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High-Fidelity Computational Analysis on the Noise of a Side-by-Side
Hybrid VTOL Aircraft

Zhongqi (Henry) Jia∗ Seongkyu Lee

Ph.D. Candidate Associate Professor

Department of Mechanical and Aerospace Engineering

University of California, Davis, CA

This paper investigates the acoustics of a side-by-side urban air mobility (UAM) aircraft with 0%, 5%, 15%, and 25%

rotor overlaps in forward flight based on high-fidelity computational fluid dynamics (CFD) simulations. The CFD and

acoustics simulations are carried out using the HPCMP CREATETM-AV rotorcraft simulation and analysis tool Helios and

the acoustic prediction tool PSU-WOPWOP. First, the influence of the finest wake-grid spacing (�finest) on the side-by-side

rotor acoustics is studied. No significant difference in overall sound pressure level (OASPL) is found between the two wake-

grid spacing cases: �finest = 5% Ctip and 10% Ctip. Physical noise sources, such as impulsive self blade–vortex interactions,

rotor-to-rotor blade–vortex interactions, and separated flow and blade interactions, are investigated in details based on

high-fidelity CFD simulation results and noise-integrand analyses. The effect of rotor overlap on rotor acoustics is also

assessed. It is found that the maximum OASPL difference among the overlap cases is about 1 dB, but the radiation patterns

are different for each overlap case. Furthermore, the noise of the side-by-side rotor with 0% and 25% overlaps is compared

against the noise of a conventional helicopter and various background noises. The side-by-side rotor noise is comparable

with the helicopter noise around 1000 Hz. The results also show that the side-by-side rotor noise could not be fully masked

by the freeway background noise even at an altitude of 1500 ft and exceed Uber’s noise guideline of 62 dBA at 500 ft. Thus,

noise reduction technology should be pursued to lower UAM aircraft noise, which is one of major technical barriers for

UAM public acceptance.

Nomenclature

c∞ speed of sound in the undisturbed medium, m/s

Ctip tip chord length, m

d observer distance, m

d/R nondimnesional observer distance

Fn blade sectional normal force, N/m

dFn/d� azimuthal derivative of Fn, N/(m-deg)

Lref grid unit reference length, m
�l blade surface loading vector, N/m

lr �l · r̂ , N/m

l̇r change of blade surface loading with respect to the retarded

time, N/(m-s)
�M local Mach number vector

Mr
�M · r̂

M∞ freestream Mach number

r distance between �y and �x, m
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r̂ unit vector of r in the radiation direction

R rotor radius, m

q q-criterion, 1

2
(||Wij ||

2 − ||Sij ||
2), 1/s2

q̄ nondimensional q-criterion, q/(c∞/Lref)
2

Sij strain-rate tensor, 1/s2

t observer time, s

tmax maximum observer time, s

Wij spin-rate tensor, 1/s2

�x observer location, m

�y acoustic source location, m

α vehicle pitch attitude, deg

�finest finest wake-grid spacing, m

θo blade collective pitch, deg

θ1c blade lateral cyclic pitch, deg

θ1s blade longitudinal cyclic pitch, deg

βo blade coning angle, deg

μ advance ratio

� rotor azimuth, deg

Acronyms

BVI blade–vortex interaction

CFD computational fluid dynamics
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CSD computational structural dynamics

CW clockwise rotation

CCW counter-clockwise rotation

SPL sound pressure level, dB

OASPL overall sound pressure level, dB

UAM Urban Air Mobility

VTOL vertical take-off and landing

Introduction

The concept of Urban Air Mobility (UAM) (Ref. 1), which refers

to urban on-demand air transportation by hybrid or fully electric verti-

cal take-off and landing (VTOL) aircraft, has drawn significant interests

from the global rotorcraft community in recent years. The ultimate goal

of UAM is to provide affordable, environment-friendly, and safe air

transportation in densely populated cities, which could lead to a reduc-

tion of urban traffic congestions and better interconnect suburban and

urban regions. The UAM aircraft also has the capability of transport-

ing merchandise cargo in urban and suburban areas (Ref. 2). Numerous

UAM aircraft developers, such as Joby Aviation, and Hyundai Motor

Company, have revealed their prototypes and also shared their visions on

UAM aircraft designs with the public (Refs. 3,4). Among various design

criteria of UAM aircraft, low-noise emission is a key design requirement

in addition to safety. As addressed at the third annual Vertical Flight

Society eVTOL panel discussion (Ref. 5), the UAM aircraft noise could

become a major barrier for the public acceptance of UAM operations if

it exceeds background noise.

Unlike a conventional helicopter design, which only consists of a

main rotor and a tail rotor, most UAM aircraft (Ref. 6) designs feature

multiple rotors with a small rotor radius, which typically yield lower

rotor tip speed and noise compared to a helicopter. Some of the current

UAM aircraft designs also feature lifting wing surfaces in addition to

a multirotor system, which may lead to significant rotor-to-wing aero-

dynamic interactions and noise. Thus, both aerodynamic and acoustic

characteristics of UAM aircraft are expected to be different from that of

a conventional helicopters, and the complex aerodynamic interactions of

a multirotor UAM aircraft could generate significant rotorcraft tonal and

broadband noise.

In recent years, some research studies have been carried out to inves-

tigate both aerodynamic and acoustic characteristics of multirotor UAM

aircraft. In 2019, Ventura Diaz et al. (Refs. 7, 8) performed a series of

high-fidelity computational studies for NASA’s six-passenger side-by-

side hybrid VTOL configuration (see Fig. 1) based on a computational

fluid dynamics (CFD) and computational structural dynamics (CSD)

loose coupling approach. Their results showed that the rotor airloads of

the side-by-side rotor are sensitive to the percentage of rotor-to-rotor

overlap, which is a key design parameter for the side-by-side UAM air-

craft. They found that the 15% overlap case yields the best effective

lift-to-drag ratio in cruise. However, the unsteady aerodynamic interac-

tions between the two rotors in the overlap region are likely to increase

the vehicle noise. In 2020, Sagaga and Lee (Ref. 9) studied the aerody-

namics of the same side-by-side rotor configuration in hover based on

high-fidelity CFD simulations and showed that the hover performance

could be reduced with an increasing percentage of rotor overlap. In 2021,

Sagaga and Lee (Ref. 10) performed acoustic predictions for the side-

by-side rotor in hover and found that the configuration with 25% overlap

yields the highest overall sound pressure level. However, neither Ventura

Diaz et al. nor Sagaga and Lee have performed aeroacoustic predictions

for the side-by-side configuration in forward flight.

More recently, Jia and Lee (Refs. 11, 12) conducted high-fidelity

aeroacoustic simulations for NASA’s one-passenger and six-passenger

quadrotor UAM aircraft. They showed that blade–vortex interaction

Fig. 1. NASA’s six-passenger side-by-side conceptual design [20].

(BVI) noise occurs in a level-flight cruise condition for the quadrotor

aircraft, although the magnitude of the BVI noise is one order of magni-

tude smaller than conventional helicopter BVI noise. Their research also

demonstrated that the quadrotor noise in low-altitude operation could ex-

ceed various background noises (e.g., highway noise, community noise,

park noise, and rural noise), which may not be acceptable for quiet UAM

operations. In addition to Jia and Lee’s work on UAM noise, Li and Lee

(Refs. 13, 14) investigated broadband noise of NASA’s UAM aircraft

designs for the first time to the best of authors’ knowledge. Their work

showed that the high-frequency contents of UAM aircraft broadnoise

noise, particularly trailing-edge noise (Ref. 15), could not be masked by

various background noises. The amplitude of broadband noise was also

found to increase with a large number of rotors.

Moreover, Alverez et al. (Ref. 16) analyzed the acoustics of side-

by-side rotors in hover based on an unsteady Reynolds-average Navier–

Stokes (URANS) CFD solver and a midfidelity viscous vortex particle

method solver. Their studies demonstrated that the A-weighted overall

sound pressure level could increase up to 7 dBA when the amount of

blade tip-to-tip clearance between the two side-by-side rotors is reduced.

Smith et al. (Ref. 17) studied the acoustics of multicopters based on

the Rensselaer Multicopter Analysis Code (RMAC) (Ref. 18) and the

acoustics software PSU-WOPWOP. They demonstrated that the overall

sound pressure level of a hexacopter could be reduced by 9.5 dB with an

orthogonal phasing strategy. Wachschpress et al. (Ref. 19) also analyzed

the acoustics of existing UAM VTOL designs based on a midfidelity

airloads analysis tool. Their results suggested that both propeller–wing

and rotor–duct interactions could lead to significantly higher overall

sound pressure level when compared against their baseline models.

The aim of this work is to investigate aeroacoustics of NASA’s six-

passenger side-by-side UAM aircraft design (see Fig. 1) in steady forward

flight based on a first principles and high-fidelity CFD approach. First,

the effect of the finest CFD wake-grid spacing on rotor acoustics is in-

vestigated. Second, physical noise sources, such as BVI, are identified

based on high-fidelity CFD results. Third, the effect of the rotor-to-rotor

overlap percentage on the strength of noise sources and far-field noise

is studied. Lastly, the UAM aircraft noise level is compared against the

noise level of a four-bladed conventional helicopter and various back-

ground noise levels in order to assess the viability of low-altitude UAM

operations in urban areas.

Methods

In this research study, a simplified CFD model, without rotor hubs and

aircraft fuselage, is developed based on NASA’s six-passenger side-by-

side UAM aircraft design, which is shown in Fig. 2 (Ref. 20). Figure 2

shows the side-by-side rotor configuration from the top view without

rotor overlap. The left rotor rotates in the clockwise direction (CW),

while the right rotor rotates in the counterclockwise direction (CCW). A

45-deg phase shift is applied to the left rotor in order to prevent rotor-to-

rotor collisions in rotor overlap scenarios. A total of four rotor-to-rotor

overlap cases of the side-by-side rotor—0%, 5%, 15%, and 25%—are

considered in the present work in order to investigate the effect of rotor

022005-2
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Fig. 2. The side-by-side rotor configuration without overlap.

Table 1. Basic properties of the side-by-side UAM aircraft.

Aircraft Properties Descriptions

Rotor Radius 3.2 m (10.5 ft)

Tip Chord Length 0.13 m (0.43 ft)

Number of Rotors 2

Blades per Rotor 4

Nominal Rotor Speed 499.7 RPM

Nominal Rotor Tip Speed 189.5 m/s (621.7 ft/s)

Payload 544 kg (1,200 lb)

Gross Weight 1,792 kg (3,950 lb)

overlap on the strength of aerodynamic interactions and the associated

acoustics. The rotor overlap percentage is defined as the amount of a

rotor-to-rotor overlap distance in the spanwise direction divided by the

rotor radius (R). The rotor center-to-center separation distances of the

0%, 5%, 15%, and 25% overlap cases are 2R, 1.9R, 1.7R, and 1.5R,

respectively.

The fundamental properties of the side-by-side UAM model (Ref. 20)

are shown in Table 1. Since the material properties of the conceptual

designs are not available, the rotor blades are assumed rigid. The rotor

blades of the side-by-side rotor are modeled based on two modern airfoils:

Boeing VR-12 and Sikorsky SSC-A09. VR-12 is used for R < 85%

span; a linear interpolation between VR-12 and SSC-A09 is assumed

from 85% to 95% span; SSC-A09 is used for R > 95% span. The chord

length of the blade is 0.217 m until R = 94% where a blade taper occurs.

The slope of the linear twist distribution is assumed −16 deg, and the

zero-deg twist occurs at 75% span. A 15-deg linear taper ratio is applied

between R = 94% and the blade tip. Detailed CFD mesh and numerical

setups are described in the subsequent sections.

CFD grids

A dual mesh paradigm, which divides the entire computational do-

main into a near-body structured overset mesh domain and an off-body

adaptive Cartesian mesh domain, is employed in the present work. The

near-body grids are constructed using NASA’s overset grid generation

software Chimera Grid Tools (Refs. 21, 22). Figures 3(a) and 3(b) show

zoomed-in views of the blade overset mesh at the blade root and tip. An

O-grid topology is applied to the near-body grids. Each rotor blade is

composed of three components: main blade, blade root, and blade tip.

The chordwise and spanwise dimensions of the main blade are 265 and

168 grid points, respectively. The leading and trailing edge spacings are

set to 0.05% Ctip and 0.02% Ctip, respectively, where Ctip is the tip chord

length. In order to investigate the effect of the finest wake-grid spacing

(�finest) of the off-body Cartesian mesh on rotor acoustics, two simula-

Fig. 3. CFD grids: (a) near-body grids at the blade root; (b) near-body

grids at the blade tip; (c) off-body grids.

tion cases are considered: (1) �finest = 5% Ctip; (2) �finest = 10% Ctip. The

number of grid points in the normal direction IS set to 65 and 101 in the

5% Ctip and 10% Ctip cases, respectively, for the volume grid generation

of the main blade. A wall spacing of 1× 10−5 grid unit is used to match a

dimensionless wall distance y+ = 1.0. The end spacing of the near-body

volume grids is set to match the finest wake-grid spacing or the Level-1

Cartesian spacing. In the 10% Ctip case, each rotor blade is composed

of approximately 2.9 million grid points and a total of 23.2 million grid

points for eight blades. The 5% Ctip case yields 4.5 million grids per

blade and 36 million grid points for eight blades.

The off-body Cartesian mesh domain is automatically generated by

the adaptive off-body Cartesian solver SAMCart (Refs. 23,24), which is

the off-body solver of the CFD solver CREATETM-AV Helios (Ref. 25).

A short description of the software is included in the next subsection. The

off-body solver SAMCart is capable of resolving complex rotor wakes

based on high-order numerical schemes and Adaptive Mesh Refinement

(AMR). Figure 3(c) shows a zoomed-in view of the off-body Cartesian

mesh. In this research study, nine and eight levels of AMR are used for the

5% Ctip and 10% Ctip cases, respectively, after the first rotor revolution

in order to capture the detailed flow physics of rotor wakes. The off-

body mesh boundary is 20 rotor radii away from the origin. The total

number of off-body Cartesian grid points of the 5% and 10% Ctip cases

is approximately 642 million and 94 million grid points, respectively, at

the initial time step.

CFD simulation setup

The unsteady CFD simulations are performed using the HPCMP

CREATETM-AV Helios (Ref. 25) software suite, a high-fidelity, and mul-

tidisciplinary rotorcraft simulation tool being developed under the U.S.

Department of Defense (DoD) Computational Research and Engineer-

ing Acquisition Tools and Environments—Air Vehicles (CREATETM-

AV) program and the U.S. Army. Helios utilizes a multimodule frame-

work that allows a multisolver approach and a dual-mesh paradigm.

While the off-body Cartesian grids can be solved by an off-body adap-

tive Cartesian solver named SAMCart (Ref. 26), the near-body grids

can be solved by various unstructured, structured, and strand near-body

solvers. Helios has recently been implemented to predict aerodynamics
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Table 2. Motion inputs of the left (L) and right (R) rotors [7].

Overlap
0% 5% 15% 25%

Rotor L R L R L R L R

β0 [deg] 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1

θ0 [deg] 9.2 9.5 9.1 9.4 9.1 9.4 9.2 9.3

−θ1s [deg] 8.1 8.6 8.0 8.6 8.1 8.5 8.2 8.4

θ1c [deg] 3.5 3.7 3.5 3.6 3.5 3.6 3.5 3.6

Table 3. The simulation cases performed in this study.

Rotor Overlap Cases 0% 5% 15% 25%

�finest = 5% Ctip X X

�finest = 10% Ctip X X X X

and acoustics of small drones, UAM vehicles, and compound helicopters

(Refs. 11, 27–30).

In this research, NASA’s overset-structured and high-fidelity flow

solver OVERFLOW (Refs. 31,32) is used to simulate the near-body flow

physics. The off-body adaptive Cartesian solver SAMCart (Ref. 26) is

used to simulate the off-body flow domain. A fifth-order spatial scheme

and a second-order temporal scheme are used for both near- and off-

body simulations. A time step size of 0.25 deg azimuth, which results in

1440 time steps per rotor revolution, is used for each time-accurate CFD

simulation. The dual-time-stepping subiterations used in the near-body

calculation for the �finest = 5% Ctip and 10% Ctip cases are 80 and 50,

respectively. The subiterations used in the off-body calculation for the

two cases are 30 and 10, respectively. The Spalart–Allmaras Reynolds-

averaged Navier–Stokes turbulence model coupled with Detached Eddy

Simulation is employed for turbulence modeling. Blade surface geomet-

ric coordinates and flow solutions from the near-body surface grids are

extracted at every 0.5 deg azimuth or every two time steps over the last

rotor revolution for acoustic simulations. The simulations are performed

using the Centennial SGI-ICE-XA high-performance computer of the

U.S. Army Research Laboratory (ARL) DoD Supercomputing Resource

Center (DSRC). A total number of 1280 and 640 processors are used for

the �finest = 5% Ctip and 10% Ctip simulation cases, respectively. Each

rotor revolution of the 5% Ctip case takes approximately 28 h, whereas

the 10% Ctip case consumes 15 h per rotor revolution.

Prescribed rotor motion

The rotor motions of the current work are simulated based on the

trim outputs from the CFD/CSD loose coupling simulations performed

by Ventura Diaz et al. (Ref. 7) at the same flight conditions. They used

rigid blades, and the same assumption is used in the current paper. They

trimmed the total thrust of the two rotors by the rotor collective to

balance the vehicle weight. Each rotor is trimmed to have zero flapping by

the rotor lateral and longitudinal cyclic pitches. The aircraft propulsive

force is trimmed by the aircraft pitch attitude in order to balance the

vehicle drag. The rotor coning angle (β0), collective pitch (θ0), lateral

cyclic pitch (θ1c), and longitudinal cyclic pitch (θ1s) of both left (L) and

right (R) rotors are shown in Table 2. A detailed description of their loose

coupling approach can be found in their publication (Ref. 7). The pitch

attitudes (α) of the 0%, 5%, 15%, and 25% overlap cases are −2.52,

−2.46, −2.44, and −2.46 deg, respectively.

Acoustic simulation setup

PSU-WOPWOP (Refs. 33, 34), an acoustic prediction tool being de-

veloped at the Pennsylvania State University, is used for acoustic predic-

Fig. 4. Iso-surface of a nondimensional q-criterion, q̄, colored by the

vorticity magnitude for the 0% overlap cases from the top view: (a)

the �finest = 5% Ctip case; (b) the �finest = 10% Ctip case.

tions. PSU-WOPWOP is a numerical implementation of Farassat Formu-

lation 1A (Refs. 35, 36) of the Ffowcs Williams and Hawkings (FW-H)

equation (Ref. 37). Farassat Formulation 1A is calculated based on an

impermeable surface strategy in the present work, and the quadrupole

source term is neglected.

The acoustic simulations in this work are performed on a hemispher-

ical observer grid with a radius equal to 10R. It will be shown later that

this observer location is at an acoustic far-field distance. Fifty grid points

are used in the azimuthal or circumferential direction, and 20 grid points

are used in the latitudinal direction. The observers move along with the

side-by-side rotor.

Results

The side-by-side rotor configurations with 0%, 5%, 15%, and 25%

overlaps are simulated in steady forward flight at a speed of 115 kt

or 213 km/h at the optimum cruise altitude of 5000 ft (Ref. 7). The

freestream Mach number M∞ is 0.17, and the advancing tip Mach number

is 0.67 for each simulation case. Each rotor of the side-by-side vehicle

design is assumed to operate at the nominal rotational speed, which is

499 RPM. The advance ratio of each rotor is 0.36. The six simulation

cases conducted in this work are marked with crosses in Table 3. The

rotor forces and moments of each CFD simulation case converge after

approximately five rotor revolutions.

Effect of the finest wake-grid spacing on aerodynamics

and acoustics

The effect of the finest wake-grid spacing (�finest) on rotor aerodynam-

ics and acoustics is evaluated for the 0% overlap case. Figure 4 shows

a comparison of the iso-surfaces of a nondimensional q-criterion, q̄,
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Fig. 5. Comparison of the polar contours of d Fn/d� between the �finest = 5% Ctip and �finest = 10% Ctip cases.

Fig. 6. Comparison of d Fn/d� on the right rotor (CCW) of the 0%

overlap configuration at 75% span.

colored by the vorticity magnitude between the �finest = 5% Ctip and

�finest = 10% Ctip cases of the 0% overlap configuration at the last sim-

ulation time step. In Fig. 4, the freestream velocity (V∞) points in the

positive x-direction. Both the 5% Ctip and 10% Ctip cases predict sim-

ilar flow patterns, except that the 5% Ctip case captures slightly finer

wake turbulences and stronger tip vortices (shown in darker red color).

Self-BVIs, which imply the aerodynamic interactions between blade tip

vortices and blade surfaces of the same rotor in close proximity, can be

seen from both left (CW) and right (CCW) rotors in Fig. 4.

Figure 5 shows a comparison of polar contours of the azimuthal

derivative of the sectional normal force (dFn/d�), which is a direct

source term in the loading noise calculation of Farassat Formulation

Forumation 1A and an indicator of impulsive aerodynamic interactions,

between the 5% Ctip and 10% Ctip cases for one blade over the last rotor

revolution. These polar contours represent the rotor disks from the top

view with the freestream direction pointing from top to bottom. The left

and right rotors show the symmetrical distributions of dFn/d�. Both the

5% and 10% Ctip cases predict (1) the advancing-side self-BVI events in

the first quadrant of each rotor; (2) a retreating-side self-BVI event in the

fourth quadrant of each rotor around 300 deg azimuth; (3) the interaction

between separated flows and a blade near zero deg azimuth. The last

interaction occurs when the separated flow of the blade on the retreating

side convects in the freestream direction while interacting with the blade

at zero deg azimuth. The 5% Ctip case, overall, captures slightly stronger

self-BVI events (shown in slightly darker blue and red color) than the

10% Ctip.

A quantitative comparison of dFn/d� between the 5% Ctip and 10%

Ctip cases is also performed at 75% span on the right rotor (see Fig. 6),

which rotates in the counterclockwise direction. Since the airloads dis-

tributions of the left and right rotors are symmetrical, only the right rotor

results are presented here. The magnitude of the self-BVI positive peaks

located at 50 and 70 deg azimuths are similar between the two cases.

Though the 5% Ctip case shows a slightly stronger positive self-BVI

peak at 300 deg azimuth on the retreating side of each rotor, the overall

discrepancy between the two cases is not significant.

The overall sound pressure level (OASPLs) of the 5% Ctip and 10%

Ctip cases for the 0% overlap configuration are simulated on a hemispher-

ical grid with a radius equal to 10R, and the OASPL comparison is shown

in Fig. 7. The contours shown in Fig. 7 represent the hemispherical-grid

simulation results from the top view with the freestream direction point-

ing from top to bottom. The maximum OASPL difference between the

5% Ctip and 10% Ctip cases is approximately 3 dB, and the noise direc-

tivity patterns are almost identical for the two cases. This comparison

demonstrates that the 10% Ctip case shows the grid convergence solu-

tions for acoustic predictions. Even though not shown in this paper, the

10% Ctip case provided the converged acoustic predictions for the 25%

overlap case as well.

Effect of rotor overlap on acoustic source strength

Since a finest wake-grid spacing of 10% Ctip is expected not to af-

fect the general trend of acoustic predictions while saving computational
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Fig. 7. OASPL comparison of the 0% overlap cases: (a) the 5% Ctip

case; (b) the 10% Ctip case; (c) the difference between the two cases.

resources, �finest = 10% Ctip is implemented in CFD simulations to an-

alyze the effect of rotor overlap on the acoustic source strength of the

side-by-side rotor. Figure 8 shows a comparison of the isosurfaces of a

nondimensional q-criterion, q̄, colored by the vorticity magnitude for the

four-rotor overlap cases at the last simulation time step. Self-BVI events

can be seen from each rotor in the four overlap cases. However, the 5%,

15%, and 25% cases introduce rotor-to-rotor BVI events, which implies

the aerodynamic interactions between the tip vortices of one rotor and

Fig. 8. Iso-surfaces of a nondimensional q-criterion, q̄, colored by

the vorticity magnitude from the top view for the four overlap cases:

(a) 0% overlap; (b) 5% overlap; (c) 15% overlap; (d) 25% overlap.

the blade surfaces of another rotor in close proximity. The rotor-to-rotor

BVI event of the 5% overlap case may not be clearly shown in Fig. 8(b),

but it becomes visible on the polar contours of the azimuthal derivative of

the sectional normal force, which will be discussed in the next paragraph.

Figure 9 shows a comparison of polar contours of the azimuthal

derivative of the sectional normal force (dFn/d�), which is an input to

the loading noise prediction, on the right rotor for the four overlap cases:

0%, 5%, 15%, and 25%. Again, the polar contours represent the rotor

disks from the top view with the freestream direction pointing from top to

bottom. These polar contours represent the change of dFn/d� of a single

blade over the last rotor revolution. Since the left and right rotors show

symmetric distributions of the sectional normal force, only the right rotor

results are presented in Fig. 9. The self-BVI events can be seen in the first

quadrant in each case, and the strength of these aerodynamic interactions
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Fig. 9. Comparison of the polar contours of d Fn/d� on the right rotor for the four overlap cases.

is approximately the same since the colors of these self-BVI footprints

on the polar contours appear similar. Besides the self-BVI events, rotor-

to-rotor BVI events are found in the 5%, 15%, and 25% overlap cases,

and these aerodynamic interactions are confirmed with the isosurfaces

of q̄ in Fig. 8. The rotor-to-rotor BVI events are located near the blade

tip: (1) at around 300 deg azimuth in the 5% overlap case; (2) at around

270 and 315 deg azimuths in the 15% overlap case; (3) at around 250

and 345 deg azimuths in the 25% overlap case. The strength of these

rotor-to-rotor BVI events is also stronger than that of the self-BVI events

since the rotor-to-rotor events are shown in darker red and blue colors.

It is expected that these events are loading noise sources of the side-by-

side rotor, which would contribute to rotorcraft tonal noise at the blade

passage frequency and its higher harmonics. Additionally, the separated

flow and blade interactions near zero degrees azimuth are observed in

each overlap case. As mentioned before, large loading fluctuations near

zero degrees azimuth are attributed to the convection of the separated

flow on the blade at the retreating side and its interaction with the blade

at zero degrees azimuth.

Figure 10 shows a quantitative comparison of dFn/d� on the right

rotor among the four overlap cases at 75% span. Since the left and right

rotors show symmetrical distribution of dFn/d�, only the right rotor

is analyzed here. The results demonstrate that the magnitude of the

self-BVI events located at 50, 70, and 90 deg azimuths are approximately

the same, but a large discrepancy in BVI and separated flow and blade

interactions are shown on the retreating side of the rotor. In particular, the

peak magnitudes of the 25% overlap case are higher than that of the other

three cases. The rotor-to-rotor BVI peak magnitude at 250 deg azimuth

in the 25% overlap case is 3.2 times higher than the self-BVI peak at 300

deg azimuth magnitude in the 0% overlap case. The zoomed-in results

from Fig. 10 show that the separated-flow-induced negative peak near

345 deg azimuth in the 25% overlap case is 64.2% higher in magnitude

than that of the 0% overlap case. However, the separated-flow-induced

positive peak near 345 deg azimuth in the 25% overlap case is 20.4%

lower in magnitude than that of the 0% overlap case. It is important to

mention that these results represent the impulsive loading noise sources

without considering the observer location. The far-field acoustic radia-

tion results at a particular observer location could have different relative

contributions from the impulsive loading noise sources after taking

account of the acoustic radiation distance between the noise sources

and the observer as well as the Doppler effect. The relationship between

the acoustic source strength and the associated noise of the side-by-side

rotor at a virtual observer location is studied in the next subsection.

Effect of rotor overlap on acoustics

After identifying the physical noise sources of the side-by-side rotor,

the effect of rotor overlap on rotor acoustics is analyzed and presented

in this subsection. The acoustic simulations are performed on a hemi-

spherical grid with a radius equal to 10R. We have first verified that this

Fig. 10. Comparison of d Fn/d� on the right rotor (CCW) for the

four overlap cases at 75% span.
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Fig. 12. OASPL comparison for the four overlap cases: (a) 0% overlap ; (b) 5% overlap; (c) 15% overlap; (d) 25% overlap. The white marks

represent the maximum noise positions for each overlap case.

observer distance is located in the acoustic far-field. Figure 11 shows the

OASPL as a function of normalized observer distances (d/R) below the

center of the aircraft for the 0% overlap case with �finest = 10% Ctip. The

near-field (1/r2 pressure decay or 12 dB noise reduction with doubling

distance) and far-field (1/r pressure decay or 6 dB noise reduction) trend

Fig. 11. OASPL variation as a function of the nondimnesional ob-

server distance for the 0% overlap case with �finest = 10% Ctip.

lines are depicted in the graph, as a similar approach to that of Tinney and

Siroshi (Ref. 38). It is demonstrated that the chosen observer distance of

10R is at a far-field acoustic decay region.

Figure 12 shows the OASPL results for each overlap case, and the

minimum and maximum values of the color bar in each overlap case

are kept the same for comparison purposes. These contours represent

the hemispherical-grid simulation results from the top view and the

freestream direction points from top to bottom. The maximum OASPLs

of the 0%, 5%, 15%, and 25% overlap cases are 97.7, 98.2, 97.5, and 98.5

dB, respectively. The maximum OASPL locations of each overlap case

are marked with white crosses in Fig. 12. The four rotor overlap cases

show similar maximum OASPLs. The maximum OASPL of the 25%

overlap case is about 1 dB higher than that of the 0% overlap case. Note

that the maximum noise location is different for each overlap case so

that these noise levels were obtained and compared at different observer

locations. If the OASPLs are compared at the same location (e.g., the

maximum OASPL location of the 25% overlap case), the noise difference

could be much larger for the overlap cases, which will be discussed later

in this subsection.

In order to investigate the differences in noise radiation pattern, the

0% overlap case is selected as the baseline for OASPL comparison with

other overlap cases. According to Fig. 13, the 5%, 15%, and 25% overlap

cases are 6.0, 7.2, and 6.6 dB higher than the 0% overlap case near x =
32.0 m, y = 0.0 m, and z = 0.0 m or in the rear region of the hemisphere.

The 25% overlap case is also approximately 2 dB higher than the 0%

overlap case directly below the center of the side-by-side rotor or at

x = 0.0 m, y = 0.0 m, and z = −32.0 m. However, both 15% and 25%
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Fig. 13. OASPL comparison for the following overlap cases against

the 0% overlap case: (a) 5% overlap; (b) 15% overlap; (c) 25%

overlap.

overlap cases show a reduction of OASPL up to 3.7 dB on the sides

of the hemisphere. These differences in radiation patterns are due to a

combination of the noise source strength and acoustic interference.

A quantitative comparison of the total acoustic pressure as a function

of observer time (t) among the four overlap cases is performed (see

Fig. 14) at a virtual microphone position (x = 8.72 m, y = −12.48 m, and

Fig. 14. Comparison of total acoustic pressure between the four

overlap cases at the virtual microphone location (x = 8.72 m,

y = −12.48 m, and z = −28.14 m).

z = −28.14 m), where the maximum OASPL occurs in the 25% overlap

case according to Fig. 12. The 25% overlap case shows sharper periodic

negative peaks than for the other three cases. At t = 0.1036 s, the negative

pressure peak of the 25% overlap case is 2.8 Pa higher in magnitude than

that of the 0% overlap case.

In order to justify the pressure peak differences and identify the acous-

tic source locations where the negative peaks occur, the first integrand of

the loading noise equation of Farassat Formulation 1A (Ref. 35), which

represents the noise source strength at a specific observer location is

calculated at each spanwise node for a single blade over the last rotor

revolution. This approach was also taken by Sharma et al. (Ref. 39) to

analyze the acoustic sources of a coaxial rotor.

The magnitude of the noise integrand is mainly influenced by two

factors: the Doppler amplification factor (1/|1−Mr |) and source strength.

The magnitude of the Doppler amplification factor depends on both the

blade tip Mach number and the radiation vector from the source position

to the observer. The source strength depends on the magnitude of l̇r ,

which is directly related to the magnitude of a sudden change of airloads

in the acoustic radiation direction.

Figures 15 and 16 represent the noise integrand results for both left

and right rotors, respectively, of the four overlap cases. The black solid

lines represent the individual blade positions at the designated observer

location and time. In each overlap case, the left rotor blades experience

sudden loading changes at the given observer time and observer location

while the right rotor blades do not. Moreover, the magnitude of the

acoustic sources is stronger on the left rotor than on the right rotor since

the microphone is positioned closer toward the left rotor. Therefore, the

major contribution to the negative pressure peak at the given observer

time comes from the left rotor.

The key aerodynamic interactions on the left rotor that influence

the total acoustic pressure the most are (1) the advancing-side self-BVI

events on blade 1 in each overlap case; (2) the separated flow and blade

4 interaction near zero degrees azimuth in each overlap case; (3) the

rotor-to-rotor BVI interaction on blade 3 at 250 deg azimuth in the 25%

overlap case. The strength of this rotor-to-rotor BVI event is stronger in

magnitude (shown in darker blue color) in the 25% overlap case than

the rotor-to-rotor BVI events of the other overlap cases. However, the

strength of this rotor-to-rotor BVI event in the 25% overlap case is lower

than the strength of the separated flow interaction at zero degrees azimuth.

The maximum magnitude of the noise integrand contours for the 0%, 5%,

15%, and 25% rotor cases near zero degrees azimuth are approximately

60.0, 56.4, 53.0, and 61.3 Pa/m, respectively. The maximum magnitude of
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Fig. 15. Comparison of the loading noise integrand results from the left rotor (CW) along with the blade positions at an observer time of

0.1036 sec for the four overlap cases: (a) 0% overlap; (b) 5% overlap; (c) 15% overlap; (d) 25% overlap.

Table 4. A comparison of physical properties.

Aircraft Properties Side-by-Side Rotor Bell 430

Rotor Radius 3.2 m 6.4 m

Number of Rotors 2 1

Blades per Rotor 4 4

Nominal Rotor Speed 499 RPM 349 RPM

Blade Passage Frequency 33.3 Hz 23.2 Hz

Freestream Velocity 115 knots 124 knots

Hover Tip Mach Number 0.50 0.69

Advancing Tip Mach Number (Level Flight) 0.67 0.88

Payload 544 kg (1,200 lb) 565 kg (1,247 lb)

Empty Gross Weight 1,040 kg (2,292 lb) 2,406 kg (5,305 lb)

Maximum Takeoff Weight 1,738 kg (3,831 lb) 4,218 kg (9,300 lb)

the noise integrand contour for the 25% rotor case near 240 deg azimuth

(46.0 Pa/m), where the rotor-to-rotor BVI event occurs, is 25.0% lower

than that of the separated flow and blade interaction. Since the strength

of the separated flow and blade interaction is similar among the four

overlap cases and the strength of the rotor-to-rotor BVI event is less than

that of the separated flow and blade interactions, the maximum OASPL

differences between the four cases are also expected to be small. These

noise integrand results show different relative contributions from the

impulsive loading noise sources shown in Fig. 10, where the rotor-to-

rotor BVI has the largest magnitude of the impulsive loading. The relative

importance in impulsive loading noise contributions can be changed

depending on the source–observer distance and the Doppler effect.

Acoustic comparison against conventional helicopter noise

In this subsection, the A-weighted sound pressure level (SPL) of the

side-by-side rotor with 0% and 25% overlaps is compared against the

flight-test data of the Bell 430 (Ref. 40), a conventional helicopter, in

two simulation cases: an approaching case in which the microphone is

positioned 150 m below and 457 m ahead of the vehicle and an overhead

case in which the microphone is positioned 150 m directly below the

vehicle. Although our predictions do not include broadband noise and

are free of the ground reflection, the intention of this comparison is to

provide a context on how UAM aircraft noise compares with conventional

helicopter noise. The aircraft properties and freestream velocities of the
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Fig. 16. Comparison of the loading noise integrand results from the right rotor (CCW) along with the blade positions at an observer time of

0.1036 sec for the four overlap cases: (a) 0% overlap; (b) 5% overlap; (c) 15% overlap; (d) 25% overlap.

two vehicles are shown in Table 4. The acoustic results of the side-by-side

rotor analyzed in this section are computed based on the CFD simulations

with the finest wake-grid spacing equal to 5% Ctip.

Figures 17(a) and 17(b) represent comparisons of A-weight SPL for

the flyover and overhead cases. The A-weighted SPLs of the side-by-

side rotor configurations and the Bell 430 are comparable around 1000

Hz. A comparison of OASPL, which is calculated by integrating the

A-weighted SPL spectrum from 100 to 5000 Hz, is shown in Table 5.

In the approaching scenario, the OASPL of the Bell 430 is 17.7 and

16.8 dBA higher than the noise levels of the side-by-side rotor with 0%

and 25% overlap, respectively. On the other hand, the OASPL of the

Bell 430 is 8.1 and 5.9 dBA higher than the noise levels of 0% and 25%

overlap configurations, respectively, in the overhead scenario. Based on

the OASPL results, the Uber’s initial guideline (Ref. 41) of 15 dB quieter

than conventional helicopter noise is not met in the overhead scenario.

As noted earlier, however, this comparison is not complete. The Bell 430

has an empty weight 131% heavier than the side-by-side rotor; further,

its maximum take-off weight is 2.4 times that of the side-by-side rotor.

If a helicopter with a similar weight as the side-by-side rotor is used

for the comparison, the noise difference would be even smaller so that

it would be even more challenging to meet the Uber’s guideline. More

noise comparisons with other helicopters are suggested in the future to

confirm this challenge.

Acoustic comparison against various background noise

A general consensus regarding the public acceptance of UAM

aircraft is that the UAM aircraft noise should not exceed background

noises (Ref. 41). In this subsection, the one-third octave band SPLs of

the side-by-side rotor with 25% overlap are calculated and compared

against the rural, park, community, and freeway background noise levels

measured by Begault (Ref. 42) in the San Francisco Bay Area, Cali-

fornia. The UAM aircraft could fly in any of these zones, and its noise

higher than the background noises could disturb the local communities.

In this study, the side-by-side rotor acoustic results are predicted based

on the CFD simulations with the finest wake-grid spacing equal to 5%

Ctip. The side-by-side rotor noise is simulated at the following distances

below the vehicle: 250 ft (76 m), 500 ft (152 m), 1000 ft (305 m), and

1500 ft (457 m).

Figure 18 shows the A-weighted one-third octave band SPL and

OASPL comparisons between the side-by-side rotor noise and various

background noises. According to Fig. 18(a), the side-by-side rotor noise

level slightly exceeds the freeway noise level even at an altitude of 1500 ft

around 500 Hz. The noise risk is more evident at lower attitudes in a wider

frequency range. Although the high-frequency contents at a frequency

greater than 2000 Hz are completely masked by the freeway and com-

munity noise, the current calculation does not consider the broadband

component of rotor noise (see Ref. 14). The UAM aircraft noise could

also become louder when multiple aircraft operate simultaneously. Ad-

ditionally, Fig. 18(b) shows that the OASPL of the side-by-side rotor is

3.3 and 12.0 dBA higher than the freeway and community noises at an

altitude of 250 ft, respectively. The OASPL of the side-by-side rotor also

exceeds Uber’s limitation of 62 dBA at 500 ft (Ref. 41). Overall, noise

reduction technology as well as noise abatement operational procedures

should be developed in order to accommodate the public acceptance of

quiet UAM operations.
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Fig. 17. Noise comparison between the side-by-side rotor and the Bell 430 in two flight scenarios: (a) approaching case; (b) overhead case.

Table 5. A comparison of OASPL.

OASPL 0% Overlap 25% Overlap Bell 430

Approach 57.6 dBA 58.5 dBA 75.3 dBA

Overhead 69.1 dBA 71.3 dBA 77.2 dBA

Conclusions

High-fidelity CFD simulations were carried out to study the acous-

tic characteristics of NASA’s six passengers side-by-side rotor with 0%,

5%, 15%, and 25% overlap in steady forward flight at a freestream ve-

locity of 115 kt using the high-fidelity rotorcraft simulation software

suite CREATETM-AV Helios. The acoustic simulations were carried out

using the acoustic prediction tool PSU-WOPWOP based on an imper-

meable surface approach and a hemispherical grid with a radius equal

to 10R. The effect of the finest wake-grid spacing on the acoustic pre-

dictions of the side-by-side rotor was first analyzed. The physical noise

sources of the side-by-side rotor were identified based on high-fidelity

CFD simulations and noise integrand analyses. A detailed comparison

of the acoustic source strength among the four overlap cases of the

side-by-side rotor was performed. The relationship between the strength

of the acoustic sources and the resulting noise was explored for each

overlap case. Comparisons between the side-by-side rotor noise, the

noise of a conventional helicopter, and various background noises were

also performed in order to assess UAM vehicle noise emissions in the

perspective of public acceptance and annoyance. The following conclu-

sions were drawn based on the results presented and analyzed in this

paper:

(1) A finest wake-grid spacing of 10% Ctip is good enough for the

acoustic predictions of the side-by-side rotor in steady forward flight in

comparison with the 5% Ctip case.

(2) BVI events, particularly the rotor-to-rotor BVI events, and sepa-

rated flow and blade interactions are the most dominant noise sources of

the side-by-side rotor.
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Fig. 18. Background noise comparison for the 25% overlap case: (a)

comparison of A-weighted one-third octave band SPL; (b) compar-

ison of OASPL.

(3) The 0%, 5%, 15%, and 25% overlap cases show similar maximum

OASPLs. However, the noise radiation patterns of the four cases are

different. The 15% and 25% overlap cases show higher OASPL in the

rear region and the region directly below the side-by-side rotor.

(4) The A-weighted SPL of the side-by-side rotor is comparable with

the noise of a conventional helicopter in both overhead and approaching

scenarios.

(5) The noise of the side-by-side rotor with 25% rotor overlap could

not be completely masked by the freeway noise even at an altitude of

1500 ft or 457 m. The UAM noise impact is much more severe in other

places considering their lower background noise levels. In addition, the

noise level exceeds Uber’s UAM noise guideline of 62 dBA at 500 ft.

Moreover, the high-frequency broadband noise was not incorporated in

the current noise calculation, which implies that the actual noise level of

the side-by-side rotor could become higher than the noise levels shown

in this study. The noise level is also expected to increase when multiple

vehicles operate simultaneously, and, therefore, noise source reduction

and trajectory optimization with a goal to reduce UAM vehicle noise and

increase the public acceptance should be pursued in the future.

Acknowledgments

The authors would like to sincerely thank: Roger Strawn from the

U.S. Army Capabilities Development Command Aviation and Missile

Center (CCDC AvMC)—Technology Development Directorate (TDD-

A) for providing the DoD High-Performance Computing resources and

summer internship for the first author; Mark Potsdam, Jain Rohit, and

Beatrice Roget from TDD for their insightful advice and assistance;

Wayne Johnson and Christopher Silva from NASA Ames for providing

the side-by-side UAM model. This research has been partially supported

by the Hellman Fellowship award of the second author.

References

1Greenfeld, I., “Concept of Operations for Urban Air Mobility Com-

mand and Control Communications,” NASA TM 2019-220159, 2019.
2Swartz, K. I., “Cargo eVTOL Matures,” Vertiflite, Vol. 66, (2), 2020,

pp. 54–56.
3Swartz, K. I., “Transformative Vertical Flight 2020,” Vertiflite,

Vol. 66, (2), 2020, pp. 38–46.
4Swartz, K. I., and Hirschberg, M., “The First Electric VTOL Uni-

corn: Joby Aviation,” Vertiflite, Vol. 66, (2), 2020, pp. 48–53.
5Sherman, J., “The ((Quiet)) Electric VTOL Revolution,” Vertiflite,

Vol. 66, (2), 2020, p. 36.
6Whittle, R., “Air Mobility Bonanza Beckons Electric VTOL Devel-

opers,” Vertiflite, Vol. 63, (2), 2017, pp. 14–20.
7Ventura Diaz, P., Johnson, W., Ahmad, J., and Yoon, S., “Computa-

tional Study of the Side-by-Side Urban Air Taxi Concept,” Proceedings

of the 75th Annual Forum of the Vertical Flight Society, Philadelphia,

PA, May 13–16, 2019.
8Ventura Diaz, P., Johnson, W., Ahmad, J., and Yoon, S., “The Side-

by-Side Urban Air Taxi Concept,” AIAA 2019-2828, Proceedings of the

2019 AIAA Aviation Forum, Dallas, TX, June 17–21, 2019.
9Sagaga, J., and Lee, S., “CFD Hover Predictions for the Side-by-

Side Urban Air Taxi Concept Rotor,” AIAA 2020-2795, Proceedings of

the AIAA Aviation Forum, Virtual Event, June 15–19, 2020.
10Sagaga, J., and Lee, S., “Acoustic Predictions for the Side-by-Side

Air Taxi Rotor in Hover,” Proceedings of 77th Annual Forum of the

Vertical Flight Society, Virtual Event, May 10–14, 2021.
11Jia, Z., and Lee, S., “Acoustic Analysis of a Quadrotor eVTOL De-

sign via High-Fidelity Simulations,” AIAA 2019-2631, Proceedings of

the 25th AIAA/CEAS Aeroacoustics Conference, Delft, the Netherlands,

May 20–23, 2019.
12Jia, Z., and Lee, S., “Acoustic Analysis of Urban Air Mobil-

ity Quadrotor Aircraft,” Proceedings of the Aeromechanics Advanced

Vertical Flight Technical Meeting, San Jose, CA, January 21–23,

2020.
13Li, S., and Lee, S., “Prediction of Rotorcraft Broadband Trailing-

Edge Noise and Parameter Sensitivity Study,” Journal of the American

Helicopter Society, 65, 042006 (2020), DOI: 10.4050/JAHS.65.042006.
14Li, S., and Lee, S., “Prediction of Urban Air Mobility multirotor

VTOL Broadband Noise Using UCD-QuietFly,” Journal of the American

Helicopter Society, 66, 032004 (2021), DOI: 10.4050/JAHS.66.032004.
15Lee, S., Ayton, L., Bertagnolio, F., Moreau, S., Chong, T. P., and

Joseph, P., “Turbulent Boundary Layer Trailing-Edge Noise: Theory,

Computation, Experiment, and Application,” Progress in Aerospace Sci-

ences, 126, 100737 (2021), DOI: 10.1016/j.paerosci.2021.100737.
16Alvarez, E., Critchfield, T., Ning, A., and Schenk, A., “Rotor-on-

Rotor Aeroacoustic Interactions of Multirotor in Hover,” Proceedings of

the 76th Annual Forum of the Vertical Flight Society, Virtual, October

5–8, 2020.
17Smith, B., Gandhi, F., and Niemiec, R., “A Comparison of Multi-

copter Noise Characteristics with Increasing Number of Rotors,” Virtual

Event, Proceedings of the 76th Annual Forum of the Vertical Flight

Society, October 5–8, 2020.
18Niemiec, R., and Gandhi, F., “Development and Validation of

the Rensselaer Multicopter Analysis Code (RMAC): A Physics-Based

022005-13

http://dx.doi.org/10.4050/JAHS.65.042006
http://dx.doi.org/10.4050/JAHS.65.042006
http://dx.doi.org/10.4050/JAHS.66.032004
http://dx.doi.org/10.4050/JAHS.66.032004
http://dx.doi.org/10.1016/j.paerosci.2021.100737
http://dx.doi.org/10.1016/j.paerosci.2021.100737


Z. JIA JOURNAL OF THE AMERICAN HELICOPTER SOCIETY

Comprehensive Modeling Tool,” Proceedings of the 75th Annual Forum

of the Vertical Flight Society , Philadelphia, PA, May 13–16, 2019.
19Wachspress, D. A., Yu, M. K., and Brentner, K. S., “Rotor/Aircraft

Aeroacoustic Prediction for eVTOL UAM Aircraft,” Proceedings of 75th

Annual Forum of the Vertical Flight Society , Philadelphia, PA, May 13–

16, 2019.
20Johnson, W., and Silva, C., “Concept Vehicles for VTOL Air Taxi

Operations,” Proceedings of the American Helicopter Society Aerome-

chanics Specialist’s Conference, San Francisco, CA, January 16–19,

2018.
21Chan, W. M., Gomez, R. J., Rogers, S. E., and Buning, P. G., “Best

Practices in Overset Grid Generation,” St. Louis, Missouri, AIAA 2002-

3191, Proceedings of the 32nd AIAA Fluid Dynamics Conference, June

24–26, 2002.
22Chan, W. M., Rogers, S. E., Pandya, S. A., Kao, D. L., Bun-

ing, P. G., Meakin, R. L., Boger, D. A., and Nash, S. M., “Chimera

Grid Tools User’s Manual.” Version 2.1, March 2010. Also see

https://www.nas.nasa.gov/publications/software/docs/chimera.
23Wissink, A. M., Sitaraman, J., Jayaraman, B., Roget, B., Lakshmi-

narayan, V. K., Potsdam, M. A., Jain, R., Bauer, A., and Strawn, R.,

“Recent advancements in the Helios rotorcraft simulation code,” AIAA

2018-3847, Proceedings of the 54th AIAA Aerospace Sciences Meeting,

San Diego, CA, January 4–8, 2016.
24Leffell, J. I., Sitaraman, J., Lakshminarayan, V. K., and Wissink,

A. M., “Towards Efficient Parallel-in-Time Simulation of Periodic

Flows,” AIAA 2016-0066, Proceedings of the 54th AIAA Aerospace

Sciences Meeting, San Diego, CA, January 4–8, 2016.
25Wissink, A. M., Jude, D., Jayaraman, B., Roget, B., Lakshminara-

van, V. K., Sitaraman, J., Bauer, A., Forsythe, J., and Trigg, R. D., “New

Capabilities in CREATE-AV Helios Version 11,” AIAA 2021-0235, Pro-

ceedings of the AIAA Scitech Forum, Virtual Event, January 11–15 and

19–21, 2021.
26Wissink, A. M., Kamkar, S., Pulliam, T., Sitaraman, J., and Sankaran,

V., “Cartesian Adaptive Mesh Refinement for Rotorcraft Wake Resolu-

tion,” AIAA 2010-4554, Proceedings of the 28th AIAA Applied Aero-

dynamics Conference, Chicago, IL, June 28–July 1, 2010.
27Jia, Z., Lee, S., Sharma, K., and Brentner, K. S., “Aeroacoustic Anal-

ysis of a Lift-Offset Coaxial Rotor Using High-Fidelity CFD/CSD Loose

Coupling Simulation,” Journal of the American Helicopter Society, 65,

012011 (2020), DOI: 10.4050/JAHS.65.012011.
28Jia, Z., and Lee, S., “Impulsive Loading Noise of a Lift-Offset Coax-

ial Rotor in High-Speed Forward Flight,” AIAA Journal, Vol. 58, (2),

2020, pp. 687–701, DOI: 10.2514/1.J058295.
29Jia, Z., and Lee, S., “Aerodynamically Induced Noise of a Lift-

Offset Coaxial Rotor with Pitch Attitude in High-Speed Forward

Flight,” Journal of Sound and Vibration, 491, 115737 (2020), DOI:

10.1016/j.jsv.2020.115737.

30Thai, A. D., Roget, B., Sitaraman, J., and Grace, S. M., “Multi-

rotor Trim using Loose Aerodynamic Coupling,” Proceedings of the

Aeromechanics Advanced Vertical Flight Technical Meeting, San Jose,

CA, January 21–23, 2020.
31Nichols, R., Tramel, R., and Buning, P., “Solver and Turbulence

Model Upgrades to OVERFLOW 2 for Unsteady and High-Speed Flow

Applications,” San Francisco, CA, AIAA Paper 2006-2824, 25th AIAA

Applied Aerodynamics Conference, June 5–8, 2006.
32Nichols, R., and Buning, P., “User’s Manual for OVERFLOW 2.1,”

University of Alabama at Birmingham, Birmingham, AL, 2008.
33Brentner, K. S., Brès, G. A., Perez, G., and Jones, H. E., “Maneu-

vering Rotorcraft Noise Prediction: A New Code for a New Problem,”

American Helicopter Society Aerodynamics, Acoustics, and Test and

Evaluation Technical Specialist Meeting, San Francisco, CA, January

23–25, 2002.
34Lee, S., Brentner, K. S., Farassat, F., and Morris, P. J., “Analytic

Formulation and Numerical Implementation of an Acoustic Pressure

Gradient Prediction,” Journal of Sound and Vibration, Vol. 319, (3–5),

January 2009, pp. 1220–1221, DOI: 10.1016/j.jsv.2008.06.028.
35Brentner, K. S., and Farassat, F., “Modeling Aerodynamically Gen-

erated Sound of Helicopter Rotors,” Progress in Aerospace Sciences, Vol.

39, (2–3), 2003, pp. 83–120, DOI: 10.1016/S0376-0421(02)00068-4.
36Farassat, F., and Succi, G. P., “The Prediction of Helicopter Dis-

crete Frequency Noise,” Vertica, Vol. 7, (4), 1983, pp. 309–320, DOI:

10.2514/3.45598.
37Ffowcs Williams, J. E., and Hawkings, D. L., “Sound Generation

by Turbulence and Surface in Arbitrary Motion,” Philosophical Trans-

actions of the Royal Society, Vol. 264, (1151), 1969, pp. 321–342, DOI:

10.1098/rsta.1969.0031.
38Tinney, C. E., and Sirohi, J., “Multirotor Drone Noise at Static

Thrust,” AIAA Journal, Vol. 56, (7), 2018, pp. 2816–2826, DOI:

10.2514/1.J056827.
39Sharma, K., Brentner, K. S., Jia, Z., Lee, S., and Anusonti-Inthra,

P., “Aeroacoustic Predictions of the Free-Wake Model, Vortex Parti-

cle Method, and Computational Fluid Dynamics for a Coaxial Rotor

System,” Proceedings of the Aeromechanics Advanced Vertical Flight

Technical Meeting, San Jose, CA, January 21–23, 2020.
40Snider, R., Samuels, T., Goldman, B., and Brentner, K., “Full-Scale

Rotorcraft Broadband Noise Prediction and Its Relevance to Civil Noise

Certification Criteria,” Proceedings of the 69th Annual Forum of the

American Helicopter Society Phoenix, AZ, May 21–23, 2013.
41Holden, J., and Goel, N., “Fast-Forwarding to a Future of

On-Demand Urban Air Transportation,” Uber Elevate, October 27,

2016.
42Begault, D., “Ambient Noise Measurement for UAM Metric Analy-

sis and Research,” Acoustics and Urban Air Mobility Technical Working

Group Meeting, Hampton, VA, April 9–11, 2019.

022005-14

http://www.nas.nasa.gov/publications/software/docs/chimera
http://dx.doi.org/10.4050/JAHS.65.012011
http://dx.doi.org/10.4050/JAHS.65.012011
http://dx.doi.org/10.2514/1.J058295
http://dx.doi.org/10.2514/1.J058295
http://dx.doi.org/10.1016/j.jsv.2020.115737
http://dx.doi.org/10.1016/j.jsv.2020.115737
http://dx.doi.org/10.1016/j.jsv.2008.06.028
http://dx.doi.org/10.1016/j.jsv.2008.06.028
http://dx.doi.org/10.1016/S0376-0421(02)00068-4
http://dx.doi.org/10.1016/S0376-0421(02)00068-4
http://dx.doi.org/10.2514/3.45598
http://dx.doi.org/10.2514/3.45598
http://dx.doi.org/10.1098/rsta.1969.0031
http://dx.doi.org/10.1098/rsta.1969.0031
http://dx.doi.org/10.2514/1.J056827
http://dx.doi.org/10.2514/1.J056827



