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Acoustic Predictions for the Side-by-Side Air Taxi Rotor in Hover
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ABSTRACT

In this paper, acoustic predictions are performed for the rotors of NASA’s side-by-side Urban Air Mobility
(UAM) aircraft in hover. Investigations of the acoustics are performed on four overlap configurations, 0%, 5%,
15%, and 25%, in hover via high-fidelity Computational Fluid Dynamics (CFD) simulations. CFD simulations
are carried out using the HPCMP CREATE™.-AV Helios and acoustics calculations are conducted using PSU-
WOPWOP. Blade airloads and performance of the rotors are computed for this study. Predictions on the rotor
airloads and wake geometry are compared for all overlap configurations at a collective pitch angle of 8°. It is
shown that the 25% overlap configuration yields a higher overall sound pressure level (OASPL) than for the
other overlap configurations, mainly due to stronger blade-vortex-interactions at the entrance and exit locations
of the overlap region. It is found that the OASPL difference in hover is above 62 dB at an altitude of 500 ft (152.4
m), which is the UAM aircraft noise guideline suggested by Uber. Additionally, noise for all overlap cases are
compared against various background noise levels. Results show that noise from the side-by-side rotor could
not be fully concealed by the various background noise at an altitude of 500 ft (152.4 m).

NOMENCLATURE
R rotor radius, m
Ny number of blades
Cref blade reference chord, m
c speed of sound in the undisturbed medium, m/s
Cip tip chord length, m
F, blade normal force, N/m
dF, blade sectional normal force, N/m
dF,/d¥Y azimuthal derivative of sectional normal force, N/m
i blade surface loading vector, N/m
l -7, N/m
M, M-7
M., freestream Mach number
r/R nondimensional radial position
r distance between ¥ and X, m
P total acoustic pressure, Pa
. loading noise acoustic pressure, Pa
P thickness noise acoustic pressure, Pa
q g-criterion, 3 (|[W;;||? —[1S;;1%), 1/s?
g non-scaled g-criterion, g/(ce/Lyef)?
Sij strain-rate tensor, 1/s2
t observer time, s
As grid spacing, m
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Wi; spin-rate tensor, 1/s%

X observer location, m

y acoustic source location, m

6, blade collective pitch, deg

Po air density, kg/m?

v local fluid velocity on the blade surface, m/s
v rotor azimuth, deg

Acronyms

CFD Computational Fluid Dynamics
CCW counterclockwise

CwW clockwise

VTOL vertical take-off and landing
SPL sound pressure level, dB
OASPL overall sound pressure level, dB
UAM Urban Air Mobility

VTOL vertical take-off and landing

INTRODUCTION

Multi-rotor air vehicles or Vertical Take-Off and Landing
(VTOL) aircraft have gained a lot of interest over the last
several years with a great potential to support the concept of
Urban Air Mobility (UAM) (Refs. 1-3). One of the main
goals of UAM is to deliver packages, which is already en
route with retail industry. However, an even more ambi-
tious goal of UAM is to provide public transportation that is
environmentally friendly, safe, and affordable to urban res-
idents. This is all in response to increasing urbanization,
crowding and congestion on roads making ground transport



increasingly difficult to operate effectively within urban envi-
ronments. The current ground transportation services are cur-
rently experiencing tremendous strain even more in densely
populated cities. Electric VTOLs (eVTOL) or hybrid-electric
VTOLs, are two types of UAM air vehicles that can provide
solutions to alleviate that strain on existing city networks.
There are also other essential applications that can benefit
from UAM including transporting of goods for medical pur-
poses. With a wide range of applications, an initiative for
UAM presents possible and viable solutions to moving both
people and goods in urban areas. However, there are barri-
ers for this platform to be successful. For example, noise and
public acceptance will be critical to the success of UAM. Uber
recommended (Ref. 4) that the UAM aircraft noise should be
62 dB at 500 ft altitude or 67 dBA at 250 ft altitude.

The design space for UAM VTOL is wide-ranging and there
is much more that remains to be explored in this area, as op-
posed to conventional helicopters, which have only a main ro-
tor and a tail rotor. Typical UAM VTOL aircraft designs have
multiple rotors (mostly electric or hybrid) with a smaller ro-
tor radius in distributed propulsion as shown in Fig. 1. UAM
VTOL designs may also have a higher rotation rate compared
to conventional rotorcraft, as well as possibly the addition of
lifting wing surfaces much like compound helicopters. It is
essential to account for multi-rotor interactional aerodynam-
ics and acoustics for these UAM vehicle designs, compared to
conventional helicopters. There are expectations of significant
noise generation, tonal and broadband noise, due to complex
aerodynamics interactions of multi-rotor UAM vehicles.

Fig. 1: A multi-rotor UAM vehicle from Airbus called the
Vahana (Ref. 5)

A series of studies on conceptual design of UAM aircraft
were performed by Johnson et al. (Refs. 3,5, 6) for lift+cruise
VTOL, quadrotor, and side-by-side rotor. There are also
studies conducted by Ventura et al. (Refs. 7, 8) that includes
high-fidelity CFD using OVERFLOW (Ref. 9) loosely cou-
pled with a Computational Structural Dynamics (CSD) com-
prehensive analysis code, CAMRAD 1II, on NASA’s six-
passenger side-by-side hybrid (as seen in ) VTOL configura-
tion (rotors and fuselage) in forward flight. In this study, their
results showed that the percentage of the overlap region is a
key parameter to the rotor airloads and cruise performance.
They also found that results from the 15% overlap configura-
tion yielded the best lift-to-drag ratio.

Jia and Lee (Refs. 10-12) investigated NASA’s quadrotor and
side-by-side rotor concept design studies, not only predict-
ing the aerodynamic performance, but also performing the

Fig. 2: Six-passenger side-by-side air taxi VTOL concept de-
sign from NASA (Ref. 5)

acoustic predictions in forward flight condition. Their results
showed that blade vortex interaction (BVI) events, generate
significant noise. For example, the side-by-side rotor study,
the increasing the overlap region significantly enhanced rotor-
to-rotor BVI noise. They also conducted a study the effect of
the finest grid spacing (5% Cyp, and 10% Cyp) in the refine-
ment off-body region on the aerodynamic and acoustic pre-
dictions, and they found that 10% Cgp is sufficient to cap-
ture BVI noise. These early studies on different UAM air-
craft noise were conducted only for forward flight conditions.
However, noise could also be significant in hover, which is es-
pecially important for UAM operations due to the close prox-
imity to the ground personnel. Sagaga and Lee (Ref. 13) stud-
ied the hover performance for the side-by-side rotor configu-
ration with various values of the overlap.

The objective of this work is use a first-principles and high-
fidelity CFD method to perform an analysis on the acoustics of
NASA'’s six passenger side-by-side UAM vehicle in the hover
condition. From the results of the high-fidelity CFD, possi-
ble sources of noise can be identified including blade-vortex-
interactions. We present the effect of the rotor-to-rotor over-
lap percentage on the strength of the noise being generated as
well as on the far-field noise directivity. Noise generated from
the aerodynamic interactions of the side-by-side rotors due to
overlap is compared to that from an isolated rotor (hover con-
dition) as well as to background noise. Ultimately, this paper
is to assess the viability of UAM operations in urban areas at
low altitudes.

METHODOLOGY

First-principles unsteady and compressible Navier-Stokes
equations are solved to capture unsteady flow, radial flow,
swirl flow, compressibility, flow separation, and blade-vortex
interaction for the rotors of the six-passenger side-by-side hy-
brid VTOL UAM configuration as shown in Fig. 2 (Ref. 5).
CFD calculations are performed using CREATE™-AV He-
lios (Ref. 14) using the OVERFLOW module in the near-
body and SAMCart in the off-body. For the off-body mesh, it
uses a fine structured mesh with an adaptive Cartesian mesh
refinement to aide in resolving the tip vortices. Simulations
in the present work will only include the left (CW) and right
(CCW) rotors without the fuselage. There is a 45° phase shift
applied to the left rotor as seen in Fig. 3. Different overlap-
ping cases, including 0%, 5%, 15%, and 25%, are considered
in order to investigate the effect of the overlap distance be-
tween the left and right rotors on acoustics. For each over-



lap case, the amount of distance between two rotors direction
defines the percentage in the overlap region. These overlap
distances are nondimensionalized using the radius (R) of the
rotor. The separation distances between the left and right ro-
tor centers for 0%, 5%, 15%, and 25% overlap correspond
to 2R, 1.9R, 1.7R, and 1.5R. Since the material properties are
not made available from the initial design phase of the vehi-
cle, the rotor blades are modeled as rigid (no elastic defor-
mation). Other vehicle’s design parameters are presented in
Table 2. Details on the CFD solver, grids, and settings are
outlined in the subsequent sections. The Boeing VR-12 and
Sikorsky SSC-A09, two modern airfoils are used for the ro-
tor blades. Along the span at R < 85%, the VR-12 is used,
and at R > 95%, the SSC-AQ9 is used. In the 85% and 95%
spanwise locations, a linear interpolation between the SSC-
A09 and VR-12 is assumed. Both the blade chord and twist
distributions are assumed linear. Between the R = 0.94% and
blade tip, there is a 15° linear swept-tapered ratio, which can
be seen in Fig. 4, depicting the blade planform.

Blade 2
W =45°

Blade 3
W =135°

Blade 4
W =180

Blade 2
w=90°

Blade 4
W =225°

Blade 1

W =315°
Blade 1
w=0°

Fig. 3: Side-by-side rotor configuration with no overlap

Table 1: Basic properties for the side-by-side air taxi

Rotors 2
Blades per Rotor 4
Rotor Radius 10.5 ft (3.2 m)
Tip Chord Length 0.43 £t (0.13 m)

499.97 RPM
621.7 ft/s (189.5 m/s)
3,950 1b (1,792 kg)

Nominal Rotor Speed
Nominal Rotor Tip Speed
Gross Weight

CFD Simulation Setup

OVERFLOW, a high-fidelity and overset structured flow
solver developed and maintained by NASA, is used as the
near-body solver in Helios. An off-body Cartesian solver,
SAMCart, in conjunction with AMR is used to capture the
rotor wakes and tip vortices shedding off. In OVERFLOW,
we apply a fifth-order central difference spatial scheme for
the inviscid terms. With the viscous terms, a second-order
discretization scheme is used. For temporal discretization,

10.5 t (3.2 m)

SSC-A09

Fig. 4: Rotor blade planform

a second-order diagonalized Beam Warming pentadiagonal
scheme is used along with dual-time stepping subiterations.
The Spalart-Allmaras DES option is used in the near-body in
order to resolve viscous turbulent flows near the wall and to
resolve the wake in the off-body. A rotation curvature correc-
tion model is used. Time-accurate simulations for the present
work are divided into two different time-step simulations to
reduce computational time. In the initial run, time-step size
is set to 1.0° azimuth for 2,880 timesteps or 8 rotor revo-
lutions. A restart is then initiated for the second run, for
which we switch to a finer time-step size of 0.25° azimuth for
5,760 timesteps or 4 rotor revolutions. All CFD simulations
were carried out on the Centennial (SGI-ICE-XA) or Excal-
ibur (Cray XC40) high performance computer (HPC) located
at the U.S. Army Research Laboratory and U.S. Department
of Defense (DoD) Supercomputing Resource Center (DSRC).
A total of 20 nodes (800 cores) on Centennial or 25 nodes
(800 cores) on Excalibur were used for all simulations. Ta-
ble 2 and Table 3 respectively shows the simulation settings
and presents the breakdown of the computational cost for each
simulation.

Table 2: Simulation settings | All overlap cases

Near-body settings
Grid type

Structured grid

Spatial scheme fifth-order accurate

Turbulence model SA-DES
Off-body settings
Grid type Cartesian AMR

Finest wake-grid spacing 10% Cip spacing
Fifth-order accurate

SA-DES

Spatial scheme
Turbulence model

CFD Grids

A dual-mesh paradigm is employed in Helios, as mentioned
earlier, which divides the entire computational domain into
the near-body (structured/unstructured) and off-body (struc-
tured) mesh systems. The rotor blades are modeled using



Table 3: Computational size and cost | All overlap cases

Near-body grid

Per rotor blade 4.9 million
Both rotors 39.2 million
Off-body grid

AMR OFF 153.5 million
AMR ON 625.9 million

Number of processors 800
2.5 | First 8 revs
19 | Last 4 revs

Simulation time per rotor
revolution (hrs)

an overset structured mesh for the near-body with an O-grid
topology, and the far-field is modeled in the off-body using
an adaptive Cartesian grid. The near-body mesh was created
using NASA’s Chimera Grid Tools (CGT), which is an over-
set grid generation software. As shown in Fig. 5, the surface
mesh of the blade is closely inspected at the blade root and
tip. As for the details on grid resolution, there are 265 points
around the airfoil, 165 points in the spanwise direction, and
65 points in the normal direction. The spacings at the lead-
ing and trailing edges are set to 0.05% Cy;, and 0.02% Cyp,
respectively, with Cy;;, being the tip chord of the blade. The
spacing at wall of 1.0 x 107> meters, in order to achieve a y+
(dimensionless wall distance) of 1.0.
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In the near-body volume grids, the end spacing is set to 10%
Cijp- For the off-body Cartesian volume grids, the finest spac-
ing is set to 10% of the Cyjp. The number of points for each
rotor blade is approximately 4.9 million, and a total of 39.2
million grid points are used for all eight rotor blades.

The Cartesian grid in the off-body is automatically generated
by SAMCart using eight refinement levels with an adaptive
mesh refinement (AMR) turned on after eight rotor revolu-
tions. AMR is a feature in SAMCart, which helps capture
the detailed physics of the rotor wakes including any and all
shedding tip vortices within the defined AMR region as seen
in Fig. 7. There is a fixed refinement box surrounding the two
rotors, which is used to resolve and capture the flow physics
and wake near the rotor blades. The spacing in the fixed re-
finement box is set to be 10% Cijp, which matches the spacing
on the outer-boundary of the near-body volume grids, and its
spacing does not change throughout the duration of the simu-
lations as opposed to the AMR region. Setting a fixed refine-
ment box with an adaptive region for tracking the shedding
vortices especially in the far-wake can also help reduce the
cost for these types of simulation cases. The size of the re-
finement box is set to 1.25R in the x-direction, 2.5R in the
y-direction, 0.25R in the positive z-direction, and 2R in the
negative z-direction as seen in Figs. 6 and 7. The total num-
ber of grid points in the off-body grid is approximately 800
million grid points after 12 rotor revolutions. The domain size
for the off-body is set to 20 rotor radii away from the origin in
every direction.
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Fig. 5: Near-body grids at the blade root (Top) and blade tip
(Bottom)
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Fig. 6: Off-body grid (Top view)
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Fig. 7: Off-body grid (Side view)



Acoustic Simulation Setup

An acoustic prediction tool, PSU-WOPWOP (Refs. 15, 16),
is used for the acoustic predictions in this work. Farassat’s
Formulation 1A (Refs. 17, 18) of the Ffowcs Williams and
Hawkings (FW-H) equation (Ref. 19) is numerically imple-
mented in PSU-WOPWOP. The Formulation 1A from Faras-
sat is determined on the impermeable surface approach used
in the present work. As seen below are the equations for the
Farassat Formulation 1A:

p'(x1) = pr(X,1) + pL(X,1) (1)

oo (Vi + Vi)
dmpy (i) = [ | Pt Wntvi) | g
Pr(%o) fol r|1— M,
M M M2 ret (2)
" oo Vin r My —
+/ P==Vn (rM + c( : | s
Jf=0 r|1—M,| ot

1 i
amp (7.t :7/ T | as
pL( ) Coo J =0 [rl—Mr|2_ »
Lty |
+/ LMZ ds 3)
=0 [P =M ||
1 L(rM, + c(M, + M?)) | s
Coo Jf=0 72|1_Mr|3 1 ret

In the equations above, p’ denotes the total acoustic pressure,
p/T denotes the thickness acoustic pressure, which is induced
by the motion of the blade, and P; denotes the loading noise
acoustic pressure, which is generated by lift and drag of the
rotating blades. p, is the fluid density, c is the speed of sound,
r is the distance of the source’s position (¥) to the position
(%) of the observer, v, is the blade velocity in the normal di-
rection, /, is a component of the blade loading of the surface
in the radiation direction, I, denotes the change in the blade
loading of the surface with respect to the change in the acous-
tic source/retarded time, and M, is the Mach number of the
blade surface in the radiation direction toward the observer’s
location. The integrands of Farassat’s Formulation 1A are
evaluated at the retarded time as denoted by ret in the above
equations.

It is also important to note the two terms that have a signif-
icant influence on the magnitude of the acoustic pressure in
Farassat’s Formulation 1A. These terms are the:

1. Doppler amplification factor, m

2. The sudden change within the airloads with respect to the
retarded time, I,

In particular, the second term is important for BVI noise since
this term becomes large at the onset of BVI events.

In the acoustic simulations performed, a single observer is po-
sitioned at the 90° elevation angle, 500 ft (152.4 m) below the
rotor disk plane in order to assess Uber’s noise guidelines. An
representation of the single observer grid can be seen in Fig.
8.

500 ft
(152.4 m)

v

°
90°

Fig. 8: Single observer location (not to scale | side view)

RESULTS

The side-by-side rotor configuration of NASA’s urban air
taxi concept is simulated in the hover condition using Helios
(V8.1). All overlapping configurations of the side-by-side ro-
tors, 0%, 5%, 15%, and 25%, are simulated with a collective
pitch angle of 8°. In a previous study (Ref. 13), the aerody-
namics of the side-by-side rotors were investigated including
24 simulations with a range of collective pitch angles from
4° to 12° in increments of 2°. After 12 rotor revolutions, all
forces and moments of each CFD simulation case were found
to be fully converged, with a total of 8,640 timesteps.

Effect of Rotor Overlap on Flow Fields and Airloads

In Fig. 9, it shows a comparison for all the overlap config-
urations for the iso-surfaces of a non-scaled qg-criterion and
colored by the vorticity magnitude at the last timestep where
the forces and moments are converged. It is interesting to find
that in Fig. 9, self-BVI events can be seen on each rotor in all
the overlap cases. However, in the 5%, 15%, and 25% overlap
cases, there are also rotor-to-rotor BVIs, indicating that there
are aerodynamic interactions between the tip vortex of one
rotor and the blade surface of the other rotor. The interaction
between the tip vortex with the blade causes the large peaks
in the total acoustic pressure for all overlap configurations.

Figure 10 (a) shows the entrance and exit of the overlap region
at the 25% overlap case. The tip vortices are not clearly visible
within the overlap region since they are rapidly convected to
the downstream due to high induced velocities in the overlap
region as shown in Fig. 11. Also, in Fig. 10 (b), a forma-
tion of an Omega shaped vortex structure is shown as a result
from a merge of the two tip vortices from each rotor when
they enter and exit the overlap region. There are also smaller
secondary worm-like structures moving upwards in the +Z di-
rection as seen in Fig. 10 (c), and these structures are pulled



by the circulation of the tip vortices. These small secondary
worm-like structures were investigated in previous studies for
isolated rotor cases (Refs. 20-23), in which the grid resolu-
tion and sub-iteration convergence were studied on how each
affects the formation of these secondary structures.

Vorticity Magnitude

(d) 25% Overlap

Fig. 9: Isometric view of the iso-surfaces of a non-scaled g-
criterion for all the overlap cases, colored by vorticity magni-
tude.

In Fig. 11, it shows a comparison of the induced inflow ratio
for all the rotor overlap configurations. It can be seen that the
induced inflow ratio increases significantly as the overlap re-
gion increases. The increased induced inflow ratio is due to
the overlapped tip vortex and wake effects from both rotors.
Furthermore, the higher induced inflow ratio in the overlap re-
gion pushes the blade-tip vortices in the downward direction.

Entrance

Vorticity Magnitude
mlo

nuu

(b) Formation of Omega shaped vortex

Secondary worm-like structures

“"Velocity vectors of secondary vortices
moving upwards

(c) Small secondary worm-like structures moving in the +Z
direction

Fig. 10: Entrance and exit points of the overlap region for
the 25% overlap case; Omega shaped vortex structure; small
secondary worm-like structures.

Figure 12 shows a quantitative comparison of dF,/d¥ of the
right rotor for all rotor overlap configurations at the 75% span.
Due to symmetry between the left and right rotor of the distri-
bution of dF, /dP, only the right rotor is analyzed here. Once
again, the results demonstrate that the magnitude of the BVI
events located within 225° and 315° azimuths which is the
range where the entrance and exit locations of the overlap re-
gion for all the rotor overlap configurations. The 25% over-
lap case shows significantly higher rotor-to-rotor BVI peaks
located near 225° and 315° azimuths compared to the other
overlap cases. It is anticipated that the 25% overlap configu-
ration would result in the highest sound pressure level. In a
later subsection, a relationship between the acoustic sources
and the noise of the side-by-side rotor at a distinct observer
location is studied.

It is useful to see the variation of the normal forces, especially
in the overlap region, since the rate of the change in the nor-
mal force is the source of acoustics. Figures 13 and 14 show
how the normal force is significantly affected by the increase
in the overlap region. In Fig. 13, it compares the normal
force for all overlap cases at different radial locations along
the blade. It can be seen that the width, depth, and the rate
of the change of the normal force significantly increase with



(d) 25% Overlap

Fig. 11: Comparison of A; (inflow ratio) between all of the
overlap cases; the black bar represents the rotor disk plane.

increasing the overlap, especially for the 15% and 25% over-
lap configuration. Figure 14 shows the variation of the width
and depth in the radial direction for each overlap case. As ex-
pected, the width of the overlap region increases with increas-

[N/(deg-m)]

z
R

dF_/d¥

90 180 270
v
[—0% 5% 15% — 25%|

o

360

Fig. 12: Comparison of dF,/d¥ of the right rotor at the 75%
span

ing the overlap percentage. We have added the 0% overlap as
a reference since the width and depth of the normal force for
this case do not necessarily represent the effect of the overlap.
It is shown that the 5% overlap has similar width and depth
as for the 0% overlap case, except near the tip. However, the
15% and 25% cases show large deviations from the 0% case.
The significantly increased depth and the slope of the change
will increase acoustics in the 15% and 25% overlap cases as
will be shown later. The increased depth with a larger over-
lap may indicate the separation of acoustic pulses of each ro-
tor blade. However, since we consider multiple blades as the
noise source, the separation of acoustic pulses for one blade
will not necessarily represent the total acoustic pressure pulse
width, which will be discussed later.

Effect of Rotor Overlap on Acoustics

Figure 15 shows that an increase in the rotor overlap increases
the total acoustic pressure. The large and distinct acoustic
peaks occur when the rotor blades either enter or exit the
overlap region. The blade-vortex-interactions at these two
locations are a direct correlation to the large acoustic peaks.
However, there are also small variations between each of the
peaks, which are mostly likely to be from the interaction of
the rotor blades with the small secondary worm-like struc-
tures mentioned earlier. In Fig. 15, isolated rotor acoustic
results are added as a reference since this isolated rotor does
not exhibit rotor-to-rotor BVI. It is clearly seen that the acous-
tic pressure from the isolated rotor is almost negligible, which
demonstrates the importance of the role of rotor-to-rotor BVI
on the noise generation. Figure 16 show the contours of the
first integrand of the loading noise portion as seen in Eq. (3),
for the right rotor only due to symmetry. The black lines rep-
resent the rotor blades where at an observer time, at which the
rotor blade enters or exits the overlap region. At the provided
microphone positions, the key aerodynamic interactions that
mostly affects the total acoustic pressure are:

* Rotor-to-rotor BVI events happening while entering
(blue color) and exiting (red color) the overlap region for
the 5%, 15%, and 25% overlap cases.
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Looking at all the overlap cases, more notably the 25% over-
lap case, is significantly more impulsive in regard to the
strength of the rotor-to-rotor BVI events.

In Fig. 17, blade 2 is coming out of the overlap region at
the exit location just past the 270° azimuth (0% overlap) and
about 315° azimuth (25% overlap) contributing to the large
positive acoustic peaks at t = 0.1289 sec and t = 0.1389 sec
respectively. In contrast, at t = 0.1242 sec and t = 0.1422 sec
for the 0% overlap and 25% overlap cases respectively, blade
2 can be seen entering the overlap region, which contributes to
the large negative acoustic peaks at the observer times. Figure
17 illustrates not only what is causing the large spike in the
total acoustic pressure, but also the effect of blades on the
acoustic peaks. For the 0% overlap, one blade contributes a
pair of the negative and positive peaks at a relatively short
time as it passes through the entrance and exit of the overlap.
For the 25% overlap, a pair of the positive and negative peaks
is contributed by two blades as one blade exits and the other
blade enters the overlap region. The cause of the variations in
the acoustic pressure between distinct peaks are likely due to
the smaller secondary worm-like structures as it breaks down
during the blade passage.
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Fig. 15: Comparison of the total acoustic pressure of all rotor
overlap cases and an isolated rotor case

Comparison with Background Noise Levels

As discussed in earlier sections, UAM aircraft noise can be
one of the main barriers in gaining public acceptance espe-
cially if it exceeds background noise. As per guidelines from
one of the largest promoters of UAM, Uber Technologies Inc.,
the UAM aircraft noise should be approximately 62 dB at an
altitude of 500 ft (152.4 m), as well as needing to be 15 dB
lower than that of a similar sized helicopter noise at the same
altitude and flight operating conditions (Ref. 24). The acous-
tic results of the side-by-side rotor analyzed in this subsection
are computed based on CFD simulations. Acoustic simula-
tions are considered for all overlap cases in hover condition
with a single observer positioned 500 ft (152.4 m) directly
below the rotor disk plane. Figures 18 and 19 shows the
one-third octave band sound pressure level (SPL) and over-
all sound pressure level (OASPL) respectively for each over-
lap case. Both plots show a comparison of each rotor overlap
configuration to the background noise, which include freeway,
community, park, and rural areas. Figure 19 clearly shows that
all of the overlap cases exceed the Uber noise guideline of ap-
proximately 62 dB at an altitude of 500ft (152.4 m). It can
be seen that the OASPL is lower for the 0% and 5% overlap
cases by about 3.2 and 2.7 dB respectively compared to the
freeway noise when operating at 500 ft (152.4 m), however, it
exceeds the community, park, and rural noise. The same can
be said for the one-third octave band SPL of the 0% and 5%
overlap where, at lower frequencies, noise is lower than the
freeway, rural, community, and park noise. However, there
is a small range of frequency, which, for the same overlap
configurations, exceeds the freeway background noise. The
15% and 25% overlap cases show as much as 20 dB larger
than all background noise, especially in a 100-2,000 Hz fre-
quency range. It should be noted that current calculations do
not take into consideration a component of rotorcraft noise,
broadband noise. As demonstrated in a previous study by Li
and Lee (Refs. 25,26), when multiple vehicles are operating
simultaneously, UAM broadband noise could increase signif-
icantly, especially at high frequencies.
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CONCLUSION

CFD simulations were performed using a high-fidelity tool,
CREATE™.AV Helios, in order to study the acoustics of
NASA’s side-by-side rotor configuration with 0%, 5%, 15%,
and 25% overlaps in the hover condition. Acoustic simula-
tions based on an impermeable approach were carried out us-
ing PSU-WOPWOP, an acoustics prediction tool developed
from Penn State. Detailed comparisons on the strength of the
acoustic source for all rotor overlap configurations were per-
formed. Connections between the different acoustic sources
and the resulting noise were investigated for each overlap
case. Comparisons between the side-by-side rotor noise and
various background noise were also carried out in order to
assess UAM aircraft noise as well as its impact on urban com-
munities. Conclusions drawn based on the results presented
and analyzed in this present work are the following:

1. The most dominant noise sources of the side-by-side
rotor with rotor overlap in the hover condition are the
blade-tip interactions with the tip vortical structures as
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the blade enters and exits the overlap region. These
events are significantly stronger in magnitude than the
self-BVI events for larger rotor overlap configurations
(i.e. 25% overlap).

The 25% overlap case for the side-by-side rotor has a sig-
nificantly higher noise level compared to the other over-
lap cases mainly due to substantial interactions between
the blade and the vortical structures at the entrance and
exit locations of the overlap region.

The noise guideline from Uber of 62 dB at an altitude of
500 ft (152.4 m) was not met for each rotor overlap con-
figuration. Thus, technologies for noise reduction should
be developed in order to improve the public acceptance
for UAM operations.

The side-by-side rotor noise is not completely masked by
various background noise at an altitude of 500 ft (152.4
m) in the hover condition. It is important to mention
that broadband noise was not incorporated in the noise
calculations of this paper. This signifies that the actual
noise levels of the side-by-side rotor could possibly be
higher. It is anticipated that, with multiple vehicles oper-
ating simultaneously, the noise level will even increase.
Thus, it is important to pursue a way to reduce the impact
of UAM aircraft noise, possibly with a way of optimiz-
ing the trajectory for all operating air vehicles including
UAM or designing low-noise blades.
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