fig. 18, where — X
is the forward direction. It is seen that due to the forward tilting angle, the hemisphere directivities are
tilted in the forward direction. Both the straight rotor and the serrated rotor have the dipole directivity.
Figure 18(c) shows that the highest noise reduction occurs in the forward direction (-45° elevation angle),

although the downward direction also shows a significant noise reduction by 10 dB.

Conclusions

The current study presented a state-of-the-art approach to predict broadband noise generated from
rotors with serrated trailing edges. The original Lyu and Ayton’s serrated airfoil section model, based on
the Wiener-Hopf solution, was extended to include the finite span, far-field noise attenuation, modified
scattering coefficient, and spanwise observer distance. These extensions were verified with Amiet’s model
and validated for serrated trailing-edge noise of a wing section, a hovering rotor, and a forward rotor. The
effects of serration parameters on rotor broadband noise were studied. The broadband noise directivities
of a serrated-blade quadrotor and quiet helicopter were investigated. The potential noise reduction using
serrated trailing edges on the UAM eVTOL vehicles was analyzed. For the specific cases considered in

the present study, important findings are summarized as follows:

* The serration height to wavelength ratio of 2 is a desirable selection to reduce rotor broadband
noise since further increasing the ratio only has slight noise reduction benefits. The optimal radial
range for installing trailing-edge serrations on a rotor blade is from 50% to the blade tip. While the
addition of spanwise serrations enhances noise reduction, incorporating serrations on less than the
inner 50% of the rotor blade results in only marginal noise reduction. The sine-wave, chopped peak,
and saw-tooth serration shapes provide the largest noise reductions, and the square shape provides

the least noise reduction among the studied shapes.

* On an eVTOL quadrotor, more than 9 dB noise reduction was found with serrated trailing edges.

Higher noise reductions were observed on the serrated quadrotors with higher tip speeds and fewer
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blades. The serrated-blade UAM eVTOL quadrotor had the dipole broadband noise directivity, and
noise reductions were observed at all observer angles with a primary noise reduction toward the

downward direction.

* For a single-rotor NASA’s quiet helicopter in forward flight, approximately 10 dB noise reduction
was observed in the downward direction, and the maximum noise reduction occurred in the forward

direction.

Although this research is focused on analytic and low-fidelity predictions of serrated trailing-edge
noise, the results provide insights into important serration parameters in the context of rotor broadband
noise and demonstrate the significant potential to reduce UAM aircraft noise. It is suggested in the future
study that the serration parameters or geometries are optimized to maximize the noise reduction and the
predictions are further validated against experimental data or high-fidelity computational fluid dynamics
(CFD) predictions. It is also recommended that future research investigates the serrated trailing-edge
noise model for small chord lengths and low frequencies, aiming to improve the current model’s underes-
timations attributed to simplified assumptions used in the theoretical model such as frozen gust. Finally,
the analytic model is found to only consider the destructive interferences, and it did not account for the
acoustic source change due to the add-on serrations. This assumption and limitation can be revisited with

more fundamental aeroacoustic research development.
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Fig. 2: Serrated rotor blade geometry.
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Fig. 3: Trailing-edge serrated geometries. The 1 — F' serration coordinate has the origin at the lower-left

corner with the serration wavelength of /.
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Fig. 4: Flowchart of Serrated Rotor Broadband Noise Prediction.
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Fig. 5: Comparison of Amiet’s model and the modified Lyu and Ayton’s model on a straight wing section
at different observer distances and 6, = 90 deg, for (a) frequency spectrum, and (b) overall sound pressure

level.
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Fig. 6: Effect of the spanwise wavenumber in Lyu & Ayton’s model on a straight wing section. r, = 14.35

m, and 0, = 85.6 deg.
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Fig. 7: Noise reduction validation of the serrated trailing-edge noise model on the wing section. The
serration shape is sawtooth, 2h = 0.04 m, [ = 0.02 m, r, = 1.0548 m, and 6, = 90 deg. Original Lyu and

Ayton prediction is given in Ref. 44. Experiment data is given in Ref. 69.
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Fig. 8: Validation of UCD-QuietFly on the serrated APC drone rotor. r, = 1.65 m, and ¢, = 90 deg.

Experiment data is given in Ref. 35, with broadband components extracted.
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Fig. 9: Validation of UCD-QuietFly on the serrated eHANG drone rotor in forward flight. 7, = 1.49 m,

and ¢, = -56.31 deg. Experiment data is given in Ref. 36, with broadband components extracted.
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Fig. 10: The effect of the number of serrations on rotor broadband noise: (a) sound pressure level spectrum

SPL (dB Re: 20 ;Pa)
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and (b) noise reduction compared to the straight-blade rotor. r, = 150 m, and ¢, = -90 deg.
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Fig. 11: The effect of starting radial locations of the serrations on rotor broadband noise: (a) sound

pressure level spectrum and (b) overall sound pressure level reduction compared to the straight-blade

rotor.
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Fig. 12: The effect of serration heights on rotor broadband noise: (a) sound pressure level spectrum and

(b) overall sound pressure level reduction compared to the straight-blade rotor.
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Fig. 13: The effect of serration shapes, with the same wavelength and height, on rotor broadband noise: (a)
(b) sound pressure level spectrum of the shapes in Eq. (16), and (c) overall sound pressure level reduction

compared to the straight-blade rotor.
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Fig. 14: Conceptual design of an electric quadrotor (Ref. 20).
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Fig. 15: Effects of using serrated blades on broadband noise of an eVTOL quadrotor with various design
tip speeds and numbers of blades. The observer is located at 492 ft (150 m) directly underneath the
vehicle. The serration height is 2k = 0.0702 m and the serration wavelength is [ = 0.0351 m. The
community background noise is given in (Ref. 74): (a) sound pressure level spectrum and (b) overall

sound pressure level reduction compared with the straight-blade rotor.
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Fig. 16: Hemispheric directivity of broadband noise OASPL (0.1-13 kHz) of the UAM eVTOL quadrotor

with three blades and the tip speed of 700 ft/s: (a) straight blade, (b) serrated blade, and (c) noise reduction.
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Fig. 17: Conceptual design of a quiet helicopter (Ref. 18).
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Fig. 18: Hemispheric directivity of broadband noise OASPL (0.1-13 kHz) of a quiet helicopter design in

forward flight with three blades and the tip speed of 700 ft/s: (a) straight blade, (b) serrated blade, and (c)

noise reduction.
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Table 1: Parameters for Validation of Trailing-Edge Noise from a Wing Section

Parameters Verification (Fig. 5(a)) Verification (Fig. 6) Validation (Fig. 7)

Airfoil NACA 0012 NACA 0012 NACA 0018
TE geometry straight straight serrated
Vo (m/s) 241 241 34

a (deg) 1.8 1.8 0.0

¢ (m) 0.2 0.2 0.2

Ar (m) 0.15 0.15 0.4

o (M) 1&13 14.35 1.0548
0, (deg) 90 85.6 90

y (m) 0 6 0
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Table 2: Hovering Rotor Validation Parameters

Parameters APC 11X4.7 eHANG Ghost 3.0 Quadrotor Quiet helicopter
R (m) 0.14 0.13 2.808 5.17

Ny 2 2 3/3/7 3

RPM 3000 7200 726/570/389 394
Airfoil E63(hub)/ClarkY (tip) Al8 VR-12/SSC-A09 VR-12/SSC-A09
?, (deg) 90 -56.31 -90 -90

1 (deg) 0 0 0 0.246

o (M) 1.65 1.49 150 150
Shape Saw-tooth Saw-tooth Saw-tooth Saw-tooth

2h (m) 0.006 0.00326 0.0702 0.258

[ (m) 0.00322 0.00652 0.0351 0.129

serration r / R range 0.5-1.0 0.2-1.0 0.5-1.0 0.5-1.0






