UC Davis
UC Davis Previously Published Works

Title
Analytic Prediction of Rotor Broadband Noise with Serrated Trailing Edges

Permalink

bttgs:géescholarshiQ.orgéucéitemg9f09g8dg

Journal
78th Vertical Flight Society Annual Forum and Technology Display Forum 2022

Authors
Li, S
Lee, S

Publication Date
2022

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/9f09q8d6
https://escholarship.org
http://www.cdlib.org/

Analytic Prediction of Rotor Broadband Noise with Serrated Trailing Edges

Sicheng (Kevin) Li Seongkyu Lee
Ph.D. Candidate Associate Professor
Department of Mechanical and Aerospace Engineering
University of California, Davis
Davis, California, 95616 U.S.A.

ABSTRACT

Trailing-edge serrations are known to be an effective way to reduce broadband noise on wing sections, but
their noise reduction capabilities on rotorcraft have not been fully understood. This paper develops a new
approach to analytically predicting and investigating broadband noise of rotors with serrated trailing edges. To
achieve rotorcraft broadband noise predictions, we extend Lyu and Ayton’s semi-infinite serrated wing model
to include the finite blade span, the modified scattering coefficient, and the spanwise observer distance. The
validations show good agreements with 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 on rotor broadband noise
are studied. For optimal and realistic rotor broadband noise reduction, the desirable design of a serrated-
blade rotor has the serration height to wavelength ratio of 2, the radial range of serrations from 50% blade
span to the tip. It is also found that the sine-wave, chopped peak, or saw-tooth serration shapes reduce noise
most among various shapes that are considered. Finally, noise reduction with serrations is applied to urban air
mobility (UAM) aircraft. A 6-passenger eVTOL quadrotor is found to have more than 9 dB noise reduction
potential with serrated trailing edges, where higher noise reductions are observed with higher tip speeds and
fewer blades. Serrated-blade quadrotors are found to have the dipole broadband noise directivity, and noise
reductions are observed at all observer angles.

NOTATION Spp acoustic PSD, Pa? /Hz
SPL sound pressure level, dB

c chord length, m Voo blade sectional freestream velocity, m/s
o speed of sound, m/s V., convection velocity, 0.7V, m/s
E, serration shape coefficient Viip rotor tip speed, m/s
f freqUénCy, Hz . X observer position, m
F(n) serration geometry function X,Y,Z coordinates in airfoil section frame, m
2h serration height, m X>,Y2,Z,  observer global coordinate, m
k acoustic wavenumber, ©/cg a angle of attack, deg
ky aerody.namic wavenumber, ®/V, Oy rotor shaft angle of attack, deg
ky spanwise wavenumber, ky/So u rotor advance ratio
l serration wavelength, m Ar blade section span, m
Ly spanwise turbulence lengthscale, 1.6V,./®, m o angular frequency, rad/s
L effective lift function, N/m D,, surface pressure spectrum, Pa” /Hz
M blade sectional flow Mach number o, observer elevation angle, deg
Np number of blades W, observer azimuth angle, deg
N; number of rotors 0, observer angle to the trailing edge, deg
n mode number
OASPL  overall sound pressure level, dB
R rotor radius, m INTRODUCTION
r sll))an radlil, location, m Noise is one of the top concerns in rotorcraft applications. For
Yo observer 1stance':, m conventional helicopters, the operating noise level is limited
RPM revolution per minute
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by the regulations (Ref. 1). For urban air mobility (UAM) air-
craft, noise is a major barrier that hinders a successful market
due to its public nonacceptance (Ref. 2). The UAM compa-
nies are devoted to reduce noise of their aircraft (Refs. 3, 4,

). The community noise of rotorcraft is mainly contributed



by the aerodynamic noise generated by the rotor blades, cate-
gorized as tonal noise and broadband noise. Rotor tonal noise,
including high-speed impulsive noise(Ref. 6) and blade vor-
tex interaction (BVI) noise (Ref. 7), is important for in-plane
and long-distance observers. Rotor broadband noise, includ-
ing blade-wake-interaction (BWI) noise (Ref. &) and airfoil-
self noise (Ref. 9), is important for out-of-plane observers,
and it is in the sensitive frequency range of human hearing.
During forward and hovering flights, where blade wake in-
teractions are weak, airfoil-self noise is the main broadband
noise source (Ref. 10).

The vehicle operation and the rotor design can be used to
achieve rotorcraft noise reductions. During a rotorcraft op-
eration, noise can be reduced by adjusting the flight path and
vehicle attitude (Refs. , 12, 13), including increasing the
flight altitude, avoiding populated areas, and decreasing the
descending flight angle. On the other hand, noise reduction
concepts can be incorporated into the rotorcraft design phase.
The rotor tip speed and the number of blades can be varied to
reduce tonal and broadband noise (Refs. 14, 15, 16). The tail
rotor noise can be eliminated by the No Tail Rotor-style (NO-
TAR) tailboom system (Ref. 17). Swept and tapered blades
at the rotor tip are widely adopted to reduce the BVI noise
(Refs. 18, 19). In addition, turbulent boundary layer trailing-
edge broadband noise (Ref. 20) can be attenuated by turbulent
hydrodynamic energy reduction or acoustic scattering modifi-
cation. These modifications include active flow controls (Ref.

), finlets (Ref. ), porous material (Ref. ), acoustics
liners (Ref. 24), and edge serrations (Ref. 25).

Serrated blades are preferred among the aforementioned
broadband noise reduction techniques on vertical flight ro-
tors. The serrations are easy to manufacture, and the rotor per-
formance remains unchanged after adding the serrated edges
(Ref. 26). Regarding the mechanism of the noise reduction,
on properly designed serrations, destructive interference can
be achieved between the serration root and tip, and the acous-
tic energy is redistributed to the high cut-off modes (Ref. 25).
Although serrations have been widely used on wind turbines
to reduce trailing-edge noise (Ref. 27), 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. 28, 29). However,
rapid design tools with proper analytical models to investigate
the potential to reduce rotor broadband noise are still lack-
ing. Therefore, this paper will focus on the analytical predic-
tions of rotor broadband noise reduction with serrated trailing
edges.

The early work of Howe used the tailored Green’s function to
theoretically predict trailing-edge noise of the serrated blade
(Ref. ), but this method was shown to over-predict the
noise reduction (Ref. 31). Using the Schwarzschild method
(Ref. 32) and the Wiener-Hopf method (Ref. 33), Lyu et al.
(Ref. 31) and Huang (Ref. 34) derived more recent serrated
trailing-edge noise models, respectively. However, these two
models cannot be solved exactly and require extensive com-
putational time for the entire rotor blade. Using the Wiener-
Hopf method, Ayton (Ref. 25) developed a new model that

can be solved exactly with an infinite number of the scatter-
ing modes, where any serrated shape can be expressed in a
2-D function. To further reduce the computational cost, Lyu
and Ayton (Ref. 35) simplified Ayton’s model (Ref. 25) by
implementing a finite number of cut-on and cut-off modes.

In this paper, Lyu and Ayton’s model (Ref. 35) will be used
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. 36), which is suitable for adverse pres-
sure 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 ser-
ration structures. This assumption 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. , 38). The boundary
layer parameters used to calculate the wall pressure spectrum
are obtained from the low-fidelity XFOIL panel method (Ref.
), 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. 40), and the moment-balance trim solution (Ref. 41).

The current study will extend the capabilities of the rotorcraft
broadband noise prediction tool, UCD-QuietFly (Ref. ),
from a straight trailing edge to a serrated trailing edge. For
the straight blade sections, Amiet’s model (Ref. 43) is trans-
formed into the rotor blade coordinates (Ref. 44) to predict
trailing-edge noise. Amiet’s model uses the Schwarzschild
method (Ref. 32) to solve an acoustic scattering problem by
a trailing edge (Ref. 45). For the serrated sections, Lyu and
Ayton’s model is used. Note that a user-defined blade geom-
etry accepts a blend of straight and serrated shapes on a rotor
blade.

We will first validate this developed toolchain for serrated
wing sections and serrated rotor blades against existing ex-
perimental data. Second, the importance and mechanism of
serrated trailing edges used on rotorcraft will be addressed.
Third, various parameters including serration number, shapes,
and locations will be compared for their broadband noise re-
ductions capabilities. Finally, a quadrotor conceptual air taxi
aircraft will be used to demonstrate the effectiveness of noise
reduction with trailing-edge serrations in the context of urban
air mobility operations.

METHOD AND FORMULATION

The straight blade sections are calculated using Amiet’s
trailing-edge model (Ref. 43) improved by Roger and Moreau
(Ref. 46), which reads as

R kcZ 2
Spp(E, @) = <47IS(2)) 2A7|LI*®,, (@)L (w,ky) (1)




where 83 = X2+ % (Y2 +Z?), B2 = 1 — M?, k is the acoustic
wavenumber, c is the chord length, Ar is the blade sectional
span, L is the loading term, and ®,,,, is the wall pressure spec-
trum (Ref. 36). Equation (1) includes a factor of 4 compared
to the original Amiet model since the scattering on one sur-
face influences both surfaces of an airfoil section - a factor of
2 in the scattered acoustic pressure.

The spanwise correction length of the wall pressure spectrum
is calculated using Corcos’s model (Ref. 47) as

(x)/(Vch)
ly(,ky) = W (2)

where b, is a constant taken as 1.6 in this paper.

The loading term L includes the contributions from the
trailing-edge scattering L; and the leading-edge back-
scattering Ly, such that L = L; + L. We have added a cor-
rection term in Lj, 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.

).
_ e Nooic | B .

. 3)
—2iC
—(1+i)E*[2B]+1—e %€ 4 64}
B=K.,+Mi+k 4)
C=K,—a(X/So—M) (5)

For straight blades, The Roger and Moreau’s leading-edge
back-scattering correction (Ref. 46) is given in Eq. (6). This
term is important for small chord lengths and low frequencies,
where the reduced wavenumber kc is small.
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and the imaginary part of {}¢ in Eq. (6) is multiplied by € =

(V1+1/(4m)~"

» Observer
4

Fig. 1: Observer distance and angle in the blade local coordi-
nates.

For the serrated blade sections, the original Lyu and Ayton

model (Ref. 35) reads
kK . ,6, x+k = 5
S,, ~ sin” — ——— (@, ky)|Eq(2)]
PP 2, 2 Z(X—kcoseo)zn;w v

(1D
where the observer location, in terms of r, 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 orig-
inal model.

We propose corrections to this equation to implement Lyu
and Ayton’s model in rotor cases. First, the limitation of this
model is the assumption of the unit span length, and the blade
section span length, Ar, should be multiplied in Eq. (11).
Second, to match the attenuation rate of the acoustic propa-
gation, Eq. (11) is divided by the observer distance, r,,. Third,
the effect of the spanwise observer location is included in
r2 = (x/B)*+y*+z> as well as in the spanwise wavenum-
ber, such that k, = 27tn/l +ky/So. In the original model,
and k, were defined as (x/B)%+z% and 27n/l, respectively
(Ref. 35). Fourth, a factor of four is added to correct the scat-
tering effect on the upper and lower surfaces, which is similar
to Eq. (1). The new equation used in this paper is given as

4Ark . 5 0 +k =
Smsin? A Y (k) |E(A)1
[

S,y ~
r 2 Z(Xfl_ccose(,)

n=—oo

12)

where the wavenumber-frequency wall pressure spectrum is

1
N(w,k,) = Ed)pp(w)ly(auky) (13)



k = kB is the the mean-flow-corrected acoustic wavenum-
ber; 6, the observer angle; y = l_cxﬁ the corrected convective
wavenumber; k, = k, + kM /B? and A = (k, — kcos 8)&/4 are
the inputs to the radiation function E, (A1) (Ref. 49); ¢ =2h/p
the corrected serration amplitude. Note that the fundamen-
tal mode of n = 0 is the most important modal term, and the
effects of the higher modes appear when k/f3 > 2n7.

Eq(A) = /' eiéF(n)(I_cx+7L)efi27rnndn (14)
0

The radiation function of the serrated geometry is given in
Eq. (14), where F(1) is the non-dimensional height of the
serrations, 7] is zero at the root and one at the tip of a blade
section. We use 2A and [ to denote the dimensional peak-to-
peak amplitude of the serration and the serration wavelength,
respectively, for future usages in the paper, as shown in Fig.
3. 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. 2, where their corresponding equations are given in Eq.
(15). The geometry equations describe the serration height
F(n) as a function of the 1 coordinate within a wavelength
of /, where the origin of the F' — 1) coordinate is located at the
lower-left corner.

In UCD-QuietFly, the starting blade radial location and shape
of the serration can be customized, as shown in Fig. 3. Al-
though a straight blade can be calculated in 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
pitch, blade twist, forward speed, multi-rotor hub locations,
etc., are included in the blade section coordinate transforma-
tions (Ref. 44). For the current calculations of trailing-edge
serrations in UCD-QuietFly, the serration geometries are at-
tached to the rotor blade edges instead of cut-in.

In the current study, the boundary layer parameters are calcu-
lated using the XFOIL panel method code (Ref. 39), the wall
pressure spectrum near the blade trailing edge using Lee’s
model (Ref. ), the hovering flights using blade element
momentum theory (BEMT), the forward flights using an in-
house low-fidelity rotor comprehensive code (Ref. 50), and
trailing-edge noise using UCD-QuietFly (Refs. 44,42,51,52).

Table 1: Airfoil Section Validation Parameters

Parameters  Verification (Fig. 4)  Validation (Fig. 5)
Wing NACA 0012 NACA 0018
Ve (m/s) 241 34

o (deg) 1.8 0.0

¢ (m) 0.2 0.2

Ar (m) 0.15 0.4

¥, (M) 1&13 1.0548

0, (deg) 90 90

2n—-0.5, 0<n<0.5
Fou = 15a
Saw—tooth {152”’ 0.5<n<1 ( )
0.5, 0<n<0.25
Fsquare =4 —0.5, 0.25<n <0.75 (15b)
0.5, 0.75<n <1
Fsine =0.5sin27tm, 0<n <1 (15¢)
Fraif—sine =0.5sin7n, 0<n <1 (15d)
4n—-0.5—-sintn, 0<n<0.5
FOgee = " . 1 n (15¢)
35—-4n)—sinwn, 05<n<1
10/31n, 0<n<0.15
0.5, 0.15<n <035
F = 15
Chopped peak = 11/8 —5/2m, 0.35 <1 < 0.75 (150
2n -2, 0.75<n <1
2n, 0<n<025
094—-1.78n, 0.25<n<0.7
Fsjitted U—root = 2.5 —4n, 0.7<n< 0.75 (15g)
—3.5+4n, 0.75<n <0.8
—-15+15n, 08<n<l1
2n, 0<n<0.25
0.94—-1.78n, 025<n<0.7
Fgi —root = 15h
Slitted U—root _0.57 0.7 < n< 0.8 ( )
—154+15n, 08<n<l
VALIDATIONS
This section first compares Amiet’s model (Ref. 43) and the

modified Lyu and Ayton’s model (Ref. 35) on the calculations
of trailing-edge noise on the straight wing section. The pre-
diction of noise reduction on a serrated wing section is val-
idated against the experiment. Second, 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.

Serrated Wing Section

This section verifies the implementation of the modified Lyu
and Ayton’s model against Amiet’s model and validates the
noise reduction with serrated trailing edges against experi-
mental data. Table 1 shows the verification and validation
cases. The first validation case is given in Fig. 4, 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 mod-
els demonstrates the correctness of our improvements shown
in Eq. (12).

The predictions of trailing-edge noise of a serrated wing and
a straight wing are provided in Fig. 5, where the experiment
data is given (Ref. ). The noise reduction, ASPL (sound
pressure level), is the Decibel difference between a straight
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Fig. 3: Serrated rotor blade geometry.

blade and a serrated blade in the same conditions. Amiet’s
model was used on the straight blade, while Lyu and Ayton’s
model was used on the serrated blade in this validation study.
It is seen that the noise reduction is predicted well at middle
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. 54). The existence of
these additional sources is case-dependent.

Table 2: Hovering Rotor Validation Parameters

Parameters APC Slow Flyer 11X4.7
R (m) 0.14

Ny 2

RPM 3000

Airfoil E63(hub)/ClarkY (tip)
¢, (deg) 90

7, (M) 1.65

Shape Sawtooth

2h (m) 0.006

[ (m) 0.00322
serration r/R range 0.5-1.0

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 an

60
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Fig. 4: Comparison of Amiet’s model and Lyu and Ayton’s
model on a straight wing section at different observer dis-
tances.

acoustic wind tunnel (Ref. 28). The microphone is 1.65 m di-
rectly above the rotor hub. The predictions of the rotor noise
with straight and serrated trailing edges are given in Fig. 6.
The predictions of the straight-blade rotor noise match the ex-
periment very well. At the middle 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, the serrated-
rotor broadband noise is over-predicted, due to the limita-
tion of Lyu and Ayton’s model in a small chord length. We
found that blades 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 are not
perfect compared to the experiment, they give reasonable pre-
dictions in noise reduction.
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Fig. 6: Validation of UCD-QuietFly on the serrated drone ro-
tor. Experiment data is given in Ref. 28, with broadband com-
ponents extracted.
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Fig. 7: Validation of UCD-QuietFly on the serrated drone ro-
tor in forward flight. Experiment data is given in Ref. 29, with
broadband components extracted.

In addition to the broadband noise validation of a hovering ro-
tor, broadband noise is predicted on a forward-flight eHANG
rotor with serrated trailing edges. The eHANG drone rotor
parameters are provided in Table. 3, where the acoustic mea-
surements were taken in an anechoic wind tunnel (Ref. 29).

Table 3: Forward Rotor Validation Parameters

Parameters eHANG Ghost 3.0
R (m) 0.13
Np 2
RPM 7200

u 0.1931
o (deg) 15
Airfoil Al8

@, (deg) -56.31
¥, (deg) 180

7, (m) 1.49
Shape Saw-tooth
2h (m) 0.00326
[ (m) 0.00652
serration /R range 0.2-1.0

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 ratio, 2i/I, of 0.5. The noise
reduction between a serrated-blade rotor and a straight-blade
rotor is predicted in Fig. 7 and compared against the experi-
mental data. It is seen that the prediction has good agreement
with the measurements, especially above 5 kHz, where appar-
ent noise reductions are present.

RESULTS

First, the serration effects on rotor broadband noise are
assessed by varying the trailing-edge serration parameters:
number of serrations, serrations’ starting radial location, ser-
ration geometry, serration height, and tip-to-root height ratio.
Next, the trailing-edge serrations are applied to NASA’s UAM
eVTOL quadcopter designs with varying tip speeds and blade
numbers. The directivity of the serrated-blade quadrotor in
hover is compared to the quadrotor with straight blades.

Effects of Serration Parameters

The baseline rotor case is an APC Slow Flyer drone rotor with
serrated trailing edges, whose 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 ro-
tor noise prediction is used as a reference, which is calculated
using Lyu and Ayton’s model from the corresponding serra-
tion 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 sections, which are
are less important acoustically. The noise difference between
the straight-blade rotor and serrated-blade rotor (AOASPL) is
calculated. Note that we use Lyu and Ayton’s model even for
the straight blade at the outboard sections where the serra-
tions would be located so that the noise comparison between
the straight blade and the serrated blade is fair. The frequency
range of summation for the OASPL (overall sound pressure
level) is 0.1-13 kHz.
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Fig. 8: The effect of the number of serrations on rotor broad-
band noise: (a) sound pressure level spectrum and (b) noise
reduction compared to the straight-blade rotor.

The effect of varying the number of serrations is shown in
Fig. 8, where the rotor trailing edges have saw-tooth serra-
tions from its 50 % radial position to the tip. As the num-
ber of serrations increases, the serration wavelength is short-
ened, which can also be seen as the effect of changing the
serration wavelength. The frequency spectrum of SPL in Fig.
8(a) shows that noise reductions occur in the mid- to high-
frequency range (above 2.5 kHz), while noise increases are
seen in the low frequencies. Increasing the number of serra-
tions (or reducing the serration wavelength) reduces the noise
level. However, as more serration shapes are added, the ef-
fectiveness of noise reduction is reduced. With more serra-
tions 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. Therefore, considering the manufacturing and
structural challenges, 22 serrations (2h/1=2) are desirable al-
though more serrations slightly improve the noise reduction.

Figure 9 shows the effects of changing the starting radial po-
sition of the serrations, where the inboard of the starting po-
sition has straight edges, as shown in Fig. 3. The frequency
spectrum indicates that the noise levels at the mid and high
frequencies (above 2 kHz) are reduced with the increasing
span portion of the serrated blade, while the low-frequency
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Fig. 9: 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.

range has a slight noise increase. This noise increase might re-
sult from the model difference when blending Amiet’s model
and Lyu and Ayton’s model on the same blade, where some
discrepancies at the low frequencies are present in Fig. 6. The
benefit benefit of using Amiet’s model for the straight portion
of a blade is to reduce the 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 about 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% 1/R is preferred.

Figure 10 demonstrates the effect of increasing the serration
height on broadband noise. The APC Slow Flyer rotor has
a chord length of about 28 mm at 75% /R, so attaching too
large serration heights is unrealistic. Since the serrations are
attached to the blade trailing edges, this approach results in
increasing the blade chord length, and the impacts of vary-
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ing the chord length on the boundary layer condition are ne-
glected in this study. It is observed that increasing the serra-
tion height has noticeable benefits of noise reduction, but this
benefit is reduced at the larger serration heights. As the serra-
tion height increases, the incline angle between the serration
and the blade span also increases to create stronger destruc-
tive interference between the serration tip and the root regions.
The trend of changing the height to wavelength ratio 2A/I in
Fig. 10 is the same as in Fig. 8; the higher 2A/I increases
the noise reduction in a decreasing rate. 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/f, which is proportional
to the serration height.
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Fig. 11: The effect of serration shapes on rotor broadband
noise: (a) (b) sound pressure level spectrum of the shapes in
Eq. (15), and (c) overall sound pressure level reduction com-
pared to the straight-blade rotor.

The different serration shapes shown in Fig. 2 and Eq. (15)
are used on the rotor to study their noise reduction capabil-
ities. Figure 11 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. The
square and the half-sine shapes give the least noise reductions
of about 3 dB. This trend is accounted for in the shape co-
efficient in Eq. (14), where the saw-tooth shape gives an in-
creasing noise reduction as the frequency increases, but the
square shape provides an up-and-down noise reduction behav-
ior as a function of frequency. Note that the saw-tooth shape in
Fig. 11(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.

For some rotor designs, different sizes of serrations may be
preferred along the blade span. The effect of changing the
serration height’s tip-to-root ratio is given in Fig. 12. For the
tip-to-root ratio of 0.5, the tip serration height is half of the
starting /R serration height, which is 0.5. The serration height
linearly varies in between. The larger tip-to-root ratio creates
a larger serration height at the tip to reduce noise. The tip-to-
root ratio of 0.5 still provides a considerable noise reduction
of 4.23 dB, although it is 1.45 dB lower than the constant
geometries on the blade, as shown in Fig. 11(b). For tapered
rotor blades with the reduced chord length at the tip, a smaller
serration height at the tip region may be required for structural
reasons.

Fig. 13: Conceptual design of an electric quadrotor (Ref. 16).

Table 4: UAM eVTOL Quadrotor Parameters (Ref. 16)

Parameters 6-passenger eVTOL quadrotor
R (m) 2.808

N, 4

Np 3/3/7

Viip (m/s) 700/550/375
Airfoil VR-12/SSC-A09
¢, (deg) -90

7o (M) 150
Shape Sawtooth

2h (m) 0.0702

[ (m) 0.0351
serration /R range 0.5-1.0

Noise Reduction on an eVTOL Quadcopter

The UAM quadrotor conceptual designs shown in Fig. 13 are
studied for their noise reduction potentials using trailing-edge
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Fig. 12: 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.

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. 4. In this study, the blade trailing edges of the quadro-
tor are serrated from mid-span to the tip with the saw-tooth
geometry, whose serration height is 22=0.0702 m and serra-
tion wavelength is /=0.0351 m so that 2h/l becomes 2. 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 about 0.17 m. For this chord length, we found
that Amiet’s model and Lyu and Ayton’s model provide al-
most the same results on the straight blade as demonstrated
in Fig. 4. Thus, we have selected Amiet’s model for its fast
calculation. Three designs, with different tip speeds and num-
bers of blades, are studied in Fig. 14. The community back-
ground noise measured in a neighborhood in Sunnyvale, Cal-
ifornia (Ref. 55) is added in the figure as reference. The noise
spectrum shows that the noise reductions appear in the entire
frequency range. The A OASPL shows that the trailing-edge
serrations have more noise reductions on the higher-tip-speed
and fewer-blade designs. Trailing-edge serrations are effec-
tive in reducing noise in the mid-frequency range (1-5 kHz),
which is masked by the community background noise. Al-



though 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 pub-
lic. In sum, 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.
14(b), which is significant considering the unmasked eVTOL
noise in the urban environment (Ref. 42).
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Fig. 14: Effects of using serrated blades on broadband noise
of a eVTOL quadrotor, with various design tip speeds and
numbers of blades. The observer is located at 492 ft directly
underneath the vehicle. The serration height is 24=0.0702 m
and the serration wavelength is /=0.0351 m. The community
background noise is given in Ref. 55. (a) sound pressure level
spectrum and (b) overall sound pressure level reduction com-
pared with the straight-blade rotor.

The hemispheric broadband noise directivities of the UAM
eVTOL quadrotor are calculated in Fig. 15, including the
straight-blade quadrotor, the serrated-blade quadrotor, and the
noise reduction. The vehicle parameters are given in Table
4, and the radius of the observer hemisphere is 150 m. The
quadrotor selected for this directivity study has three blades
and the tip speed of 700 ft/s. The blue dot in Fig. 15 repre-
sents the vehicle position. The straight-blade quadrotor noise
is calculated using Amiet’s model. It is seen that both the
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straight-blade and the serrated-blade quadrotors have dipole
directivity, where the highest noise level is found directly be-
low the quadrotor. The noise reduction is observed for all ob-
server 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 rotor-
craft is consistent with the directivity on a serrated airfoil sec-
tion, where noise reductions are observed for all observer an-
gles (Refs. 56,25).
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Fig. 15: 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.

CONCLUSIONS

This paper presented a state-of-the-art approach to predict
broadband noise on rotors with serrated trailing edges. The
original Lyu and Ayton’s serrated airfoil section model, based



on the Wiener-Hopf solution, was extended in this paper to in-
clude the finite span, the modified scattering coefficient, and
the spanwise observer distance. These extensions were ver-
ified with Amiet’s model and validated for serrated trailing-
edge noise of a wing section, a hovering rotor, and a for-
ward rotor. The effects of serration parameters on rotor broad-
band noise were studied. The broadband noise directivity of
a serrated-blade quadrotor is investigated. The potential noise
reduction using serrated trailing edges on an eVTOL quadro-
tor was analyzed. Important findings are summarized as fol-
lows:

* The serration height to wavelength ratio of 2 is a desir-
able selection to reduce rotor broadband noise, since fur-
ther increasing the ratio only has slight noise reduction
benefits. The preferred radial range to install trailing-
edge serrations on a rotor blade is 50% to the tip, where
the noise reduction increases linearly with the spanwise
serrations added. However, adding serrations on the in-
board 50% of the rotor blade only gives minimal noise
reductions. The sine-wave, chopped peak, and saw-
tooth serration shapes provide the largest noise reduc-
tions, and the square shape provides the least noise re-
duction among the studied shapes. A linearly decreasing
serration height from the root to the tip slightly decreases
the noise reduction compared to a constant height.

On an eVTOL quadrotor, more than 9 dB noise reduc-
tion was found with serrated trailing edges. Higher noise
reductions are observed on the serrated quadrotors with
higher tip speeds and fewer blades.

The serrated-blade UAM eVTOL quadrotor have the
dipole broadband noise directivity, and noise reductions
are observed at all observer angles with a primary noise
reduction toward downward 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 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. Finally, we note that the analytic
model only considered 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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