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Abstract

This paper investigates the aerodynamic and acoustic characteristics of an advanced air vehicle (AAV) in full
configuration in hover. Quadrotor configuration with different positions of the rear rotors is considered to study
the rotor interactional effect on the aerodynamic performance, wake structure, and noise levels. The positions
of rear rotors are controlled by changing the rotor arm angles of the rear rotor from 0° to 20°. The lattice-
Boltzmann method (LBM) is utilized for the aerodynamic analysis, and the acoustic analogy based on Ffowcs
Williams-Hawkings (FW-H) equation is used for evaluating noise level. The computational analysis revealed
that the interactional phenomena intensified as the rotor arm angles of rear rotor increases, leading to signifi-
cant thrust fluctuation and higher noise levels. The findings in this study help to improve our understanding of
interactions between rotors and optimize the configuration that maximizes the aerodynamic efficiency and
minimizes noise levels, contributing to the advancement of AAV technology and its acceptance in urban envi-
ronments.

1. NOTATION 2. INTRODUCTION
Symbols Recently, the development of advanced air vehicle
R Rotor radius, ft (AAV) with capability of electric vertical take-off and
¢ Fuselage tilt angle, deg landing (eVTOL) has gained significant attention to
Voo Freestream velocit.y, kt resolve the growing traffic congestion in metropolitan
Af Frequency resolution, Hz areas. eVTOL has been proposed more than 1,000
0 Rear rotor angle, deg different models, including prototypes and demon-
Ctip Tip chord length, ft strator (Ref. 1~3). AAV primarily is equipped with dis-
¥ Rotor azimuth angle, deg tributed electric propulsion (DEP) system, which can
A achieve propulsor redundancy, improve the aerody-
cro- namic efficiency, and reduce carbon emission and
nyms: . : .
, ) ) environmental noise (Ref. 4). However, the multiple
CFD Computational Fluid Dynamics I o
) X distributed rotor systems lead to the aerodynamic in-
CAA Computational Aeroacoustics .
. , terference between rotor-rotor and rotor-airframe.
cw Clockwise Rotation .

i ) Zhou et al. conducted the aerodynamic measurement
cew Counterclockwise Rotation on a small unmanned aerial vehicle (UAV) in wind
SPL Sound Pressure Level, dB . _ _ _

OASPL Overall Sound Pressure Level, dB tunnel facility by varying the speation distance be-
DEP Distributed Electric Propulsion tween the adjacent rotors. They also discovered that
AAV Advanced Air Vehicle thrust fluctuation increased as the rotor spacing in-
eVTOL Electric Vertical Take-off and Landing creases. Piccinini et al. (Ref. 6) executed computa-

tional analyses of multiple rotors with different rotor
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arrangements. In tandem configuration, thrust loss in-
creased by up to 40% due to rotor interactions. Herz
et al. (Ref. 7) performed wind tunnel tests on a small
guadrotor in forward flight to compare thrust coeffi-
cients based on substitution with the skew angles of
guadrotor and the rotor rotation directions. Alvarez
and Ning (Ref. 8) presented multirotor vortex particle
model and identified rotor-on-rotor interaction. They
captured the thrust drop and unsteady loading pro-
duced by rotor interaction. Stokkermans et al. (Ref. 9)
demonstrated that the interaction between rotors can
reduce thrust by up to 30% in forward flight. As in pre-
vious studies, rotor interaction is a critical factor in de-
termining the aerodynamic performance of AAV, and
the arrangement of rotor is one of the important de-
sign parameters.

In designing an AAV, various requirements need to
be considered for public acceptance. Noise radiated
from AAV is one of the main barrier to widespread use
of AAV, and various methods were introduced to pre-
dict noise sources of aircraft (Ref. 10~12). Casalino
et al. (Ref. 13, 14) analyzed noise sources for eVTOL,
identifying the changes in community noise and scat-

tering effect with various flight paths. Yunus et al. (Ref.

15) used a noise sphere to predict the noise of UAM
in an urban vertiport environment. They accounted for
a low-fidelity approach that can efficiently calculate
the noise footprint, considering various design varia-
bles and operational conditions. Jia and Lee (Ref. 16)
conducted noise analysis on a full-configuration
guadrotor and found that the self-BVI event leads to
changes in sound pressure level (SPL). Lee and Lee
(Ref. 17) conducted a computational noise analysis
based on different multirotor configuration. As the the
rotors are located in close proximity to each other,
there is an increase in thrust fluctuation and SPL due
to unsteady loading. Jia and Lee (Ref. 18) examined
impact of overlap distance of side-by-side eVTOL
with high-fidelity CFD simulations. They found that as
the overlap size increases, the rotor-to-rotor BVI in-
teraction becomes stronger, increasing to the nega-
tive peak of acoustic pressure. Zhang et al. (Ref. 19)
conducted the noise analysis of the eVTOL configu-
rations with the different number of propeller, and it
was found that the wake of the front propellers influ-
ences the rear wing and propellers, leading to an in-
crease in noise level and radiation. Afari and Mank-
badi (Ref. 20) compared the noise of multi-rotors in
hovering and forward flight conditions. They identified

that interaction between the tip vortex of the front ro-
tor and the rear rotor induces an increase in broad-
band noise.

In this study, the computational analysis was per-
formed to evaluate the aerodynamic and noise of
quadrotor AAV in full configuration with different rear
rotor locations in hovering. The effects of the rear ro-
tor location on the thrust fluctuation, wake evolution,
flow field and noise levels were investigated by
changing the rear rotor arm angles, while the location
of the front rotor was fixed. The computational analy-
sis was conducted using the PowerFLOW, which is a
high-fidelity numerical analysis based on the lattice-
Boltzmann method (LBM).

3. Numerical methodology
3.1. Lattice-Boltzmann methods (LBM)

LBM is the method that discretizes the Boltzmann
equation, which is well-known in statistical mechanics,
and presents the discretized particles as variables in
the form of distribution functions. It numerically calcu-
lates the collision and movement processes of parti-
cles. Compared to the Navier-Stokes equations,
which calculate nonlinear partial differential equations,
LBM models the dynamic movement of microscopic
particles and derives values for macroscopic physical
guantities through algebraic equations. Through this
method, fluid physical quantities can be calculated
simply and efficiently. It is also well-suited for parallel
processing and three-dimensional expansion, making
it useful for analyzing the characteristics of serration
and porous material (Ref. 21, 22). The lattice model
used in LBM is DaQb, where "a" indicates the range
of dimensions, and "b" denotes the number of possi-
ble paths for particle movement. This study selected
the D3Q19 model to present 19 directions in three di-
mensions, and Figure 1 presents the discretized lat-
tice and particle movements (Ref. 23).

Considering the discretized space, the lattice-Boltz-
mann equation can be defined in Eq. (1). f; is the dis-
tribution function of particles at position x with their
movement, and c¢; denotes the velocity vector of par-
ticles in the i-direction. Q; is the collision term due to
particle interactions, and it is defined as shown in Eq.
(2) using the Bhatnagar-Gross-Krook (BGK) model
(Ref. 24, 25).

1) f(XR+CALT+AD - f (X,1) = Q (f(X.1)
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Figure 1: D3Q19 model for LBM simulation

In Eq. (2), T means the relaxation time, the dimen-
sionless time required for particles to reach an equi-
librium state after a collision. Its relationship with the
kinematic viscosity (v) is defined in Eqg. (3). T must be
greater than 0.5, and C; means the lattice speed of
sound.

1
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£ is the local equilibrium distribution function that
connects the velocity distribution of microscopic par-
ticles to macroscopic condition. £/ can be ex-
pressed by Eq. (4) based on the D3Q19 model by ex-
panding the Maxwell-Boltzmann distribution function,
which distributes the particle velocity depending on
probability up to the second-order term of velocity in
the Taylor series (Ref. 26). u is the macroscopic ve-
locity, and w; is the weight factor in the i-direction,
which is defined in Eq. (5) depending on the patrticle
direction.
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2/36 (i=0,...,5)
(5) w =41/36 (i=6,...,17)
12/36 (i =18)

In Eg. (1), the macroscopic physical quantities at
each lattice position, such as density, momentum, en-
ergy, and pressure, are defined as follows.

(6) p(X,1) = Z f.(X,t)

(7 PU(X,t) = Zci f.(X,1)
®) M CRALTCR

9) p=pC?

LBM requires extending the relaxation time of the
BGK model's collision operator for the turbulence
modeling. The extended relaxation time can be de-
rived through the Renormalization Group (RNG) the-
ory, finally it can be defined as a function of the turbu-
lent kinetic energy (k) and the turbulent dissipation
rate (¢). This approach is referred to as LBM-very
large eddy simulation (LBM-VLES) (Ref. 24, 27).
RNG k — ¢ model is used to calculate the turbulent
viscosity relaxation time, and the effective viscosity
relaxation time is defined in Eqg. (10) (Ref. 28).
Here, €, = 0.09, u is based on a local strain parame-
ter, a local vorticity parameter, and local helicity pa-
rameters (Ref. 29).
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Our research team used LBM to predict the aerody-
namic performance of rotor blades and compared the
sound level and radiation of tonal noise resulting from
rotor-airframe interactions (Ref. 30). This study uti-
lized the LBM-VLES to simulate the complex turbu-
lent flow developed through the interactions of vorti-
ces generated by each rotor.

(10)

3.2. Acoustic analogy

This study employed the acoustic analogy based on
the Ffowcs Williams-Hawkings (FW-H) equation to
predict the noise radiated from a quadrotor AAV air-
craft. FW-H equation can consider the rotating ob-
jects within the flow field, based on Lighthill's acoustic
analogy (Ref. 31). FW-H equation is defined in Eq.
(11). The first term on the right-hand side presents
turbulence noise, the second presents loading noise,
and the third term presents thickness noise. Turbu-
lence noise is effective when the blade tip Mach num-
ber is transonic or supersonic. This study investigates
acoustic analysis in subsonic, so turbulence noise is
neglected, and only thickness noise and loading
noise are considered (Ref. 32). The sound pressure
level of thickness noise and loading noise was
evaluated using Farassat formulation 1A, as defined
in Eqg. (12) and Eq. (13), respectively (Ref. 33).
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4. Numerical simulation setup
4.1. Quadrotor model

In this study, a six-passenger quadrotor AAV de-
signed by NASA was considered, and its geometric
information was provided from OpenVSP (Ref. 34).
The quadrotor AAM geometry and the computational
domain are depicted in Figure 2. The rotor blade has
four blades with the radius (R) of 15 feet. The right
front (RF) and left rear (LR) rotors rotate counter-
clockwise (CCW), while the left front (LF) and right
rear (RR) rotors rotate clockwise (CW) to maintain the
yawing moment as depicted in Figure 3.
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Figure 2: Computational domain with quadrotor
model
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Figure 3: Rotor setup of quadrotor

4.2. Computational analysis setup

The computational domain for LBM simulation is set
to 20 rotor radii (300 ft) based on the rotor radius and
specific grid system is depicted in Figure 4. The sur-
face gird is set with high density along the leading and
trailing edges of the blades, as displayed in Figure
4(a). The finest grid cells are constructed in the near-
field of blades within the volume grid, as depicted in
Figure 4(b). Variable resolution (VR) is used when
configuring the grid domain, setting 14 layers. The
grid size doubles with each layer, starting from the
layer containing the finest grid. The finest grid size
used is 0.02 ft, 2.5% of the blade tip chord length. Ap-
proximately 900 million grid cells are used. The time
step size for the unsteady analysis is set to 0.02°
based on rotor. The computational domain was inter-
nally calculated by PowerFLOW, using a Courant-
Friedrichs-Lewy (CFL) number of 1, which is accord-
ing to the finest grid size (Ref. 35).

The sliding mesh method is used to apply rotational
effects for each rotor. No-slip boundary conditions are
imposed on fuselage and rotors to consider the vis-
cous effect. Velocity and pressure inlet condition and
pressure outlet condition are defined for boundary
conditions. The rotational speed of each rotor is fixed
at 350 RPM, with a tip Mach number of 0.4. Aerody-
namic data are collected at 5° intervals, and data for
noise analysis are collected at 0.04° intervals for com-
putational efficiency. Standard temperature and at-
mospheric pressure is used. Aerodynamic analysis of
guadrotor AAV in hover is conducted for 18 rotor rev-
olutions, and the results for the last 5 revolution are
used for acoustic analysis, which correspond to the
frequency resolution of 1.2 Hz. The position of the
rear rotor is set by adjusting the rear rotor arm angle
(0), as shown in Figure 5. The initial setup is estab-
lished with identical angles for both the front and rear
rotor arms, and the angle of the rear rotor arms is
modified in a counterclockwise direction to 8 = 0°, 5°,
10°, and 20°.
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Figure 4. Computational grid system for quadrotor
configuration
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Figure 5: Rear rotor arm angle transition

Microphones are placed ten rotor radii (150 ft) below
the quadrotor configuration for noise analysis to

measure the noise level that affects far-field receivers.

Figure 6(a) shows that 12 microphones are arranged
at the spacing of 30° in azimuth. Additionally, to
confirm the noise directivity in the bottom region of the
configuration, a total of 325 microphones are placed
five rotor radii (75 ft) below the configuration at the
spacing of 10°, as depicted in Figure 6(b).

5. Numerical results
5.1. Grid resolution test

A grid resolution test is performed to ensure efficient
numerical analysis before employing the aerody-
namic and aeroacoustic investigation. Based on the
case with the rotor arm angle of 6 = 0°, the total num-
ber of grid cells is varied, and the thrust of the last
revolution is compared. The total number of grid cells
is changed depending on the size of the finest grid,
and grid resolution test is performed for five cases, as
shown in Table 1 and Figure 7.
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Figure 6: Microphone array with azimuth angle and

noise hemisphere

All computational simulations are performed on 191
CPU cores in parallel on the high-performance com-
puting (HPC) cluster. The ratio of the tip chord length
determines the size of the finest grid, and it is ob-
served that the thrust tends to increase as the size of
the finest grid becomes smaller. When the number of
grid cells increases from 500 million to 900 million, the
thrust increases by 10%. However, when the grid
cells increase from 900 million to 1.7 billion, the thrust
increases by 0.6%. The rate of thrust increase is con-
firmed to be a substantial decline, indicating a trend
toward convergence in thrust when the number of grid
cells exceeds 900 million. Consequently, the finest
grid size corresponding to 2.5% of the tip chord length
is selected for the computational analysis.

Table 1: Information of grid test

Finest
Total cells | Time [h] | Thrust [N]
grid size
7% Ciip 40 mil. 6.5 22,000
5% Ciip 112 mil. 9.3 24,000
3% Ciip 493 mil. 46.6 29,000
2.5% Ciip 900 mil. 81.9 31,800
2% 1.7 bil. 118 32,000
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Figure 7: Grid test with rotor thrust

5.2. Numerical results of hovering

This section evaluates the aerodynamic characteris-
tics based on the rear rotor arm angle in hovering.
First, vorticity magnitude contours of the right rotors
are compared with the position of the rear rotor to
demonstrate the interactions between the rotors, as
depicted in Figure 8. The left rotor of Figure 8 corre-
sponds to the front rotor, and the right corresponds to
the rear. As shown in Figure 8(d), 8 = 20° means that

the rear rotor is positioned highest. As the height of
the rear rotor increases, the vorticity magnitude in the
front rotor region becomes stronger and more wide-
spread. This strong vorticity magnitude directly influ-
ences the front rotor, as identified in Figure 8(d). This
phenomenon explains that as the rear rotor is posi-
tioned higher, the wake of the rear rotor is ingested
into the wake of the front rotor, resulting in an in-
creased vorticity magnitude.

The thrust fluctuation graph of the front and rear ro-
tors is depicted in Figure 9 to verify the impact of wake
interference on the rotors. Figure 9 shows the thrust
fluctuation of the LF rotor and the LR rotor. As the
height of the rear rotor increases, Figure 9(a) illus-
trates distinct thrust fluctuation in the front rotor. This
is likely because wake interaction influences the front
rotor, and this event imposes unsteady and asymmet-
ric loading on the front rotor. On the other hand, Fig-
ure 9(b) shows that as the rear rotor is positioned
higher, the impact of wake interference on the rear
rotor decreases, leading to a slight reduction in thrust
fluctuation. As shown in Figure 9, the mutual interac-
tion between rotor wake directly influences the thrust

Vorticity Magnitude [1/sec]

(c) 6 = 10°

(d) 6 = 20°

Figure 8: Comparison of vorticity magnitude with different location of rear rotor



of the front rotor, and the impact of this phenomenon
on noise is addressed later.
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Figure 9: Thrust fluctuation with different
location of rear rotor
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Figure 10: Comparison of z-velocity with different
location of rear rotor

As depicted in Figure 10, the upwash and downwash
are evaluated using the z-velocity contour to
demonstrate the interference between rotor wake.
The comparison is confirmed in the region between
the fuselage and the rotor at z = 0.1R (1.5 ft). The left
rotor of Figure 10 corresponds to the front rotor, and
the right corresponds to the rear. The red flow
indicates upwash flow caused by the interaction of the
rotor wake, and as the height of the rear rotor
increases, the upwash flow approaches the front rotor.
As shown in Figure 10(d), the upwash flow is
observed to interfere with the blue downwash flow.
This interaction affects the aerodynamics of the front
rotor and is estimated to cause thrust fluctuation, as
shown in Figure 9(a). Also, depending on the rear ro-
tor arm angle, the flow velocity of the rear rotor tends
to converge towards the center of rotation.
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Figure 11: Thrust disk of left front rotor with
different location of rear rotor

The thrust disk of the front rotor is shown in Figure 11
to examine the impact of wake interference on the
front rotor. The thrust disk is compared when the rear



rotor arm angle is 6 = 0° and 6 = 20°, showing the LF

rotor during the last revolution. In the region between

y =270° and 0°, slightly lower thrust is observed, and

it is compared to the region between y = 90° and 180°.
The region between y = 270° and 0° is where wake

interaction occurs, and this is likely because wake in-

teraction results in an unsteady flow that decreases

the effective angle of attack on the front rotor, leading

to lower thrust. Figure 12 presents the thrust at the

blade tip according to the azimuth angle. The thrust

disparity of 6 = 0° and 6 = 20° is observed from y =

300° to y = 40°. When the rear rotor arm angle is 6 =

20°, strong thrust fluctuation is observed from y = 300°
to y = 40° in both Figure 11 and Figure 12. This indi-

cates that the wake interaction causes unsteady load-

ing on the front rotor.
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Figure 12: Thrust of blade with different location of
rear rotor

Figure 13 presents the 1/2 peak-to-peak thrust fluctu-
ation according to the position of the rear rotor. Figure
13 distinguishes between the front rotor, rear rotor,
and the full configuration. As the height of the rear ro-
tor increases, the peak-to-peak of thrust fluctuation
for the front rotor and full configuration tends to in-
crease, while it is confirmed to decrease for the rear
rotor. Compared to 8 = 0°, the 1/2 peak-to-peak value
for the front rotor increased by more than two times
for 8 = 20°, while it decreased by 63% for the rear
rotor. This explains that the thrust fluctuation of the
front rotor was distinct significantly due to the strong
interaction of rotor wake. In contrast, the thrust fluctu-
ation of the rear rotor, which is less influenced by the
wake interaction, decreased somewhat. Overall, the
1/2 peak-to-peak value for the full configuration in-
creases by 37%, indicating that the increase in the
front rotor's thrust fluctuation is more dominant than
the decrease in the rear rotor's thrust fluctuation.
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Figure 13: 1/2 peak-to-peak of thrust fluctuation with
different location of rear rotor

The mutual interaction from rotor wake varied
depending on the position of the rear rotor. This wake
interaction influences the noise source of the quad-
rotor. Figure 14 displays the instantaneous dilatation
field in the rotor region based on the position of the
rear rotor. When the rear rotor arm angle is 0°, sym-
metric noise radiation is observed in both regions of
the front and rear rotor. However, as the height of the
rear rotor increases, an asymmetric phenomenon is
observed in the front rotor region. In particular, Figure
14(d) shows intense tonal noise and widely radiated
noise sources in the front rotor region. It is estimated
that the strong wake interaction in the front rotor re-
gion, observed in Figure 8(d), induces unsteady load-
ing on the front rotor, which likely leads to unsteady
loading noise. Therefore, as shown in Figure 14(d), it
is concluded that the sound intensity from the front
rotor increases and the noise radiation becomes
widespread.

To quantitatively compare the noise level based on
the position of the rear rotor, the overall sound
pressure level (OASPL) is compared. First, the
OASPL at the M6 microphone position is shown in
Figure 15, distributed by the front rotor, fuselage, rear
rotor, and full configuration. It is observed that as the
height of the rear rotor increases, the noise level of
the front rotor and the full configuration tends to
increase. The noise generated from the fuselage and
the rear rotor decreases somewhat, likely because
the wake interaction occurs in the fuselage region
when 6 = 0°, as shown in Figure 8(a).

Figure 16 provides the OASPL of the front rotor and
the full configuration at all microphone positions with
azimuth angle. As shown in Figure 16(a), it can be
observed that the noise level increases at all micro-
phone positions as the rear rotor is positioned higher.
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Figure 14: Comparison of instantaneous dilatation field with different location of rear rotor

When the rear rotor arm angle is 20°, the noise level
increases on average by approximately 2 dB com-
pared to when the rear rotor arm angle is 0°. The in-
crease in noise level is likely due to the gradually
stronger unsteady loading noise caused by the wake
interaction. The increased noise level from the front
rotor leads to an increase in the noise level of the full
configuration, as shown in Figure 16(b). It is observed
that the noise level increased by an average of 1 dB
from 6 = 0° to 6 = 20°.
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Figure 15: Comparison of OASPL with different loca-
tion of rear rotor at M6 microphone
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Figure 17 demonstrates the noise level and directivity
based on the position of the rear rotor using the noise
hemisphere. The noise hemispheres are presented in
two views: a top view, looking down on the
configuration, and an iso view, showing the three-
dimensional perspective. In all cases with the
different rear rotor arm angles, the noise directivity
radiates widely to the region below the quadrotor due
to loading noise in common. As the height of the rear
rotor increases, it is observed that the noise level from
the region below the aircraft increases and tends to
radiate more widely.

6. Conclusions

This study employed aerodynamic and acoustic anal-
yses on quadrotor AAV configuration with varying the
rear rotor arm angles. The computational investiga-
tions were performed using the high-fidelity LBM sim-
ulation. The acoustic predictions were carried out us-
ing the FW-H acoustic analogy with an impermeable
surface. Through aerodynamic analysis of the rotor,
disparity of the noise depending on the position of the
rear rotor was confirmed, and the noise level of each



component was compared. The conclusions drawn higher, asymmetric noise radiation was observed,

based on the results obtained from this study are as and the noise level from the front rotor increased
follows: by approximately 2 dB.

gfg: dB 87 88 89 90 91 92 93 94 95 96 97 98 99 100 101 102

8=10° . .

6=20° Top view Iso view

(@) =0°

a=0°

8=5°

a=10°

8=20°

(b) 6 = 5°

(b) Full configuration

Figure 16: OASPL with different location of rear
rotor

1. The wake interaction effects varied depending on
the position of the rear rotor, and stronger mutual
interference was observed in the front rotor region
as the height of the rear rotor increased. This is (c) ®=10°
likely because the wake of the rear rotor was in-
gested by the front rotor.

2. At 9 = 20°, the wake interaction imposed the ef-
fects of upwash on the front rotor. This upwash
flow induced unsteady loading on the front rotor,
which resulted in strong thrust fluctuation on the
front rotor. Although the thrust fluctuation of the
rear rotor decreased somewhat, the strong thrust
fluctuation of the front rotor resulted in distinct

thrust fluctuation of the full configuration. (d) 6 =20°
3. The unsteady loading originating from the wake  Figure 17: Comparison of noise hemisphere with
interaction resulted in an unsteady loading noise different location of rear rotor

of the front rotor. As the rear rotor was positioned



Since this study was conducted in hovering condi-
tions, it is necessary to investigate the rotor interac-
tion during forward flight. When considering forward
flight conditions, the aerodynamic and noise changes
of the AAV will be examined based on its mission pro-
file. Finally, this paper only considered tonal noise, so
the changes in broadband noise from wake
interaction will be investigated in future work.
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