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ABSTRACT

Urban air mobility (UAM) aircraft has emerged as the solution to the growing traffic congestion problems and increasing demand for
efficient air mobility. However, noise pollution is one of the major concerns for gaining social acceptance as UAM is being designed for
future transport in highly populated urban areas at low altitudes. The noise generated by UAM aircraft can exceed the acceptable noise level
due to the ground effect when it approaches a vertiport. This study investigates the ground effects on the aerodynamic and noise
performance of side-by-side UAM aircraft in full configuration by utilizing coupled vortex methods and acoustic analogy, respectively. The
simulation results show that fuselage and ground directly influence the aerodynamic loads of the rotor blade, wake structure, acoustic
signature, and noise directivity. As the aircraft approaches the ground, the sound pressure level (SPL) increases, and the impact of the
fuselage becomes more noticeable, especially above the rotor system, due to the stronger upwash wake by the airframe and the ground.
Moreover, the most pronounced ground effect on the noise characteristics of the UAM aircraft is the high-frequency tonal noise, and the
overall sound pressure level (OASPL) in the aft quadrant of the UAM aircraft is higher than the forward quadrant due to the higher loading
in the rear of the rotor plane. The results of the noise hemisphere analysis show that the maximum OASPL increases by more than 3 dBA as

the altitude of UAM aircraft gets closer to the ground.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0221902

I. INTRODUCTION

According to a United Nations report, more than 80% of the
population in the developed regions are expected to live in urban areas
by 2050. Rapid urbanization has considerably increased the energy
consumption and environmental concerns. In recent decades, techno-
logical advancements in electric batteries and distributed propulsion
have motivated the aviation industry to develop hybrid or fully electric
vertical takeoff and landing (eVTOL) aircraft with multiple lifting
rotors or prop-rotors as novel air transport systems in highly crowded
megacities as remedies for traffic congestion and transportation.
Considering the significant market prospects in urban air mobility
(UAM), numerous aviation companies and startups have developed
prototypes and conceptual designs for UAM aircraft. Despite these
investments and designs, several challenges and multidisciplinary con-
straints may slow the pace of successful applications. In addition to
UAM safety standards, which have continuously been a primary con-
cern owing to the UAM aircraft operations in urban areas, the noise

emissions of these aircraft also raise concerns regarding compliance
with the regulations for international and national noise exposure
standards in residential areas. Since the UAM aircraft is expected to
become a part of the public transportation system in highly populated
cities, noise pollution is a considerable concern for health organiza-
tions." ” Therefore, the noise generated by a UAM aircraft requires
new noise standards that differ from those of a commercial rotor-
craft.” °

Compared to conventional rotorcrafts, such as helicopters, the
UAM aircraft exhibits two distinctive features.”® First, the aerody-
namic interaction in a multirotor configuration is more complex than
that in a conventional helicopter with a single main rotor. Distributed
electric propulsion (DEP) systems utilize electrically driven propulsors
that provide advanced capabilities for improving performance, design
flexibility, high propulsion availability, and low community noise.
However, the rotor interactional effects cause highly unsteady and
complicated flow fields around neighboring rotors, which are directly
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related to the aerodynamic performance, development of wake geome-
try, vibration, and noise generation. Jia and Lee™'’ implemented a
high-fidelity NASA (National Aeronautics and Space Administration)
computational fluid dynamics (CFD) solver'! and the acoustic predic-
tion software PSU-WOPWOP'°—a numerical implementation of
Farassat’s formulation 1A' of the Ffowcs Williams and Hawkings
(FW-H) equation'“—to investigate the acoustic characteristics of one-
and six-passenger NASA conceptual quadrotor eVTOL aircraft and a
lift-offset coaxial rotor in forward flight. The simulation results showed
that the blade vortex interaction (BVI) is the most dominant source of
interaction in the quadrotor eVTOL configuration. Ventura Diaz and
Yoon'” conducted an aeroacoustic analysis of a quadrotor configura-
tion under hovering and forward flight conditions by loosely coupling
high-fidelity CFD with the comprehensive rotorcraft code of
CAMRAD II. Their findings showed that the power required to main-
tain a steady cruise decreases in forward flight as the rotor-rotor inter-
actions decrease. Rotor-rotor interactions are highly dependent on the
positioning and orientation of the rotors with respect to each other.
Dbouk and Drikakis'® exploited open-source CFD code'” to predict
the noise generated by a swarm of multicopters. They found that the
flight formation of aerial vehicles could also affect their acoustic behav-
ior, with a V-shaped formation producing lower sound pressure level
(SPL) noise than a U-shaped formation. Ko and Lee'® examined the
aerodynamic and aeroacoustic characteristics of multirotor configura-
tions and their physical relationships with the performance and wake
dynamics. Experimental setups have also been designed to investigate
the acoustic'’” and psychoacoustic’’ characteristics of multirotor
unmanned aerial vehicles (UAVs). Ahuja and co-workers”** inte-
grated Farassat’s formulation 1A with a surface-vorticity solver to
study two propeller configurations of a UAM aircraft—NASA X-57
propeller and Joby S4 UAM eVTOL propeller. Kim et al.”’ demon-
strated that a UAM airframe shape and its distance from the rotor sys-
tem can significantly affect the aeroacoustic characteristics of the
aircraft using high-fidelity lattice-Boltzmann method with the FW-H
equation with a permeable surface.

Second, as the UAM aircraft is designed to operate primarily in
residential areas, their operational safety is a high priority for aircraft
designers. In addition, contrary to conventional helicopters, which have
specific locations to land and takeoff, the vertiports for UAM vehicles
are placed mainly on top of skyscrapers. The flight routes of commercial
and UAM aircraft are compared in Fig. 1; as shown, the UAM vehicles
frequently land and takeoff vertically at the vertiports.”**” During the
vertical maneuvers near the vertiport, the strong interactions between
the UAM aircraft and the vertiport, known as ground effects, can
directly affect the flight dynamics, aerodynamic performance, wake
development,”®*” and noise generation.”® Investigating the impact of
ground effects on a UAM aircraft is imperative to ensure safe operation
and to avoid accidents that may occur during vertical takeoff and land-
ing near the ground. Several studies have previously investigated the
influence of ground effects on the performance of helicopters through
computational and experimental approaches.”” ** Ramasamy et al.”””
conducted an experimental investigation on a scaled CH-47D tandem
rotor. Tan et al.”* studied the effects of crosswinds on the flow field of
an EH-60L helicopter brownout flight by coupling a vortex-based solver
with the discrete element method.

The objective of this work is to numerically study the interac-
tional aerodynamic and acoustic characteristics of a completed

ARTICLE pubs.aip.org/aip/pof

configuration of a six-passenger side-by-side (SbS) UAM aircraft near
the ground using reliable and fast mid-fidelity vortex methods. The
influence of ground effects on the rotor performance, wake structure,
and noise level was investigated at different heights from the ground.
Table I summarizes the recent studies on the NASA SbS eVTOL air-
craft.”” From the literature, two major gaps in the reported works on
the aerodynamic and acoustic analysis of UAM aircraft can be identi-
fied. First, there is limited research focusing on the computational sim-
ulation of UAM aircraft in full configurations, even though Sagaga and
Lee’™” conducted the high-fidelity computational study of the side-
by-side rotor in full configuration. Although the high-fidelity CFD
method can describe the detailed flow physics, it requires the high
computational costs and a complicated numerical setup as the number
of rotors or propellers increases. On the contrary, the method pro-
posed in this study is able to predict fairly good results across a reason-
ably wide spectrum of flow conditions. Second, to the best of our
knowledge, no numerical investigation has been conducted on the
influence of ground effects on the full configuration of an UAM air-
craft. The flow regime of a multirotor system near the ground is highly
unsteady and depends on the airframe of the rotorcraft and rotor sys-
tem configuration, which makes studying UAM performance a unique
challenge as one aircraft design could have an entirely different behav-
ior from another.

In this study, we used a nonlinear vortex lattice method (NVLM)
coupled with source-doublet panel methods to simulate the flow over
the rotor blade, fuselage, and ground. The rotor wake field was mod-
eled using the time-accurate vortex particle method (VPM), which effi-
ciently describes the unsteady wake flow. Moreover, Farassat’s
formulation 1A was utilized to assess the tonal noise in terms of the
thickness and loading noise associated with the blade passing fre-
quency”' as the dominant noise source of the SbS UAM aircraft is the
loading noise."” The rest of the paper is organized as follows. Section 11
overviews the numerical model for the aerodynamic and aeroacoustic
parts. Section III provides some of the validations for the model and
introduces the computational setup and NASA side-by-side air taxi. A
discussion and comparison of the obtained results are given in Sec. IV.
Finally, concluding remarks are made in Sec. V.

Il. NUMERICAL METHODS
A. Coupled vortex method

Despite significant advances in computational capabilities in
recent years, conducting aerodynamic and acoustic analyses of the SbS
eVTOL aircraft in a full configuration and considering ground effects
using high-fidelity CFD methods remain computationally demanding.
In this study, we used a coupled vortex method composed of the
NVLM, source-doublet panel method, and VPM to effectively assess
the influence of ground effects on the aerodynamic and noise perfor-
mance of the SbS eVTOL aircraft. Assuming that the rotor blades were
sufficiently thin, the NVLM was implemented to simulate the SbS
rotor. The fuselage and ground were represented by source-doublet
panels with constant strength, and the wake structures generated by
the two rotors were modeled by vortex particles. The explanations of
each numerical method are as follows.

Vortex methods assume that the flow is inviscid, incompressible,
or irrotational. Therefore, the continuity equation in terms of the
velocity potential ¢ can be written as a Laplace equation. The general
solution to the Laplace equation can be derived using Green’s second
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TABLE . Detailed review of aerodynamic and acoustic analysis of the SbS UAM aircraft.
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FIG. 1. Flight zone of commercial aircraft

Airport and a UAM vehicle.

Ground effect

Numerical methods

Paper details Model

Ventura Diaz et al.”® Isolated
Rotor

Jia and Lee™ Isolated
Rotor

Sagaga and Lee*’ Isolated
Rotor

Present study Full

Configuration

Out-of-ground effect (OGE)

Out-of-ground effect (OGE)

In-ground effect (IGE)

In-ground effect (IGE)

High-fidelity CFD solver

High computational cost

High-fidelity CFD solver
Acousic analogy

High computational cost

High-fidelity CFD solver
Acousic analogy

High computational cost

Coupled vortex method with VPM
Acoustic analogy
Comparatively very low cost

identity. It is represented by a sum of elementary or singular solutions,
such as source ¢ and doublet y distribution on the body surfaces Sg or
only doublet distribution on the wake surface S,, as the wake surface is
assumed to be thin. The VLM, also called the lifting surface method, is
based on the assumptions of the thin lifting surface theory. If the rotor
blade is considered thin, it can be regarded as a lifting surface without
thickness, which nullifies the source term in the Laplace equation, and
only the doublet distribution remains. The rotor blade and wake are
modeled using the vortex ring elements because the constant strength
doublet element is equivalent to a constant strength vortex ring ele-
ment with the same strength (I'= p). Although the VLM is an efficient
and reasonably accurate method of modeling the rotor blade, it cannot
consider nonlinear aerodynamic characteristics mainly associated with
viscosity, flow separation, and low-Reynolds-number flow. Therefore,
a novel NVLM, which incorporates a VLM with airfoil lookup tables,
semi-empirical aerodynamic models, and vortex strength correction, is
introduced to overcome these limitations. The NVLM was also tightly
coupled with the VPM to simulate unsteady wake dynamics. Details of
the numerical strategies used in the NVLM and VPM are provided in
Ref. 43.

Contrary to the rotor blade thickness, those of the fuselage and
ground cannot be neglected. The thickness effect can be applied based
on the distribution of the source terms on the surface. In the source-
doublet panel method, to find a unique solution for the Laplace equa-
tion, along with the no-penetration boundary condition and Kutta
condition, a Dirichlet boundary condition must also be applied to the
problem in which the source term is calculated using the normal prod-
uct of the freestream velocity.”* The panel method is weakly coupled

with the NVLM, as depicted in Fig. 2, which enables the creation of
the influence matrix of the non-deformed geometry (fuselage and
ground) before the beginning of the main loop, effectively reducing the
computational cost of this model. After solving a linear system of equa-
tions for the blade, the strengths of the vortex lattices on the blade are
updated using empirical lookup tables. Thereafter, the vortex particles
of the wake are convected using a time-marching scheme. The aerody-
namic data for noise calculation are exported at the end of each itera-
tion. The iterations are stopped when the aerodynamic load of the
rotorcraft converges to a stable condition. Figure 3 illustrates the cou-
pled vortex method for simulating side-by-side rotorcraft: vortex latti-
ces consisting of four vortex filaments are used for representing the
rotor blades and Kutta wake panels, and the source-doublet panels
with constant strength are utilized for modeling the fuselage and
ground.

B. Vortex particle method

The rotor wake originating from the blade must be described
using the Lagrangian approach rather than the Eulerian approach. The
Lagrangian VPM can accurately simulate the complex wake field of a
rotorcraft without the numerical dissipation error caused by the vol-
ume discretization with the grid. This study tightly integrated the
NVLM with a time-accurate VPM to simulate the wake flow around
the SbS rotor configuration. Unlike in the vortex filament method, the
vortex particles do not necessarily need to maintain connectivity with
the adjacent particles, allowing them to freely be deformed and trans-
ported downstream. These features make the VPM helpful in
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Definition of instantaneous
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v

Solve a linear system of Calculate the inflow velocity
equations for blade and effective angle of attack

L2 A 4
Calculate the sectional lift Calculate the sectional lift
force using Kutta-Joukowski force using table look-up

v v

r.t

Update the bound vortex
strength

k=k+1

Wake convection using time-
marching scheme

2

Solve a linear system of
equations for fuselage/ground

v

Extract FW-H surface data
and postprocess for rotor

FIG. 2. Flowchart of coupled vortex method for simulating side-by-side UAM aircraft
in full configuration.

capturing the dynamic and unsteady behavior of the wake field origi-
nating from the rotor-to-wake or wake-to-wake interactional effects.
During the time-marching step for developing the wake, the rotor
blade rotates, and blade vortex elements placed on the trailing edge are
shed with a local convection velocity and move downstream. In the
initial time steps, the trailed and shed wake vortex filaments that origi-
nated from the blade are modeled as curved vortex filaments.
Subsequently, they are discretized into a finite number of vortex par-
ticles. Each vortex particle is later convected away from the rotor by
the sum of the freestream velocity and the velocity induced by the

FIG. 3. Vortex lattices and source-doublet panels used to simulate the SbS rotor-
craft in ground effect.
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bound vortices of the rotor blades, fuselage/ground panels, and other
vortex particles. The Biot-Savart law is implemented to calculate the
velocity of one particle induced by the other vortex particles in the
wake field, which is represented by a set of p Lagrangian vector-valued
vorticity particles. The velocity induced at the mth vortex particle by
vortex particles (n=1, 2, ..., p) can be expressed using Eq. (1), where
m and n are vortex particle indices, x,, is the position vector of the
Lagrangian vortex particles, and p is the total number of vortex par-
ticles. a,, is the vector-valued total vorticity inside #n th particle; 6,,,, is a
symmetrized smoothing parameter for preventing the singularity
problem, and p is the non-dimensional distance parameter. The rela-
tionships between these parameters can be expressed as follows:

p
1
Vind,particles(xma t) = Z*K(P)(Xm - xn) X Oy (1)

3
n=1 "~ mn

— Vot @

Q
3
=

|
)

p =" 3)

where ¢ is the core radius of the particles and ,, is the core radius for
the particle m at which the induced velocity from the particle # is cal-
culated. K(p) is the regularized kernel for evaluating the induced
velocity, which is formulated using the vorticity distribution function
and the Green function for the vector stream function. Various forms
of the distribution function are available; however, the three-
dimensional high-order algebraic smoothing function proposed by
Winckelmans and Leonard" is used here:

K(p) = M (4)
1 pP+3/2
G(p) - 47'[ (pz + 1)3/27 (5)
o) =24 ey =21 ®)

pdp? T 81 (,02 + 1)7/2 .
To achieve wake evolution, the convection velocities of the vortex
particles are evaluated at each time step, and their locations are deter-
mined using the second-order Runge-Kutta method. The rotation
speed of the rotor blade is gradually increased from zero to the desig-
nated speed, and its variation is defined using a sine function. For fur-
ther details, please refer to our previous report."’

C. Noise prediction method

The noise signal propagating from a rotor is typically categorized
into non-deterministic and deterministic components. The former sig-
nals arise from turbulence ingestion noise, blade-wake interaction
noise, and airfoil self-noise, whereas the latter arise from thickness
noise, loading noise, BVI noise, and high-speed impulsive noise. The
thickness and loading noise of the deterministic components are pri-
marily linked to the rotating blades, resulting in periodic and tonal
noise characteristics that lead to a high SPL at the rotor blade passage
frequency (BPF) and its harmonics. Thickness noise occurs because of
the flow disturbance caused by the moving rotor blades, and loading

Phys. Fluids 36, 087160 (2024); doi: 10.1063/5.0221902
Published under an exclusive license by AIP Publishing

36, 087160-4

GG:91:¥0 G20Z 18qWIBAON 82


pubs.aip.org/aip/phf

Physics of Fluids ARTICLE

noise is generated by the time-varying aerodynamic loads acting on
the blade surface.

The current study primarily focused on predicting the thickness
and loading noise generated by the SbS rotor configuration rather than
non-deterministic configurations. The SPLs of the thickness and load-
ing noise were evaluated through the numerical implementation of
Farassat’s formulation 1A, which is a solution to the FW-H equation
that neglects the quadrupole source term.'>*® Farassat’s formulation
1A is an integral method for evaluating aerodynamically generated
noise. The thickness and loading noise were modeled using surface
sources in terms of monopole and dipole sources. The acoustic pres-
sures of the thickness [P.(x, )] and loading [P; (x, )] noise sources
can be calculated as follows:

p/(X7 t) :p/T(Xv t) +piL(X7 t), (7)
/ 1 J Po(Vn + Vi)
) =— ——— | dS
pr(x, 1) an)io| 7|1 —M,\Z N
+ LJ Povn(er + aOMr ; aOMZ) dS, (8)
an f=0 1'2|1 _Mrl ret

1 i 1 I — Iy
' (x f) = J _ b ds+—J M as
pL(x, 1) 4nag Jr—g [r|1—M,2:|m an )i |21 — M,|? ot

1 J I (rM, + agM, — aOMZ) s
4mao f=0 2|1 _MVP ret 7

©)

where [] , signifies the evaluation of the enclosed quantity at the
rei

retarded time (7):
r_ . x—yl

T=t——=1
ap ao

(10)

where 7 is the retarded time when the sound is emitted from sources,
whereas ¢ is the observer time. Furthermore, a, is the speed of sound,
0, is the density of air, and r is the distance between the source (x) and
observer (y) positions.”' Subscripts # and r denote the quantities in the
normal direction to the blade surface and radiation direction, respec-
tively, that is, v, is the local normal velocity of the blade surface. I indi-
cates the local loading that acts on the fluid due to the blade surface,
and M, is the Mach number in the radiation direction.

I1l. NUMERICAL SETUP
A. Validation

The NVLM has been previously applied to various rotor blades
to predict their aecrodynamic performance, and its predictive capability
has been validated in several studies."***”** Two well-known experi-
mental studies were conducted to validate the panel and coupled vor-
tex methods. First, the panel code model simulated the flow around
the isolated ROBIN fuselage at an angle of attack of 0°. The predictions
of the surface pressure coefficients at different longitudinal stations
were compared with the experimental data™ and simulation results
obtained using FUN3D—an unstructured mesh-based Reynolds-
averaged Navier-Stokes (RANS) method’' —as illustrated in Fig. 4.
The pressure predictions are well matched with the experimental and
numerical results at most points, particularly the points at which there

pubs.aip.org/aip/pof

is no flow separation from x//=0.0517 to 0.3497 (here, [ is the half of
the fuselage length). At x/I = 0.4669, the FUN3D results predict a small
separation at z/R = 0.12 near the nacelle at the top of the fuselage, but
the panel method fails to predict the separation, and the flow continues
to accelerate because it is a potential code. Neglecting the fuselage strut
and rotor shaft in the numerical models causes discrepancies between
their results and the experimental data at points along the bottom and
top of the fuselage, respectively [see Fig. 4(d)].

The numerical results for the in-ground effect (IGE) and out-of-
ground effect (OGE) of an isolated rotor were validated by Light’s
experiment on a four-bladed full-scale Lynx tail rotor hovering with a
tip Mach number of 0.56.”> The rotor had constant chords and
untwisted blades. The radius and blade aspect ratio were 1.105m and
6.14, respectively. The blade section was composed of NPL9615 airfoil.
Figure 5 compares the axial and radial locations of the tip vortices
according to the experimental data and the numerical results obtained
using the vorticity transport model (VTM)’” and RANS.” VTM is a
finite volume-based method exploiting the vorticity-velocity form of
the incompressible Navier-Stokes equation. In this method, the vortic-
ities evolve in the flow by velocity, which is calculated by the Biot-
Savart law. The RANS results were obtained using the FLOWer code,
which is an open-source CFD code. As Fig. 5 shows, the RANS
method over-predicts the radial contraction of the tip vortices in some
cases and predicts a higher axial descent rate after the first blade pas-
sage. The coupled vortex methods used in this study produced results
that agreed well with the experimental data and were comparable to
other numerical models. The predicted thrust coefficient and figure of
merit were compared with the experimental data at different rotor
heights and constant collective pitch angles, as listed in Table II. The
values were normalized to the OGE values. Again, the computational
and experimental results agree well. Moreover, as expected, the rotor
thrust and performance increased with decreasing rotor height above
the ground during hovering, as observed during the experiments.

The acoustic analogy of our model was previously validated for
an isolated rotor configuration.”’ The acoustic amplitude and directiv-
ity behavior of the rotor blade well matched between the experimental
data and numerical results of the coupled analysis using high-fidelity
CFD and acoustic solvers. Moreover, the aeroacoustics results for the
full configuration of side-by-side rotorcraft of the present model are
compared with the high-fidelity computational study of the same con-
figuration by Sagaga and Lee.””’ They used CREATETM-AV
Helios,”” with OVERFLOW as the near-body solver and SAMCart as
the off-body solver, and for the acoustic predictions, they exploited
PSU-WOPWOP, and their grid size is between 300 and 700 x 10°
depending on using adaptive mesh refinement. The UAM is in hover-
ing mode with 499.97 rpm. The blade collective pitch angle for the
study is 8°. Although the overall sound pressure level (OASPL)-A cal-
culated by the present model is 76.2 dBA, which is lower than that of
high-fidelity model, which is 80.7 dBA, it was confirmed that reason-
able noise level could be evaluated compared to the high-fidelity analy-
sis results. Unlike reference,””” the hub configuration is not simulated
here. Moreover, the details of blade geometry could be different
slightly. Although the numerical model used in this study is an efficient
way to simulate the full configuration of the UAM vehicle, it cannot
accurately capture the non-deterministic acoustic components.

In this study, only time-series data after ten revolutions were uti-
lized to acquire the acoustic results in the frequency domain rather
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than the overall time history across all revolutions. This post-
processing technique can help accurately capture tonal acoustic ampli-
tudes at the principal frequencies of interest. The time-series data were
processed using a fast Fourier transform with a Hanning window func-
tion to isolate the acoustic contributions of different frequencies. The
acoustic spectrum was converted into an SPL in decibels, and the resul-
tant A-weighted overall SPL (OASPL) was computed by integrating
the SPL spectrum.

B. Side-by-side eVTOL aircraft

The aircraft prototype investigated in this study was a publicly
available NASA OpenVSP model of the SbS UAM vehicle.”® The land-
ing gear and strakes were omitted in this study. The grid system con-
sisted of a main fuselage, wing, engine, tail, and rotor. The SbS eVTOL
aircraft is a representative high-performance rotorcraft comprising
two rotors that interact aerodynamically with each other because they
physically overlap and intermesh. The interaction of the main rotors is
intended to reduce the induced power during forward flight. Further
details of this aircraft can be found elsewhere.””””*’ For all instances
of the SbS aircraft in this demonstration, the relative rotor phasing was
held constant, and the phase shift between rotors was 45°. The separa-
tion distance (d), which is a typical characteristic in multirotor systems,
is defined here as the distance between the hubs of two rotors, which,

(d) x/1 = 1.3450

for this configuration, corresponds to 85% of the radius of the rotor
(d/R=0.85). The overlapped rotors are more efficient than the two
separated rotors, with the ideal setup being a 15% rotor overlap, which
is overlapped distance scaled by the rotor radius. The hub-to-hub sepa-
ration distance is 1.7R.””’"*” The rotors were articulated with four
blades per rotor and were controlled via collective and cyclic pitch
angles. Because the material properties of the conceptual designs were
not available, the rotor blades were assumed to be rigid. The rotor
blades of the SbS rotor were modeled based on two modern airfoils:
Boeing VR-12 and Sikorsky SSC-A09. VR-12 was used for /R < 85%
span, a linear interpolation between VR-12 and SSC-A09 was assumed
to range from 85% to 95%, and SSC-A09 was used for r/R > 95% span.
The chord length of the blade was 0.217 m until /R = 94%, at which
point the blade tapered. The slope of the linear twist distribution was
assumed to be —16°, and the 0° twist occurs at a 75% span. A 15° lin-
ear taper ratio was applied between r/R =94% and the blade tip. The
fundamental specifications of these vehicles are listed in Table III.

C. Aeroacoustic simulation setup

The surface grids for the numerical simulation of the SbS aircraft
are depicted in Fig. 6, where each blade is discretized with 720 quadri-
lateral vortex lattices, and the fuselage is represented by 9188 unstruc-
tured triangular source-doublet panels. The grid system comprised the
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main fuselage, wing, engine, tail, and rotors, and the landing gear and
strakes were omitted in this study. The rotor on the starboard side
rotates counterclockwise (CCW), and the rotor on the port side rotates
clockwise (CW). This study presents the instantaneous velocity magni-
tude contour at the mid-plane (Z-X plane in the middle of the aircraft)
section, which will be discussed in detail later. The time step size was
set at a 3.0° azimuth for each time step for 12 rotor revolutions. The
rotor azimuth angle (/r) was defined in relation to the CCW rotation
of the rotor on the starboard side (see Fig. 6). The rotational speed and

TABLE II. Comparison of thrust and FM between predictions and measurements™” at

i IR R
240 300

Wake azimuth angle (°)
(b) IGE, H/R=1.54, Cy /o = 0.08

FIG. 5. Tip vortex axial and radial loca-
tions of the Lynx tail rotor.

pilot inputs for all the cases were constant. The rotor aerodynamic
coning angle (f), collective pitch (0), lateral cyclic pitch (0;.), and
longitudinal cyclic pitch (6;5) of both rotors are listed in Table I'V. The
total thrust produced by the rotor system is greater than the gross
weight of the eVTOL aircraft. In this study, the eVTOL aircraft was
placed at different heights (%), which is the distance between the rotor
hub and the ground, to investigate the ground effects on the

TABLE lll. Specifications of NASA SbS eVTOL aircraft.

! : Parameter Value
different rotor heights.
o ~ Overlap ratio (%) 15
Cr,oce FMoge Number of rotors (-) 2
h/R Experiment Present Error (%) Experiment Present Error (%) Number Of blades (-) 4
Rotor radius, R (m) 3.203
4 1 1 0 1 1 0 Root cutoff, Ry (%) 16
1.92 1.022 1.024 0.2 1.018 1.027 0.88 Rotor solidity, o (-) 0.0832
1.54 1.032 1.058 2.52 1.047 1.059 1.15 Gross weight, W (kg) 1792
0.95 1.090 1.110 1.83 1.150 1.110 3.48 Tip Mach number, Mtip (-) 0.484
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TABLE IV. Basic properties of the SbS UAM vehicle.

Parameter Value
Coning angle (f) (°) 3.1
Collective pitch (0,) (°) 12.2
Lateral cyclic pitch (6;) (°) 0.0
Longitudinal cyclic pitch (0,) (°) 0.0
h/R 1,2

aerodynamic performance and noise level of the aircraft in hovering
flight conditions of i/R=1 and 2.

In this study, two distinct sets of microphone arrays were used to
assess the noise performance of an eVTOL aircraft. Both arrays, with a
circular arrangement of 36 microphones and a radial distance of 50 m
(=~ 8R), were centered around the eVTOL aircraft, maintaining a 10°
spacing between adjacent microphones. The placement of micro-
phones in a circular arrangement provides a better estimation of noise
directivity around the aircraft. The azimuth angle of the microphones
(Yamic) was defined as the same as the rotor azimuth angle, following a
CCW direction. It is crucial to note that the positions of these arrays
were adjusted for the OGE and IGE conditions. For the OGE condi-
tion, the microphone array was positioned 150 m (~=24R) below the
eVTOL aircraft, facilitating the examination of fuselage effects, as
depicted in Fig. 7(a). However, for the IGE condition, the microphone
array was situated in the rotor disk plane to explore the variations in
noise characteristics with varying ground proximity [see Fig. 7(b)].
The acoustic characteristics were recorded for each observer and post-
processed to retrieve the characteristic metrics at each observer
location.

IV. RESULTS AND DISCUSSION

The first part of this section discusses the influence of fuselage on
the aerodynamic and acoustic characteristics of the SbS eVTOL under
OGE conditions. Section IV B discusses the influence of the ground
effect on the performance of the SbS aircraft in hovering mode.
Hovering above the ground is a critical phase during the takeoff and
landing of UAM aircraft. Hence, the ground effect must be explored in
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FIG. 6. Surface grid of the SbS eVTOL
aircraft with 15% overlap and four tapered
blades and definitions of mid-plane and
rotor azimuth angle.
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.
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FIG. 7. Acoustics simulation setup: microphone locations.

hovering flight conditions to ensure the safety and reliability of
eVTOL aircraft during landing and takeoff operations. A consistent
contour legend was used in all cases to facilitate a more effective com-
parison of the findings. The features of the case studies are listed in
Table V.
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TABLE V. Case studies for investigating the effects of the fuselage and ground.

Case Rotor model Fuselage Ground
1 No No
: SbS ith 15% overl ves e
3 rotors wit 60 overlap Yes Yes
4 Yes Yes

A. Fuselage effect

The fuselage of a rotorcraft plays essential roles in its aerody-
namic and aeroacoustic performance. This section addresses the effects
of the fuselage on the aerodynamics, flow field, wake structure, and
acoustics of the SbS aircraft during hovering under OGE conditions.
Accordingly, we selected cases 1 and 2 from Table V. The instanta-
neous velocity magnitude contour at the mid-plane (as defined in
Fig. 6) and wake field for both the isolated rotor and full configuration
in the OGE are depicted in Figs. 8 and 9, respectively. The wake struc-
ture is visualized with the color transition between blue and red, in
which red indicates the highest vorticity magnitude of the vortex par-
ticles, while blue indicates the lowest vorticity magnitude of the vortex
particles. The observed asymmetry in the longitudinal direction of the
rotorcraft can be attributed to the rotational movement of the two
rotors, which is CCW for the starboard rotor and CW for the port
rotor. The counter-rotating directions of the SbS rotor system channel
the downward flow. This phenomenon can also be observed in other
multirotor cases, such as in the experimental investigation of tandem

V [m/s]

4 G T A

(a) SbS rotors with fuselage

ARTICLE pubs.aip.org/aip/pof

rotors.”’ Figure 8 shows the presence of a counter-rotating-tip vortex
pair emanating from a downstream rotor blade. For the isolated rotor
case [see Fig. 8(b)], the structure of the counter-rotating tip vortex pair
is asymmetrical, contributing to the longitudinal instability of the
rotorcraft. However, the fuselage under the rotor system affects the
evolution of the tip vortices, thus mitigating the asymmetric structure.
The fuselage of the SbS aircraft favorably affects the stability of the
rotorcraft downwash, leading to a decrease in its magnitude.
The velocity contour also shows the occurrence of an upwash flow in
the region between the rotor blade and fuselage, causing an increase
in the thrust generated by the rotor system with the fuselage. This fea-
ture is further demonstrated by the vortices reflected above the fuselage
in the wake structure of the SbS rotorcraft. The effect of the fuselage on
the induced inflow ratio at z/R = 0.12 in the mid-plane (between the
rotor system and the fuselage) is plotted in Fig. 10. The inflow ratio is
defined as follows:

Wi
Ai= R’

Here, w; is the induced velocity, and Q is the rotor angular veloc-
ity. Figure 10 shows that the fuselage induced an upwash flow under
the rotor system, which consequently reduced the downwash and
increased the thrust of the rotor system. The upwash flow at the aft
side of the fuselage is stronger than that of the fore side. A more
intense wake interaction for the full configuration in the space between
the fuselage and rotor system is evident in Fig. 9. Moreover, the vorti-
ces reflected from the fuselage contributed to the increased flow
unsteadiness, particularly in the downward direction of the airframe.

(11)

FIG. 8. Comparison of the instantaneous
velocity magnitude at mid-plane (side
view: x-z plane).

FIG. 9. Comparison of wake structures at
mid-plane (side view: x-z plane).
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FIG. 10. Comparison of induced inflow ratio for isolated rotor and full configuration
aircraft at zZR = 0.12 along the longitudinal direction.

The collision of the strong tip vortices shed from one blade with
the preceding blade results in a sudden change in the effective angle of
attack of the rotor blade, eventually leading to impulsive loading. More
sudden changes may occur if the interaction between the vortex and
blade occurs in a shorter period (i.e., with higher frequency). Although
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FIG. 11. Time variation in thrust coefficient for one revolution of isolated rotor and
full configuration.

the most pronounced changes occur because of the tip vortices, the
collision of the shedding and trailing vortices that depart from the
blade trailing edge with other blades, known as blade-wake interac-
tions, influences their aerodynamic performance. Figure 11 compares
the variations in the integrated thrust coefficient of the SbS rotor blades
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for the isolated and full configuration cases in one revolution. Both
cases demonstrate impulsive aerodynamic loads induced by the BVI,
resulting in impulsive pressure differentiation and noise. The presence
of the fuselage amplifies the load peaks and increases the loading vibra-
tion amplitude, as shown in Fig. 11. The vibratory load of the rotor sys-
tem resulting from an unsteady aerodynamic environment generates
acoustic noise and vibration, enhancing the structural vulnerability
and acoustic annoyance of the aircraft.

The predictions of the acoustic pressure at microphone azimuth
angles (Ync) of 0° (aft side), 90° (starboard side), 180° (fore side),
and 270° (port side) are presented in Fig. 12. As mentioned earlier, the
microphones are placed 150 m (=47R) below the aircraft in a circular
arrangement with a radial distance of 50 m (~15R). Both the full con-
figuration and isolated rotor cases exhibit high-frequency noise in all
directions owing to the nature of the SbS rotor system and the result-
ing complex aerodynamic interactions,”’ as shown in Fig. 9. The
acoustic pressures for the observers at azimuth angles of 90° and 270°
are quite similar, with a slight dissimilarity possibly attributed to the
phase shift and highly complex vortex flow in the inter-rotor region
for the overlapped rotors.”’ Furthermore, the existence of a fuselage
increases the amplitude of the acoustic waves propagating toward these
observers. However, for the microphones at /yyc =0° and 180°, the
SPL differs as expected due to the asymmetry flow in the longitudinal

Blade passing frequency, BPF
(d) Observer at Waic = 270°

direction. The peak-to-peak amplitudes of the impulses for the aft side
observer of the rotorcraft are more than that of fore side observer. The
effects of the fuselage on the overall sound pressure recorded by these
microphones are also dissimilar. For the aft side observer, the figure
indicates that the rotor system with the fuselage generates a greater
impulse amplitude at the SPL than the isolated rotor, as shown in
Fig. 12(a). This finding implies that the airframe of the SbS UAM vehi-
cle has a greater impact on the noise characteristics in the forward
direction of the aircraft.

Figure 13 shows the acoustic amplitude in decibels associated with
the BPF at the fore, port, aft, and starboard sides of the aircraft for both
the full configuration and isolated rotor cases under OGE conditions.
The first BPF (i.e., the fundamental frequency) is defined as the rota-
tional frequency of the rotor multiplied to the number of blades. The
fundamental frequency of the four-bladed rotor on the starboard of the
SbS rotor system is approximately 33 Hz. Figure 13 demonstrates that
tonal noise for both cases occurred at even harmonics, particularly
within low-frequency ranges. This suggests that rotor-to-rotor blade—
vortex interactions are the primary noise source in the overlapped side-
by-side rotor system, as also reported in Refs. 36 and 37. Moreover, this
figure shows the presence of fuselage increases the sound pressure level
of UAM aircraft. This increase is less evident for the observer at the azi-
muth angle of 180°, where the fuselage has less effect on the acoustic
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FIG. 14. Comparison of A-weighted overall sound pressure levels (OASPLs) for iso-
lated rotor and full configuration aircraft at various observer positions.

behavior of the rotor system. In the full configuration case for the
observer at Y\c=10°, the peak SPL occurs at the sixth harmonic,
whereas it occurs at the second harmonic for the isolated rotor system.
Moreover, owing to the increase in the interactions between the blade
and vortices, in this direction, for higher frequencies (6-20 BPFs), the
SPL is also higher for the full configuration case. The peak SPL for
microphone at e =180° occurs at the second harmonics. The
observers at the lateral sides of the rotor system [Figs. 13(b) and 13(d)],
the fuselage similarly influences the rotor system noise emissions in
both directions, where the peak SPL occurs at the fourth harmonic.
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FIG. 15. Time variation in thrust coefficient for one rotor revolution of full configura-
tion in IGE conditions.

Figure 14 compares the overall sound pressure levels (OASPLs)
directivity of the full configuration and isolated rotor to analyze the
acoustic radiation characteristics with and without the fuselage. In the
full configuration, the maximum and minimum OASPL values are 64
and 57 dBA, respectively. By contrast, these values are only approxi-
mately 62 and 56 dBA for the isolated rotor configuration, respectively.
Consequently, the fuselage effect results in an average increase in 2
dBA in the OASPL over all microphones compared with the isolated
rotor. However, the noise level is influenced by the presence of the
fuselage slightly more in the aftward direction of the rotorcraft, where

FIG. 16. Distribution of sectional thrust
contour on the starboard (upper) and port
(lower) rotor blades of full configuration in
IGE conditions.

(b) Full configuration at h/R=2
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vortices reflected from the airframe lead to stronger BVIs. In this area,
the model predicts an almost 4 dB(A) increase in the OASPL for the
rotorcraft with the fuselage. For both cases, the observer at
Yanc = 180° experiences the minimum OASPL, where it can be seen
the fuselage has less effect on the rotorcraft OGE (about 1 dBA).

B. Ground effect on the aerodynamics of SbS eVTOL

This section examines the aerodynamic performance of the SbS
aircraft during hovering above the ground. Cases 3 and 4 (defined in
Table V) are selected in which the rotorcraft hovers above the ground
with a fixed RPM at different heights from the ground (#/R=1 and 2,
respectively). Figure 15 shows the aerodynamic load of the rotor blades
for a full configuration aircraft hovering above the ground in one revo-
lution, depending on the height from the ground. As expected, the
closer the aircraft is to the ground, the higher the average thrust gener-
ated. Moreover, the amplitude of vibration slightly changes for /R =1
compared with that for #/R = 2. Moreover, the tip vortices in the over-
lapped region merged for the overlapped rotor, creating stronger vorti-
ces and leading to a higher downwash between the two rotors. The
influence of this wake distortion is manifested by the azimuthal distri-
bution of the thrust force on the rotor plane, as shown in Fig. 16. It can
be observed that the rapid variation in the loading distribution in the
overlapping region between the rotors with significant impulsive
changes in the loading at the entrance () = 150°) and exit (i =212°)
of the overlapped area for both rotors. This could stem from the inter-
action of the tip vortices of one rotor experiencing near parallel inter-
action with the blade of the other rotor. When the rotorcraft is closer
to the ground, higher upwash at the aft side of the rotorcraft increases
the loading distribution at the rear part of the rotor.

Figure 17 compares the instantaneous velocity magnitudes for the
hovering mode at two distances from the ground in the mid-plane,
showing the development of strong vortices behind the rotorcraft. A
vortex flow forms below the rotor system for /R = 2. As the rotorcraft
approaches the ground, the center of recirculation is pushed farther
from the centroid of the rotors. Ramasamy et al.”” showed that the fuse-
lage design could also affect the location of recirculation near the
ground by performing experiments on tandem rotors. Comparing the
velocities in the two cases indicates that the outwash is higher when
the rotorcraft is closer to the ground. Comparing the velocity fields for
h/R =1 and 2 with the rotorcraft OGE in Fig. 8(a) reveals that the recir-
culation vortex gains more strength as the aircraft approaches the
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FIG. 17. Comparison of the instantaneous
velocity magnitude contour of full configu-
ration in IGE conditions.

GROUND

(b) Full configuration, h/R=2

GROUND

(b) Full configuration, h/R=2

FIG. 18. Comparison of wake structures of full configuration in IGE conditions.

ground. A side view of the wake field for all ground effect cases is illus-
trated in Fig. 18. Strong recirculation occurs downward due to the rotat-
ing direction effect of the rotors. At h/R = 1, the recirculation above the
rotor system increases the wake interactions. Moreover, as the rotorcraft
gets closer to the ground, the decrease in the downwash velocity and the
upwash flow due to the presence of the fuselage results in an increase in
thrust of UAM aircraft. As the rotorcraft moves farther from the
ground, the recirculation remains below the rotor plane, and the impact
of the ground on the rotor performance diminishes [see Fig. 18(b)].
Figure 19 shows the induced inflow ratio at z/R=0.12 in the lateral
direction. This figure indicates that as the rotorcraft gets closer to the
ground, the downwash flow decreases more, which accordingly results
in the increase in the thrust of the UAM aircraft.
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FIG. 19. Comparison of induced inflow ratio of full configuration in IGE conditions at
zIR = 0.12 along the lateral direction.
C. Ground effect on the acoustics of SbS eVTOL

This section discusses the effects of the ground on the noise char-
acteristics of the SbS eVTOL aircraft at different heights from the
ground (W/R=1 and 2). The microphone array with a circular

ARTICLE pubs.aip.org/aip/pof

arrangement of 36 microphones and a radial distance of 50 m (= 8R)
was placed in the rotor disk plane to explore the variations in the noise
characteristics with varying ground proximity [see Fig. 7(b)]. The SPLs
radiating from the SbS rotor system at the observer locations on the aft
(Yaic=0°), starboard (Yanc=90°), fore (Ypnc=180°), and port
(Ynvic=270°) sides of the UAM aircraft are depicted in Fig. 20. The
total acoustic pressures of the full configuration at different heights
from the ground are compared with the aircraft results under OGE
conditions. The total acoustic pressure on the rotating plane is the sum
of the thickness and loading noise components. As discussed in rela-
tion to Fig. 16(a), an increase in the overall SPL and many impulsive
changes in the sound pressure occur due to the BVI for the micro-
phone located at e =0° as the rotorcraft approaches the ground.
Figure 20 illustrates that the existence of ground has an insignificant
effect on the low-frequency acoustic pressure signals. However, the
ground intensifies the high-frequency noises propagated from the
blade, especially in the fore side direction of the aircraft. The acoustic
pressure on the fore side (/e = 180°) of the SbS aircraft is the lowest
among that on the other sides because the rotor wake propagates to
the back of the aircraft, and the most pronounced interactions occur
on the aft side (yc = 0°). The magnitude of the acoustic pressure for
the observer at y\qc=270° is slightly different from that for the
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observer at Ve = 90°, with higher absolute values of the peaks on
the port side of the rotor system.

The results for the first 20 blade-passing frequencies are shown in
Fig. 21. The highest noise level in the spectrum for the observers at all
the positions except the observer at yyc=180° occurs at the first
BPF. The dominant noise signal on the aft side of the aircraft is
approximately 82dB, which is almost 18dB higher than the SPL
recorded by the observer on the fore side of the aircraft. This difference
slightly increases as the rotorcraft gets closer to the ground due to the
stronger upwash wake, which results in more intense blade vortex
interaction, particularly on the aft side of the rotorcraft. The figure
shows that moving closer to the ground does not affect the low-
frequency signals on the aft side of the SbS aircraft, at which its fuse-
lage has a more dominant influence. For the microphone on the fore
side, for which the fuselage influence is the lowest, the signal levels
vary more noticeably as the altitude of the aircraft changes. Figure 21
also demonstrates that as the frequencies of the noise signals increase
(after the sixth harmonics), the influence of the ground on the noise
intensity also increases. The figure shows for the observer at ;¢ = 0°
and e = 180°, especially for low-frequency noises, the tonal noise
occurred at the odd harmonics, suggesting that the interaction between
a rotor and upwash flow is the dominant noise source. However, for
the observer at the starboard and port sides of the rotorcraft, and as

[ NS e
9 11 13 15 17 19
Blade passing frequency, BPF

(d) Observer at Wyic = 270°

the rotorcraft gets closer to the ground (for high-frequency noises,
especially for the microphone at ync=180°), the tonal noise
increases at both odd and even harmonics, which suggests that the
rotor-rotor interaction noise is also a dominant noise source in addi-
tion to the interaction between a rotor and upwash. These higher har-
monic tonal noise components originate from the growth of vortex
interactions as the aircraft approaches the ground, as manifested in the
wake field of the rotorcraft near the ground (see Fig. 18).

The interaction between the ground recirculation and recircula-
tion vortex flow from the fuselage increases the weak, high-frequency
tonal noises. However, this interaction may cause cancelation in cer-
tain directions, resulting in a lower SPL at certain noise frequencies. To
demonstrate the effect of the ground on the high-frequency noise fur-
ther, this noise was categorized into low (1-5 BPFs) and high (6-20
BPFs) frequency signals, for which the resultant logarithmic sum of
sound pressure levels at each microphone is calculated and presented
in Fig. 22. This figure indicates that the resultant low-frequency noise
for the observer at ;. = 0° is almost 3dB higher than the noise
recorded for the port and starboard side microphones and approxi-
mately 15dB higher than the resultant noise for the fore side micro-
phone. However, the difference between the resultant high-frequency
sound pressure level recorded at the microphone at Wy, = 0° and
other microphones is more than 14 dB, which indicates the high blade
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vortex interactions and intense unsteadiness of the wake field in the aft
direction of the rotorcraft. Furthermore, the ground has insignificant
effects on the low-frequency tonal components. In contrast, for the
high-frequency tones, the ground leads to an elevation of sound pres-
sure level, about 13 dB for the microphone at y/;c=180° and 2 dB
for the other three microphones, where the influence of the fuselage is
more pronounced.

Figure 23 compares OASPL directivity of a hovering SbS air-
craft under IGE and OGE conditions. The OASPL is calculated for
the observers at a radial distance of 50 m (= 8R) away from the cen-
ter of the rotor system in the rotor plane, as defined in Fig. 7. Under
both IGE and OGE conditions, the difference between the maximum
and minimum OASPLs is approximately 24 dBA, which indicates a
significant difference in the noise level based on the location of the
observer relative to the aircraft. For the rotorcraft closer to the
ground, the OASPL is 2-3 dBA higher for most observers around
the aircraft. The directivity pattern of the OASPL does not change as
the altitude of the aircraft decreases. However, the comparison results
between the IGE with h/R=2 and the OGE conditions show that a
threshold height exists at which the impact of the ground on the air-
craft is negligible. It can be inferred that the noise levels are the high-
est for the microphones located downward relative to the SbS aircraft
and gradually decrease as the observer approaches the nose of the
aircraft.

1st - 5th BPF

BPF.
Bl OGE

Bl IGE(hR=1)
Bl IGE(hR=2)

6th - 20th BPF

(d) Observer at Wmic = 270°

Figure 24 presents the three-dimensional (3D) directivity pattern
of OASPL to provide a better understanding of the impact of the fuse-
lage and the ground on the aeroacoustic characteristics of SbS UAM
aircraft in hover flight. A noise hemisphere is positioned above the SbS
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FIG. 23. A-weighted overall sound pressure levels (OASPLs) of UAM aircraft in
ground effect (IGE) at various observer positions.
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(c) Full configuration in IGE, h/R=2

UAM aircraft with a 50 m (= 8R) from the center of the vehicle, and it
is discretized at 10° intervals for both azimuth and elevation angles. It
can be observed that OASPL in the aft quadrant of the aircraft is higher
than the forward quadrant. This is because of the higher loading that
the rotors experience in their rear area due to the direction of rotation.
Therefore, the maximum OASPL of the full configuration aircraft in
both IGE and OGE conditions occurs behind the aircraft between 40°
and 60° above the rotor plane, while the minimum OASPL occurs in
the forward of the aircraft between 0° and 30° above the rotor plane.
Moreover, the noise hemisphere illustrates a region of high OASPL
above the rotor system, resulting from the loading noise of the rotor
blade. Comparing Figs. 24(a) and 24(b) shows that the existence of
fuselage leads to an increase in OASPL, especially above the rotor sys-
tem, due to the stronger upwash wake by the airframe and the ground,
as discussed in Fig. 10. Moreover, the noise directivity and maximum
noise levels under OGE and IGE conditions with different height from
the ground are compared to analyze the impact of ground effect on the
noise of the SbS UAM aircraft in full configuration. It is evident that
the OASPL increases in most directions as the SbS UAM aircraft
approaches the ground, and the high OASPL region (denoted as red
color) grows larger. As a comparison of Figs. 24(b) and 24(c), similar
to the results shown in Fig. 23, when the distance from the ground was
h/R =2, the noise levels were comparable to those under OGE condi-
tions, with similar maximum OASPL values. However, the maximum
OASPL increased by more than 3 dBA as the altitude of the SbS UAM

W I",
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pubs.aip.org/aip/pof

i

[/

FIG. 24. Three-dimensional representa-
tion of OASPL evaluated on the hemi-
sphere above the rotor system with the
radius of 50m from the center of the
rotors (bottom-side view).

(d) Full configuration in IGE, h/R=1

aircraft decreased to h/R=1. The maximum OASPL on the noise
hemisphere is 76.95 dBA at h/R =2 conditions. As the aircraft moves
closer to the ground under the h/R =1 condition, the influence of the
ground effect increases, resulting in a maximum OASPL of 80.45 dBA.

V. CONCLUSION

This study investigates the effects of fuselage and ground on the
aerodynamic and aeroacoustic performance of NASA’s SbS UAM air-
craft in full configuration using coupled vortex methods and FW-H
acoustic analogy. The simulation results show that the existence of
fuselage directly affects the wake field of the UAM vehicle and influen-
ces the aerodynamic loads acting on the rotor blades, acoustic signa-
ture, and noise directivity. These effects were observed under both IGE
and OGE conditions. As the UAM aircraft approaches the ground, the
SPL increases, and the impact of the fuselage becomes more noticeable
due to the stronger upwash wake by the airframe and the ground. It is
found that the most pronounced effect of the ground on the noise
characteristics of the aircraft is the high-frequency tonal noise, where
the ground leads to an increase in the SPL, especially in the directions
where the fuselage has less influence on the wake field. The high-
frequency tone in the aircraft’s aft direction is more intense than in
other directions, indicating a stronger BVI related to the intense
unsteadiness of the wake field in this direction of the rotorcraft. In the
ground effect, the interaction between a rotor and upwash flow is the
dominant source noise, especially for low-frequency noises for the
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observers at the fore and aft sides of the aircraft. However, for the
observer at the starboard and port sides of the rotorcraft, the
rotor-rotor interaction noise is also a dominant noise source in
addition to the interaction between a rotor and the upwash
flow. The noise hemisphere above the vehicle shows that as the
altitude of aircraft gets closer to the ground, the OASPL
increases for most of the directions, and the high OASPL
region expands. Moreover, the OASPL in the aft quadrant of
the aircraft is higher than the forward quadrant. This is
because of the higher loading that the rotors experience in
their rear area due to their direction of rotation. It was con-
cluded that the ground effect causes the aerodynamic noise to
increase by more than 3 dBA as the SbS UAM  aircraft
descends for landing and approaches the ground.

The results of the present method provide valuable insights into
the flow physics, unsteady behavior of the wake field, and noise charac-
teristics of the SbS UAM aircraft in full configuration hovering above
the ground. Our findings demonstrate the importance of the fuselage
design and rotor system configuration in the aeroacoustic performance
of an UAM vehicle during its operation under both IGE and OGE con-
ditions. This information can be used to develop advanced designs and
operational guidelines for UAM vehicles to enhance their safety and
acoustic comfort. Although the numerical model used in this study is
an efficient way to simulate the full configuration of the UAM vehicle,
it cannot accurately capture the non-deterministic acoustic compo-
nents. In the future, we aim to couple vortex methods with the
high-fidelity CFD based on the finite volume method to improve the
predictive capability of vortex models while maintaining computa-
tional efficiency and predict the complicated flow around the rotorcraft
and the flow-induced noise level.
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