Investigation of Inter Rotor Spacing Effect on Aerodynamics and
Aeroacoustics of a Coaxial Rigid Rotor Helicopters in Full

Configuration Using High-Fidelity Numerical Simulations

Sung U Kang, Seung Been Shin, Rho Shin Myong, Hakjin Lee ®

School of Aerospace Engineering, Gyeongsang National University, Jinju, Gyeongnam 52828, South Korea

¥ Author to whom correspondence should be addressed: hlee@gnu.ac.kr

Abstract

The coaxial rotor system, a key component of high-speed and long-range compound helicopters, eliminates
the need for a tail rotor. However, aerodynamic interactions between the upper and lower rotors can
substantially influence aerodynamic performance and noise generation. Inter-rotor spacing (IRS), defined as the
ratio of the vertical distance between the upper and lower rotors to the diameter is a critical design parameter
that affects rotor wake structure and blade—vortex interaction (BVI), particularly during forward flight. This
study investigates the effects of IRS and advance ratio on the unsteady aerodynamics and aeroacoustics of
coaxial rotors through high-fidelity numerical simulations. The simulations employ the Spalart—Allmaras
improved delayed detached eddy simulation model coupled with overset mesh techniques. Aeroacoustic analysis
is conducted using the Ffowcs Williams—Hawkings acoustic analogy. The full-configuration X2TD helicopter,
excluding the pusher propeller, serves as the baseline model. Results indicate that a greater IRS value leads to
higher thrust growth rates under low-speed forward flight conditions and reduces unsteady loading fluctuations.
Moreover, a greater IRS value mitigates BVI and loading noise, reducing the overall sound pressure levels.
Notably, acoustic differences between the isolated coaxial rotor and full-configuration models highlight the
influence of fuselage reflection, with downward noise propagation attenuated by up to 2 dB in the latter. These
findings provide valuable insights into IRS optimization for enhanced aerodynamic efficiency and noise

reduction in coaxial rotorcraft.
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1. Introduction

Conventional helicopters can perform vertical takeoff and landing (VTOL) and hover at low altitudes.
However, their forward-flight speed, operational range, and payload capacity are lower compared to those of
fixed-wing aircraft [1], preventing high-speed forward flight over long distances, which restricts their
operational capabilities. Various VTOL rotorcrafts with different rotor configurations have been developed to
overcome these limitations and enhance flight speed and range [2,3]. Bell designed the V-280 Valor, which
utilizes tilt rotors to efficiently transition between helicopter and airplane modes [4], and Piasecki suggested the
SpeedHawk X-49, which possesses a ducted fan at the rear of the fuselage to improve thrust efficiency [5].
Moreover, Eurocopter designed the X3, a compound helicopter with two tractor propellers mounted on the
fuselage wings to enable high-speed forward flight [6]. Sikorsky—Boeing developed the SB>1 Defiant, which
employs a coaxial rotor system as the main rotor to enhance lift performance and cruise speed [7-9]. Among
various rotor systems, the coaxial rotor helicopter eliminates the need for a tail rotor, as its counter-rotating
blades naturally counteract torque, improving stability and maneuverability [10]. Moreover, the coaxial rotor
provides exceptional lift capacity and a compact design, making it highly suitable for operations in confined
environments. Owing to these advantages, the coaxial rotor system is widely adopted in next-generation high-
speed and long-range compound helicopters [11], urban air mobility platforms [12,13], unmanned aerial
vehicles, and the Mars Helicopter. A coaxial rotor helicopter can achieve substantially higher aerodynamic
efficiency than a conventional helicopter. Unlike a single-rotor helicopter, where lift is created on the advancing
and retreating sides of the rotor blade, a lift-offset coaxial rotor primarily produces lift on the advancing side
[14,15]. Hence, a coaxial rotor can generate ~1.7 times more thrust than a conventional helicopter within the
same footprint, as the upper and lower rotors rotate in opposite directions to counteract torque [16]. Despite
these advantages, the coaxial rotor system introduces complex aerodynamic interactions, particularly due to
interaction between the counter-rotating rotors.

Rotor—wake interaction complicates the understanding of the aerodynamic and acoustic characteristics of
coaxial rotor systems. Interaction between the upper and lower rotors in coaxial rotor systems creates complex
flow interference, generating higher noise levels than conventional helicopters with a single main rotor [17].
One of the critical design parameters affecting these interference phenomena is inter-rotor spacing (IRS),
defined as the ratio of the vertical distance between the upper and lower rotors to the rotor diameter. A smaller

IRS value increases rotor-rotor interaction, leading to considerable vibrations and reduced maneuverability.



However, a greater IRS value results in a bulkier hub system, increasing drag and reducing aerodynamic
efficiency during forward flight. Additionally, the forward-flight speed directly influences wake structure
development, affecting interactional phenomena. Wake interference is particularly pronounced at low flight
speed, where the unsteady wake flow originating from the upper rotor propagates into the lower rotor blades,
primarily impacting noise generation and aerodynamic degradation [18]. Moreover, the presence of fuselage
must be considered when analyzing the interactional acrodynamics and acoustics of a coaxial rotor system, as it
substantially alters the flow environment compared to an isolated rotor configuration [19]. In a full
configuration, the wakes generated by the upper and lower rotors can interact with one another and the fuselage,
leading to complex flow interference effects. Furthermore, the wake shed from the fuselage may impinge on the
lower surface of the rotor blade, modifying local inflow conditions and influencing aerodynamic loading and
acoustic characteristics. Neglecting fuselage-induced interactions may result in an incomplete understanding of
the performance of the rotor system under operating conditions. Therefore, a comprehensive understanding of
the influences of IRS, forward-flight speed, and fuselage presence on the aerodynamic and acoustic
characteristics of the coaxial rotor system is essential and has motivated several prior investigations.

Numerous studies have investigated the aerodynamic effects of IRS in coaxial rotor systems, particularly
focusing on its influence on wake structure, thrust generation, and induced power under hover and forward-
flight conditions. Leishman and Anathan [20] analyzed the influence of the upper rotor wake on the lower rotor
in a coaxial rotor system under hover conditions at different IRS values using blade element momentum theory
(BEMT), reporting that the wake generated by the upper rotor exhibited more considerable contraction as it
approached the lower rotor with increasing IRS value. Ramasamy [21] conducted the experiment to explore the
influence of IRS on the interference loss factor and wake instability under hover conditions. Nagashima and
Nakanishi [22] investigated the impact of rotor—wake interference on wake structure and the performance of a
coaxial rotor using the momentum equation and simplified free wake analysis. Qi ef al. [23] predicted the thrust
fluctuation of a coaxial rotor using Reynolds-Averaged Navier-Stokes (RANS) based on computational fluid
dynamics (CFD) with overset mesh technique, demonstrating the overlap effect generated by the bound vortices
of both rotors and the induction effect caused by wake interaction. Shinohara [24] experimentally measured the
thrust and power variations of the upper and lower rotors in a coaxial rotor system under forward flight
conditions at different advance ratios, reporting that the wake from the upper rotor was swept backward with

increasing advance ratio. Kim and Brown [25] compared the power requirements of coaxial and conventional



rotors across different advance ratios under forward-flight conditions using vorticity transport model (VIM).
They found that the coaxial rotor system exhibited different induced power requirements compared to the
equivalent conventional rotor system. Park and Kwon [26] compared the aerodynamic performance and wake
structure variations of an isolated coaxial rotor under hover and high-speed forward-flight conditions at different
IRS values utilizing a RANS-based CFD and a computational grid based on an unstructured near-body region
and a Cartesian off-body region. Hayami et al. [27] explored the effect of lift offset on the aerodynamic
performance of an isolated coaxial rotor under forward-flight conditions using rFlow3D solver, developed at
JAXA. The simulation results indicated that lift offset enhances the lift-to-drag ratio and minimizes thrust
variations, although this effect decreases at high advance ratio. Jia and Lee [28, 29] analyzed both aerodynamic
performance and acoustics of a lift-offset coaxial rotor in high-speed forward flight conditions using Spalart-
Allmaras turbulence model with detached eddy simulation (SA-DES). They indicated that high speed forward
flight conditions reduced the distribution of the sectional normal force than the isolated rotors. While numerous
studies have explored the aerodynamic effects of IRS in coaxial rotor systems under hover and forward-flight
conditions, most studies have primarily focused on an isolated rotor configuration with limited attention paid to
fuselage interaction effects or unsteady flow mechanisms, which are critical to noise generation.

The aeroacoustic implications of IRS variations remain comparatively underexplored, particularly for full-
configuration rotorcraft, including fuselage geometry. Sedlacek ef al. [30] compared the acoustic characteristics
of coaxial co-rotating and counter-rotating rotors under hover conditions to examine the rotation effect on noise
level, indicating that the counter-rotating configuration produced significantly higher tonal noise due to 2 Nb/rev
blade crossing interactions. Xu et al. [31] investigated the impact of IRS on the aeroacoustic characteristics of
isolated coaxial counter-rotating propellers under hover conditions at different rotational speeds using RANS
simulations and the Ffowcs Williams—Hawkings (FW—H) acoustic analogy. They found that a smaller IRS value
increased the noise levels of the propellers, while varying the rotational speed reduced the peak sound pressure
level by up to 3 dB. Qi ef al. [32] analyzed the acoustic characteristics of an isolated coaxial rotor in forward-
flight conditions under various advance ratio and lift offset conditions, revealing that an increased advance ratio
shifted the rotor thickness noise toward the advancing side, while a higher lift offset intensified blade—vortex
interaction (BVI) noise but reduced rotor-rotor interaction noise. Anusonti-Inthra [33] investigated the presence
effects of the fuselage on aerodynamics and structural dynamics of coaxial rotor helicopter in forward flight

using RANS-based CFD. Their results showed that the fuselage increased the higher harmonics components,



leading to affected the aecrodynamic load and flap bending of the lower rotor. Kim et al. [34] analyzed the
aerodynamics and acoustics characteristics of a coaxial rotor helicopter using VTM, and found that the acoustic
signature of the helicopter is strongly affected by rotor-wake interaction phenomena. Kim et al. [35]
investigated the aeroacoustic behavior of a coaxial rotor system under forward flight conditions, with a focus on
rotor—fuselage interaction effects. The inclusion of fuselage increased thrust fluctuations and unsteady pressure
loads, resulting in increase in the overall sound pressure levels by up to 2.5 dB. This study demonstrated that
rotor—fuselage interaction notably alters the directivity and amplitude of loading and thickness noise
components. Table 1 summarizes previous studies that investigated the aeroacoustic characteristics of the

coaxial rotor system.

Table 1. Detailed review of aerodynamic and acoustic analyses of the coaxial rotor system.

. . Numerical
Paper details Research details Fuselage method
Xuetal [31] Investigating the impact of IRS on the aeroacoustic X RANS
(2020) characteristics of isolated coaxial propellers under hover
Qietal [32] Comparing the noise levels of isolated coaxial rotor under X RANS
(2024) various advance ratio and lift offset conditions
Jia and Lee [28,29] Investigating aerodynamic performance and acoustics of a X SA-DES
(2020, 2021) lift-offset isolated coaxial rotor
Kim et al. [35] Exploring the rotor—fuselage interaction effects on 0 VLM
(2019) aeroacoustics of coaxial rotor in forward-flight conditions
Anusonti-Inthra [33] Numerical study of the effects of the presence of the 0 RANS
(2019) fuselage on aerodynamic performance of coaxial rotorcraft
Kim et al. [34] Investigating interactional aerodynamics and acoustics of 0 VTM
(2009) coaxial rotor helicopter in forward flight

Exploring IRS effects on aerodynamics and acoustics of
coaxial rotor helicopter with fuselage interaction in low- O SA-IDDES
and high-speed forward flight conditions

Present
(2025)

The main objective of this study was to investigate the influence of IRS on the interactional aerodynamics
and acoustics of a full-configuration coaxial rotor helicopter under low- and high-speed forward-flight

conditions. Two major gaps in the existing literature were identified. First, the aerodynamic and acoustic



interactions between the coaxial rotor system and the fuselage, as influenced by variations in IRS and forward-
flight speed, remain unexplored. This research aimed to fill this gap in the literature by adopting a full-
configuration model that includes the coaxial rotor and fuselage, enabling a more realistic assessment of the
rotor—fuselage interaction effect on overall aerodynamic performance and noise level. Second, limited research
has applied the DES model to analyze the unsteady aerodynamic forces and wake dynamics of the coaxial rotor
system. Prior studies have relied on RANS-based approaches, which are inherently limited in capturing wake
features critical to noise generation owing to their time-averaged nature. As accurate prediction of noise
characteristics requires resolving these unsteady wake flow phenomena, this study employed the
Spalart—Allmaras improved delayed DES (SA-IDDES) model, which enables improved representation of time-
dependent wake interactions and aerodynamic loading [36]. The use of DES and full-configuration modeling
provided insights into the influence of coaxial rotor—fuselage interaction on thrust fluctuation, wake behavior,
and noise radiation. Based on the results of the aerodynamic analysis, the Farassat 1A formulation with
impermeable boundary conditions was utilized to evaluate the thickness and loading noise radiating from the
full-configuration coaxial rotor helicopter. DES predictions of Harrington Rotor 1 and X2TD rotor models were
compared against experimental results and available data for validation. Finally, the full-configuration X2TD
coaxial rotor helicopter, excluding the pusher propeller, was employed to investigate interactional aerodynamics

and acoustics under forward-flight conditions.

2. Computational Methods

2.1 Detached Eddy Simulation

This study employed the SA-IDDES model to analyze the aecrodynamic and acoustic characteristics of the
coaxial rotor helicopter. DES is a hybrid turbulence method that models the near-wall region using RANS to
reduce computational costs, while large eddy simulation (LES) is applied in off-body regions to resolve coherent
wake structures [37-39]. The wake structure behind the fuselage and rotor blades must be accurately captured
considering its importance in analyzing the aerodynamic and acoustic characteristics of the coaxial rotor
helicopter. Hence, the use of DES was essential in this study. While often utilized in rotorcraft simulations
where periodic rotor wakes dominate the flow, unsteady RANS may not effectively capture transient wake
structures and flow separation phenomena, particularly in cases involving complex wake interactions. As this

study focused on the effects of IRS and advance ratio on rotor-rotor and rotor—fuselage interactions, DES was



employed to better resolve the wake structures and their influence on aerodynamic performance and noise
characteristics. DES turbulence models solve the boundary layers and irrotational flow regions using a RANS-
based approach. However, a sufficiently fine grid can emulate an LES subgrid-scale model in areas of detached
flow, enabling the use of RANS in boundary layers and LES in unsteady separated regions, exploiting the
advantages of both techniques. Turbulence models in RANS can be divided into Spalart-Allmaras DES, elliptic
blending k—¢ DES, and shear stress transport k—-@ DES models. This study employed the Spalart—Allmaras
turbulence model owing to its ability to analyze large and complex flow fields with low computational cost and
high accuracy during the turbulence analysis of near-wall surfaces [40]. The mean velocity (V) from RANS and
filtered velocity (V) from LES can be expressed by the momentum equations Egs. (1) and (2), respectively:
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where p is the density, p is the pressure, fis the resultant of body forces, and T is the stress tensor.

The Reynolds stress tensor (T sns) is defined as a function of time and length scale, as expressed in Eq. (3):

Trs = f(V-V,k,8) , 3)

where kis to the turbulent kinetic energy and € is to the turbulent dissipation rate. For LES, the sub-grid scale

stress (Tggg) 1s calculated with ¥ and the local measure of the grid size (A), as expressed in Eq. (4):

TSGS :f(VG’A}’ (4)

In Eq. (4), the widths of the filter and length scale are the most important factors. These are adopted in the
definition of subgrid-scale eddy viscosity but also in many models for the transition region. The similarities
between Egs. (1) and (2) allow for a unified approach in solving for quantity, as represented in Eq. (5):

L (p)+V - (pY®F) ==V PI+V - (T+T,, ) +1,
ot , (%)
where V is to the predicted velocity and I is to the identity tensor.

The turbulent length scale, defined as a measure of the extent to which turbulent energy influences different
regions of the flow domain, is important when modeling the energy transfer process from larger to smaller

vortices. The damping function (fA ) is adopted in turbulence models to regulate the turbulent viscosity



distribution. By reducing the turbulent viscosity in regions with low turbulence intensity, such as in near-wall
regions, the damping function improves the accuracy of capturing real physical phenomena. Turbulence model

( Tphoder ) 1s expressed in Eq. (6) as follows:

A
T‘nm{fc'l’ = f A(J_)TRAJ’\"S
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where 1, is the turbulent length scale.
This study implemented the SA-IDDES model using blending functions fy and f, to achieve wall-modeled
LES), as expressed by Egs. (7) and (8), respectively [41]:

f5 =min[2exp(-9a°), 1] ’ 7

Jo=max[(f, 1), 0] £, )

>

where a represents a parameter that defines a specific distance ratio within the SA-IDDES model. The functions
fe1 and f; vary depending on whether the value of a is higher or lower than zero, while Y is a function that

accounts for turbulence correction in flows with a low Reynolds number.

The unsteady implicit method was utilized in unsteady simulations, and time integration was accomplished
using the dual time stepping technique, with 15 sub-iterations per time step and a time step of 1° per rotor blade
rotation angle to improve computational efficiency. The study employed Roe’s flux difference splitting scheme
for the inviscid convective terms. The 3rd order MUSCL scheme was employed for spatial discretization using
the central differencing method, which calculates variable gradients using the averaged values of adjacent grid

points. The Venkatakrishnan limiter was adopted to control numerical oscillations.

2.2 Ffowcs Williams—Hawkings Acoustic Analogy

Among various noise sources in rotorcraft, rotor noise, generated by unsteady, three-dimensional
aerodynamic phenomena, is one of the most important contributors to the overall acoustic signature. Rotor noise
is categorized based on several generation mechanism, with each associated with different sources and flow
interactions around rotor blades. Thickness noise arises from the displacement of air caused by rotor blade
geometry, leading to acoustic pressure fluctuations due to local fluid compression and expansion. Loading noise
is generated by aerodynamic forces acting on the rotor blade surface. BVI noise occurs when a rotating blade

encounters strong tip vortices shed from the preceding rotor blades, producing impulsive acoustic events. High-



speed impulsive noise is emitted from the advancing side of the rotor blade at high tip Mach numbers, which
typically occurs during high-speed forward flight [42]. In the coaxial rotor configuration, interactional noise is
generated because of aerodynamic interference between upper and lower rotors. Mutual interaction of their
wake systems induces substantial variations in the local flow field, imposing unsteady aerodynamic loading on
both rotors. This interaction leads to time-varying blade forces that modify aerodynamic performance and serve
as a key source of fluctuating loading noise. Such wake-induced interactions are particularly sensitive to
parameters such as IRS and advance ratio, making them essential considerations in the aeroacoustic analysis of
the coaxial rotor system.

Herein, the Farassat 1A formulation, which is derived from the theoretical solution to the FW—H equation, is
employed to predict the noise generated by the full-configuration coaxial rotor helicopter [43]. The acoustic
analogy is applied under impermeable boundary conditions to evaluate thickness and loading noise generated by
the fuselage and rotor blade surfaces. Eq. (9) presents the Farassat 1A formulation, in which the total acoustic

pressure is expressed as the sum of the contributions from thickness noise (p'r) and loading noise (p';) sources
[44]:
p'(x.0)=p' (X0 +p' (X,1) ©)

where X is the position of the observer and t is the observer time.

Egs. (10) and (11) represent the acoustic pressure of thickness and loading noise, respectively:
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where v, represents the vertical velocity at the surface, ay is the acoustic speed, M, is the Mach number along
the direction from the noise source to the receiver, and 1. refers to the load vector on the rotor blade. A spatial
delay is equal to the time (t) required for the sound wave to move through the spatial distance (r) between the

noise source (x) and the observer (y). The values in brackets are calculated at the retarded time (t) [45], as

expressed in Eq. (12):
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0 (12)
2.3 Computational Validation

The accuracy of numerical methods must be validated to accurately predict the aerodynamics and acoustics
of a coaxial rotor under forward-flight conditions through computational analysis. In particular, given that the
aerodynamic forces on the rotor blades substantially influence loading noise, precise aerodynamic predictions
are crucial for improving the accuracy of noise analysis. To verify the validity of the numerical methods
employed in this study, the thrust and power of an isolated coaxial rotor at different advance ratios were
analyzed and compared with experimental data. The specific planform of the adopted Harrington Rotor 1,
designed by NASA for experimental purposes, is shown in Fig. 1 [46]. The Harrington Rotor 1 model comprises
six different airfoil sections, has a taper ratio of 0.39, and does not include sweepback or twist angles. The
power required to produce the same thrust at different advance ratios was measured. Trim values from a
previous study were adopted to determine the corresponding collective and cyclic pitch angles, as summarized
in Table 2 [47]. The relative velocity difference between the advancing and retreating sides of the upper and
lower rotor blades became more significant with increasing advance ratio. For coaxial counter-rotating rotors
operating at the same rotational speed but at different advance ratios, faster forward flight required an increased
shaft tilt angle and higher pressure on the upper surface of the rotor blades. To generate the same thrust under
these conditions, the collective pitch angle was increased, while the longitudinal cyclic pitch angle was also
increased to reduce the thrust difference between the advancing and retreating sides of the rotor blades.
Conversely, the lateral cyclic pitch angle was decreased to minimize the moment at azimuth angles of 0° and

180°, where the relative velocity difference was minimal.

rIR=0.3
NACA0030 r/R=0.7667 r/R=0.9333
I r’'R=0.333 NACAO0020 NACAO0016
| NACA0024 I r/iR=1.0
1 I Chord/R=0.0.3
| NACA0012
I |
l |
1/R=0.58 I
| NACA0022 r/R=0.9667
| NACA0014
r/R=0.133
Chord/R = 0.0767
NACAO0030
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Fig. 1. Rotor blade planform for Harrington Rotor 1.

Table 2. Trim solutions of Harrington Rotor 1 at different advance ratios.

Upper rotor Lower rotor
Advance ratio (W)
e0 els elc e0 els elc
0.12 8.07° —2.75° 1.05° 7.98° —2.43° 1.32°
0.24 10.68° -5.9° 0.36° 10.65° —5.75° 0.5°

The thrust and power analysis results for the Harrington Rotor 1 at different advance ratios are presented in
Fig. 2. Constant thrust was maintained regardless of advance ratio, and the analysis was performed using the
SA-IDDES model. The predicted thrust and power exhibited error ranges of 1.36%—4.34% and 0.32%-3.66%
compared to the experimental values, respectively. In particular, the predicted power exhibited high accuracy at
an advance ratio of 0.12, with only 0.3% deviation from the experimental data. The relative velocity difference
between the advancing and retreating sides of the rotor blade increased with increasing advance ratio, leading to
thrust imbalance. The blade pitch angle was reduced on the advancing side and increased on the retreating side
to counteract this effect, ensuring thrust balance. Consequently, the higher advance ratio resulted in more
significant thrust variations at the azimuth angle. However, the thrust variation was minimal at the lower

advance ratio of 0.12, leading to predicted results that closely matched the experimental data.
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Fig. 2. Comparison of thrust and power of Harrington Rotor 1 as a function of advance ratio: (a) thrust
coefficient (Cr); (b) required power.
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To further assess the validity of the SA-IDDES model in capturing unsteady wake structures in a coaxial
rotor system, the predicted wake skew angles of the Harrington rotor 1 were compared with previously reported
high-fidelity computational results under forward flight conditions. At advance ratios of p = 0.12 and p = 0.24,
the SA-IDDES simulations predicted approximately wake skew angles of 80° and 89°, respectively, which
closely match the reference values reported in the literature [47]. These results demonstrate that the SA-IDDES
model can accurately capture the evolution characteristics of the rotor wake under forward flight. Moreover, to
assess the predictive fidelity of the SA-IDDES model in resolving unsteady aerodynamic phenomena in coaxial
rotor systems, a detailed comparative analysis was performed against the RANS model using the Harrington
rotor 1 configuration at an advance ratio of p = 0.12. While the RANS model exhibited a deviation of 6.25%
from the experimental thrust value, the SA-IDDES model showed a significantly lower error of 1.36%. To
identify the source of this discrepancy, Figs. 3 and 4 compare the azimuthal distributions of the normal force
and its temporal derivative over the lower rotor blade. While both simulations adopted identical geometric and
boundary conditions, the two methods exhibited marked differences in capturing the spatial and temporal
characteristics of rotor—wake interactions. As shown in Fig. 3, the azimuthal distribution of the normal force
coefficient (C,M?) on the lower rotor blade reveals that the SA-IDDES method captures higher and more
spatially varied loading near y = 90° compared to RANS. This region corresponds to the location where the
advancing blade of the lower rotor encounters the retreating wake of the upper rotor, thereby inducing strong
inter-rotor interference. Fig. 4 further highlights this difference by illustrating the time derivative of the normal
force coefficient (d C,M?/d t). The SA-IDDES solution clearly captures sharper temporal variations and more
pronounced loading fluctuations in the outer blade region, especially near y = 90°, indicative of BVI events. In
contrast, the RANS method yields underestimated load variations, failing to reflect the transient nature of the
aerodynamic loads. These results clearly demonstrate that the SA-IDDES model offers superior resolution of
interactional aerodynamic effects in coaxial rotor systems, including the accurate prediction of unsteady flow
features, such as BVI. The improved fidelity in capturing these phenomena is essential not only for reliable

aerodynamic analysis but also for accurate acoustic prediction.

0.0 0.01 0.02 0.03 0.04

13



’
-

Q)

Fig. 3. Comparison of azimuthal distribution of normal force coefficient (C,M?) on the lower rotor blade of
Harrington rotor 1 at an advance ratio of u = 0.12: (a) SA-IDDES; (b) RANS.
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Fig. 4. Comparison of time derivative of the normal force coefficient (d C,M?/d t) on the lower rotor blade
of Harrington rotor 1 at 4 =0.12: (a) SA-IDDES; (b) RANS.

3. Computational Setup

3.1 X2TD Helicopter Model

In this study, the Sikorsky X2TD helicopter was employed to explore the interactional aerodynamics and
acoustics of a coaxial rotor under forward-flight conditions at varying IRS values and advance ratios. The
geometric information of the X2TD helicopter model is listed in Table 3 [48]. A coaxial rotor system with the

fuselage was modeled, excluding the pusher propeller. The upper and lower rotors rotated counter-clockwise
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and clockwise, respectively, and each rotor had four blades with a radius of 4.023 m. The twist angle and
thickness distribution of the rotor blades along the radial direction are shown in Fig. 5 [49]. To define the
sectional geometry of the X2TD main rotor blade, representative airfoil profiles were extracted at key spanwise
locations based on publicly available data. The original X2TD rotor design employs a combination of elliptic
airfoils in the inboard region to mitigate drag penalties associated with reverse flow phenomena encountered
during high-speed forward flight. Moreover, a transonic airfoil is adopted toward the outboard region to
minimize compressibility effects, transitioning from a high-lift, sharp trailing-edge airfoil at the mid-span. In
this study, airfoil sections were selected to closely approximate the blade geometry of the X2TD configuration,
under the assumption that the upper and lower rotors share identical planforms. The DBLN-5262 elliptical
airfoil was implemented in the spanwise region from 0.142R to 0.331R (where R denotes the rotor radius). The
SC1012-R8 airfoil was applied from 0.468R to 0.568R to represent the mid-span section, while the SSCA-09
transonic airfoil was employed from 0.6R to the blade tip. Detailed information on the selected airfoils and their

spanwise distribution is provided in Table 4.

Table 3. Model properties of X2TD configuration.

Properties Specification
Gross Weight [kg] 2700
Radius, R [m] 4.023
Number of Rotors, 2
Blades per Rotor, N, 4
Total Solidity, orw 0.14
Blade Aspect Ratio 19.2
Rotor Vertical Separation [m] 0.443
Fuselage Length [m] 9.1
4 0.5
£ E’“
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Fig. 5. Planform geometry of X2TD rotor blade: (a) blade twist angle
distribution; (b) thickness distribution.

Table 4. Airfoil cross-sections of X2TD rotor blade [47].

Radial location (1/R) Airfoil profile
0.142 DBLN-526
0.331 DBLN-526
0.468 SC1012-R8
0.568 SC1012-R8
0.600 SSCA-09
1.000 SSCA-09
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3.2 Computational Mesh and Convergence Test

The computational domain and grid system employed in the SA-IDDES model are depicted in Fig. 6. The
domain size was set to 10D x 10D x 20D (where D denotes the rotor diameter) in the spanwise (W), vertical (H),
and streamwise (L) directions, respectively. This domain extent was selected to ensure minimal boundary
interference and allow sufficient wake structure development, particularly under forward-flight conditions. No-
slip boundary conditions were imposed on all solid surfaces, while a velocity inlet and pressure outlet were
applied at the upstream and far-field boundaries, respectively. Rotor blade pitching motion was incorporated
using an overset mesh technique to enable accurate treatment of blade kinematics and rotor—wake interaction
without grid distortion. Approximately 76 million cells were employed in the full-configuration model, which
included the coaxial rotor system and fuselage. The grid topology consisted of a fine near-body mesh to resolve
the boundary layers and rotor wake structures and a coarser background mesh for the far-field region (Fig. 7).
The grid resolution near the rotor blade surface was refined to capture tip vortex roll-up and unsteady BVI
phenomena. The selected mesh configuration for the full-configuration model was determined based on a
detailed grid sensitivity analysis using the isolated coaxial rotor model. The final mesh size ensures grid-
converged solutions in terms of both aerodynamic loads and acoustic predictions while maintaining

computational efficiency.
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Fig. 5. Computational domain for full-configuration X2TD helicopter.
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(a) (b)

Fig. 7. Computational grid system for X2TD configuration: (a) off-body grid system; (b) near-body grid
system.

As mentioned above, a grid resolution sensitivity analysis was conducted to determine the appropriate mesh
density for accurate aerodynamic prediction while maintaining reasonable computational cost. Table 5 presents
the time-averaged thrust over one rotor revolution for the isolated coaxial rotor model under low-speed forward-
flight conditions depending on the mesh resolution (i.e., total cell count), and wall-clock simulation time. Four
different mesh resolutions were evaluated, with total grid sizes ranging from 44 million to 74 million
computational cells. The computational simulations were performed using parallel computing on a high-
performance computing cluster equipped with Intel® Xeon® Gold 6230R CPUs operating at 2.1 GHz. In total,
512 physical cores were utilized for the numerical analysis. A monotonic increase in thrust prediction was
observed with increasing mesh refinement. Specifically, the 60 million cell mesh yielded a thrust gain of
approximately 2.0% compared to the 54 million cell mesh. Further increasing the grid size to 74 million cells
resulted in an additional thrust gain of only 0.4% while incurring a notable increase in computational
cost—approximately an additional 6 h. Considering the trade-off between computational efficiency and
predictive accuracy, the 60 million cell mesh was selected as the baseline for subsequent analyses. Under these
conditions, the simulation of six rotor revolutions for the isolated coaxial rotor model required approximately 28
h. In this configuration, the minimum grid spacing near the rotor surface was set to 2 mm, corresponding to
approximately 0.75% of the local chord length at 75% span. The surface mesh was refined locally along critical
regions of the rotor blade, including the leading and trailing edges, blade root, and blade tip. Particular attention
was given to the blade tip region where strong pressure gradients and boundary layer development were

expected. To accurately resolve the near-wall viscous sublayer, the height of the first cell adjacent to the wall

18



was set to maintain a non-dimensional wall distance (y*) of <1 at the blade tip leading edge. Under these
conditions, the first cell height was approximately 0.003 mm. The boundary layer mesh was structured with 20
prism layers using a growth rate of 1.1, yielding a total boundary layer thickness of approximately 0.016 mm to
ensure adequate resolution of wall-bounded flow features while preserving mesh quality. The remainder of the
computational domain was discretized using unstructured polyhedral and hexahedral elements, adopting

progressive coarsening toward the far field.

Table 5. Mesh convergence test results of isolated coaxial rotor at p = 0.15

(rrz;?i[?clnrrzzzslllls) Computational time (h) Averaged thrust (N)
44 18 26,900
54 26 27,100
60 30 27,500
74 36 27,600

To verify the adequacy of the selected mesh resolution prior to analyzing the effects of IRS and advance
ratio in the full-configuration model, the aerodynamic performance of the isolated coaxial rotor model was
compared with results from previously published high-fidelity computational studies [47, 49]. This validation
step ensured that the computational setup was capable of accurately capturing the unsteady aerodynamic
behavior of the coaxial rotors across a range of forward-flight conditions. Figs. 8 and 9 present comparisons of
the sectional normal force coefficient as a function of azimuth angle at representative radial positions (/R =
0.30 and 0.85) and advance ratios (n = 0.15 and 0.41). At u = 0.15, the numerical solution accurately captured
the peak near the 15° azimuth and gradual increase in loading beyond 270° at /R = 0.30, as well as the sharp
unloading and periodic fluctuation near the 135° azimuth at r/R = 0.85—features associated with rotor-rotor
interaction and BVI. At u = 0.41, more pronounced unsteadiness was observed in the loading distribution at r/R
= 0.30, while the sharp rise in normal force near 360° at r/R = 0.85 was also well predicted. The close agreement
with previously reported results confirmed the validity of the simulation framework in capturing the essential
aerodynamic features of the X2TD coaxial rotor system under forward-flight conditions. Moreover, the
numerical results for the isolated coaxial rotor model demonstrated excellent agreement with the high-fidelity
reference data, confirming that the selected mesh resolution and simulation framework were capable of

accurately resolving unsteady aerodynamic phenomena under forward-flight conditions
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Fig. 8. Comparison of sectional normal force (C,M?) as a function of azimuth angle at u = 0.15: (a) upper
rotor at r/R = 0.30; (b) lower rotor at r/R = 0.30; (c) upper rotor at r/R = 0.85; (d) lower rotor at r/R = 0.85.
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Fig. 9. Comparison of sectional normal force (C,M?) as a function of azimuth angle u = 0.41: (a) upper
rotor at /R = 0.30; (b) lower rotor at r/R = 0.30; (c¢) upper rotor at r/R = 0.85; (d) lower rotor at r/R = 0.85.

3.3 Simulation Conditions

The simulation conditions for forward-flight analysis of the X2TD helicopter are summarized in Table 6. All
computations were conducted assuming standard atmospheric conditions at an altitude of 4000 ft. The rotor
blade operated at a constant rotational speed of 446 RPM, corresponding to a blade tip Mach number of
approximately 0.556. The IRS value was set to 0.443 m, corresponding to 0.055D. To investigate the influence
of IRS on the aerodynamic and aeroacoustic characteristics of the X2TD helicopter, three IRS values were

considered: baseline (original spacing) and 1.5 and 2.0 times the baseline spacing. Advance ratios of p = 0.15
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and u = 0.41 were adopted to represent low- and high-speed forward-flight conditions, respectively. Each
simulation was performed over six rotor revolutions to ensure sufficient temporal resolution for frequency
domain acoustic analysis. The aerodynamic solution reached a periodic steady state after two rotor revolutions,

beyond which the data were extracted for analysis.

Table 6. Flight simulation conditions.

Properties Specification
IRS (H/D) 0.055, 0.083, 0.11
Advance Ratio 0.15,041
Reynolds Number 2.5 x10°
Rotation Speed 446 RPM
Tip Mach Number 0.556
Flight Altitude 4000 ft
Pressure 87,494 Pa

During forward flight, the relative inflow velocity experienced by rotor blades varies continuously with
azimuth angle due to the superposition of rotational and translational motions. Rotor blades encounter the
highest relative velocities on the advancing side, which can lead to transonic flow conditions and shock wave
formation at high tip Mach numbers. By contrast, rotor blades on the retreating side experience much lower
relative velocities, increasing the risk of flow separation and dynamic stall. These effects result in an asymmetric
aerodynamic load distribution across the rotor disk, which becomes even more complex in the coaxial rotor
system due to aerodynamic interference between the upper and lower rotors. Notably, the advancing and
retreating rotor blades occupy the same azimuthal positions but rotate in opposite directions, leading to intricate
mutual wake interactions and unsteady rotor blade loading. To satisfy the force and moment balance
requirements of the rotor system and minimize lift imbalance, periodic variation in rotor blade pitch—typically
through cyclic pitch control—is essential.

Herein, trim analysis was performed by prescribing azimuth-dependent pitch angles for the upper and lower

rotor blades, as expressed in Egs. (13) and (14):

6, =6, +6,, cos(w)+6, , sin(w) (13)

0, =0y, +0,, cosly)+6, ; sin(y) ) (14)
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where 0 and 6, denote the blade pitch angles of the upper and lower rotors, respectively, expressed as
harmonic functions of the azimuth angle (). Specifically, 6, ;; and 0 represent the collective pitch angles for
the upper and lower rotors, respectively, which primarily control the thrust magnitude, while 01cus O1c1s O1sus
and 05y, , refer to the cyclic pitch angles, which govern the longitudinal and lateral responses, thereby
generating the required rolling and pitching moments to balance the rotorcraft during forward flight. These pitch
profiles were adjusted to satisfy force and moment equilibrium under each flight condition considered.

In this study, the numerical trim procedure was not integrated into the present simulation framework. Instead
of solving for the trimmed state through an iterative process, the collective and cyclic pitch angles were
prescribed based on previously validated reference data, ensuring that the rotorcraft was analyzed under a
physically representative trimmed condition. While this approach restricts the general applicability of the
numerical simulation to various rotor configurations and flight conditions, the primary objective was to
investigate the aerodynamic and acoustic characteristics arising from the interaction between the coaxial rotor
system and the fuselage under a known trimmed flight condition. Thus, despite the absence of a trim module,
the present results remain meaningful for understanding the fundamental aerodynamic and acoustic effects
associated with inter-rotor spacing in a full-configuration coaxial rotor helicopter.

This study employed collective and cyclic pitch angles obtained from published reference data [47]. The
target thrust and pitching moment for each advance ratio were defined as follows: at p = 0.15, the rotor system
was trimmed to generate a thrust of 25,700 N and pitching moment of 6800 Nm, while at p = 0.41, the
corresponding targets were 22,300 N and 3600 Nm. The corresponding blade pitch inputs, comprising collective
and cyclic components, used to achieve these conditions are summarized in Table 7. To satisfy the trim
requirements, the rotor shaft tilt angles were prescribed as fixed inputs for each case. Shaft tilt angles of —0.44°
and 2.10° were applied for p=0.15 and p = 0.41, respectively. Negative values indicate a forward inclination of
the rotor shaft relative to the body-fixed vertical axis, a configuration commonly adopted to counteract nose-up

pitching tendencies in low-speed forward flight.

Table 7. Trim solutions of X2TD rotor at different advance ratios.

Upper rotor Lower rotor
Advance ratio ()
e0 els elc e0 els elc
0.15 9.45° —3.65° 3.29° 9.39° 3.16° 3.29°
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0.41 5.95° —5.90° 0.28° 6.08° 5.93° 0.28°

4. Results and Discussion

Upon validation of the computational setup, a parametric investigation was conducted to examine the
influence of IRS on the aerodynamic and acoustic characteristics of a coaxial rotor system under low- and high-
speed forward-flight conditions (u = 0.15 and p = 0.41). Three different IRS values were considered for each
flight condition to systematically evaluate their impact on the resulting changes in thrust, unsteady rotor blade
loading, wake flow, acoustic signal characteristics, and noise contributions from individual components,
including the upper and lower rotors and fuselage. Moreover, by comparing the isolated rotor and full-
configuration results, the influence of fuselage-rotor aerodynamic interaction on performance and noise

propagation is elucidated.

4.1 Effect of inter-rotor spacing Under Low-speed Forward-Flight Conditions

The influence of IRS on the aerodynamics of the coaxial rotor under low-speed forward-flight conditions
was analyzed and compared for the isolated coaxial rotor and full-configuration models. Fig. 10 presents the
effect of IRS on thrust in both models as a function of azimuth angle, and Table 8 presents the averaged thrust
coefficient per revolution for each rotor. The upper and lower rotors generated vibrations at 45° intervals as the
rotor blades passed one another, resulting in 8/rev vibrations. The difference in thrust in the isolated coaxial
rotor and full-configuration models was predicted to be ~0.5% at the smallest IRS value. In terms of the lower
rotor, a greater IRS value led to reduced interference from the wake generated by the upper rotor, creating
additional thrust in both models. More interference occurred between the lower rotor and fuselage beneath the
rotor in the full-configuration model than in the isolated coaxial rotor model. Compared to the isolated coaxial
rotor model, the full-configuration model exhibited larger thrust fluctuation amplitude owing to a similar effect
to ground interference between the wakes generated by the rotors and fuselage. Interference between the wakes
generated by the upper and lower rotors decreased with increasing IRS value, reducing the thrust fluctuation

amplitude for the lower rotor. The distance between the lower rotor and fuselage remained constant, and the
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changes in interference between the lower rotor and fuselage were minimal as the upper rotor moved further
away from the lower rotor (i.e., with increasing IRS value). Consequently, the thrust fluctuation amplitude in the
isolated coaxial rotor model was lower than in the full-configuration model even with an increase in IRS value,
and the averaged thrust was predicted to be 2% higher than the full-configuration model. The lower rotor
generated a flow suction force around the lower surface of the upper rotor blade, leading to a decrease in thrust
of the upper rotor and an increase in thrust fluctuation amplitude. This force weakened with increasing IRS
value, enhancing the thrust of the upper rotor and reducing vibrations. These tendencies were observed in both

models, where the differences in thrust fluctuation amplitude were minimal.

Table 8. Averaged thrust coefficient of coaxial rotor under low-speed forward-flight conditions.

Isolated coaxial rotor Full configuration
" Upper Lower Total Upper Lower Total
0.055 0.00723 0.00725 0.01448 0.00727 0.00729 0.01460
0.083 0.00736 0.00754 0.01490 0.00752 0.00735 0.01487
0.110 0.00750 0.00767 0.01518 0.00763 0.00750 0.01513
x10? x10?
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Fig. 10. Comparison of thrust coefficient (Cr) as a function of azimuth angle () under low-speed forward-
flight conditions (left: upper rotor, right: lower rotor): (a) IRS = 0.055; (b) IRS = 0.083; (¢) IRS = 0.110.

Figs. 11 and 12 present the variation and differences in normal force for the upper and lower rotor blades in
the isolated coaxial rotor and full-configuration models under low-speed forward-flight conditions, illustrated as
polar contour plots. The analysis was conducted for IRS = 0.083, where the mean thrust difference between the
two rotors was the largest. For the upper and lower rotors, the normal force reached its maximum at an azimuth
angle of 90°, corresponding to the advancing side, where the relative velocity of the blade was the highest.
Conversely, the normal force was lower due to the reduced relative velocity at approximately 270°,
corresponding to the retreating side. Interference occurred every 45° as the four-bladed upper and lower rotors
passed one another, reducing the normal force at these locations. The lower rotor experienced more significant
irregularities in normal force variation over a wider range due to interference from the wake generated by the
upper rotor. Notably, the wake generated by the forward-flying upper rotor propagated downstream and

interacted with the rear side of the lower rotor at an azimuth angle of 0°. This interaction led to a roll-up

26



phenomenon in the wake, increasing the pressure on the lower surface of the lower rotor blade and the normal
force. As shown in Figs. 11 and 12, BVI differences between the full-configuration and isolated coaxial rotor
models appeared at 270° for the upper rotor, corresponding to the retreating side, and at 90° and 270° for the
lower rotor, corresponding to the advancing and retreating sides, respectively. Strong tip vortex generated at the
lower rotor blade interacted with the fuselage, causing changes in unsteady loading. Consequently, the most
significant load variations occurred at 90° and 270°, where the velocity differences between the upper and lower
rotor blades were the greatest, leading to BVI differences between models. For the upper rotor blade,
interference with the lower rotor blade was minimal at 90°, where the relative velocity was high. However,
interaction with the lower rotor blade increased at 270°, where the relative velocity was lower, leading to a more

pronounced BVI difference between models.
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Fig. 11. Comparison of BVI polar contours of upper rotor blade at IRS = 0.083 under low-speed forward-
flight conditions: (a) isolated coaxial rotor; (b) full configuration.
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(a) (b)
Fig. 12. Comparison of BVI polar contours of lower rotor blade at IRS = 0.083 under low-speed
forward-flight conditions: (a) isolated coaxial rotor; (b) full-configuration.

Fig. 13 shows the influence of IRS on the wake structures in the isolated coaxial rotor and full-configuration
models using vorticity contour plots. In both models, an increase in the IRS value resulted in reduced
interference between the wakes generated by the upper and lower rotors. For instance, when IRS = 0.055, the
downwash produced by the wake from the upper rotor interfered with the lower rotor and merged with its wake,
forming a complex super vortex structure that led to sustained strong vorticity as the wake propagated
downstream. By contrast, at higher IRS values of 0.083 and 0.110, the downwash from the wake generated by
the upper rotor induced less interference with the lower rotor and the merging point of the two wakes moved
farther downstream. Notably, at IRS = 0.110, interference between the wakes generated by the upper and lower
rotors was negligible except in the rear region corresponding to the azimuth angle of 0° of the lower rotor. The
vortex formed by the wake of the upper rotor also remained more distinct, merging with the wake of the lower
rotor on a smaller scale. When comparing the wake structures in the isolated coaxial rotor and full-configuration
models at different IRS values, strong vorticity was observed around the fuselage due to its interaction with the
wake generated by the lower rotor, which was in close proximity. The interference between the wakes of the
upper and lower rotors decreased with increasing IRS. However, the wakes generated by the fuselage and lower
rotor merged to form a super vortex, which rolled up and combined with the wake generated by the upper rotor
to create an even larger vortex. These results highlighted that the full-configuration model exhibited distinct
wake structures compared to the isolated coaxial rotor model, potentially exerting a greater influence on flow

turbulence.
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Fig. 13. Comparison of vorticity contours around coaxial rotor helicopter under low-speed forward-flight
conditions (left: isolated coaxial rotor, right: full configuration): (a) IRS = 0.055; (b) IRS = 0.083; IRS =
0.110.

Unlike the isolated coaxial rotor, the full configuration, which includes the fuselage, can experience
interference between the wake generated by the coaxial rotor and the fuselage. This interaction may induce a
pitching moment on the fuselage, potentially affecting the controllability of the helicopter. Fig. 14 presents the
effect of IRS variation on the pitching moment on the fuselage in the full-configuration model. Interaction
between the wakes generated by the upper and lower rotors with the fuselage occurred four times per revolution,
resulting in an 8/rev fluctuation trend in the pitching moment. The wake generated by the lower rotor strongly
interacted with the wake generated by the upper rotor, producing a large and intense super vortex. Similarly, the
wake generated by the upper rotor directly interfered with the fuselage. Consequently, the 1st, 3rd, 5th, and 7th
fluctuations caused by interference with the lower rotor, as well as the 2nd, 4th, 6th, and 8th fluctuations caused
by interference with the upper rotor, were most pronounced at IRS = 0.055. Interference between the wakes
generated by the upper and lower rotors decreased with increasing IRS value, leading to a reduction in vorticity
strength. Furthermore, the wake generated by the upper rotor propagated farther behind the fuselage, reducing
the scale of interference with the fuselage and diminishing the thrust fluctuation amplitude. Consequently, the
pitching moment decreased by 6.5% and 14.3% for IRS values of 0.083 and 0.110, respectively, enhancing the
controllability of the coaxial rotor helicopter. The aerodynamic variations in the isolated coaxial rotor and full-

configuration models under low-speed forward-flight conditions were analyzed and compared at different IRS
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values. Unlike the isolated coaxial rotor model, the full-configuration model exhibited a larger thrust fluctuation

amplitude and stronger vorticity near the fuselage due to interference between the wake generated by the coaxial

rotor and fuselage. This interference induced a pitching moment on the fuselage as shown in Fig. 14.
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Fig. 14. Comparison of moment coefficient (C,,) of fuselage as a function of azimuth angle () at
different IRS values under low-speed forward-flight conditions.

Five microphones were positioned to predict the noise generated by the coaxial rotor helicopter. Table 9

presents their elevation angles. Each microphone was positioned at a distance of 10R from the center of the

lower rotor, with elevation angles ranging from —180° to 0° at —45° intervals. Microphones 1 and 5, located at

—180° and 0°, respectively, were most influenced by thickness noise. Microphones 2 and 4, positioned at —135°

and —45°, respectively, were primarily affected by steady loading noise, including BVI noise caused by

interference between the blades and wake vortices. Microphone 3, placed at —90°, was predominantly

influenced by unsteady loading noise from wake interactions generated by the rotor blades.

Table 9. Locations of microphones as a function of elevation angle.

Microphone number

1

[V I N VS I 8

Elevation angle
—180°
—135°
—9Q°
—450

0°
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Fig. 15 shows the acoustic pressure variations at each microphone location as a function of azimuth angle in
the isolated coaxial rotor and full-configuration models under low-speed forward-flight conditions at IRS =
0.110. The acoustic pressure fluctuated the least and the fluctuation amplitude was the smallest at microphones 1
and 5, where thickness noise was dominant and loading noise had a minimal effect. The overall trend in acoustic
pressure variation was similar in both models at these microphone locations. Microphones 2 and 4, which were
heavily influenced by steady loading noise, including BVI noise, exhibited a consistent 4/rev fluctuation pattern
with similar amplitudes. Owing to the influence of loading noise, the acoustic pressure variations at
microphones 2 and 4 exhibited more complex trends compared to microphones 1 and 5, with more frequent
fluctuations. Unsteady loading noise was generated at microphone 3 due to interference between the wakes
generated by the upper and lower rotors, as well as the flow suction force generated by the lower rotor.
Consequently, the fluctuation amplitude of acoustic pressure was highest at microphone 3 and smaller-scale
fluctuations frequently occurred within individual peaks. In the full-configuration model, unlike in the isolated
coaxial rotor model, the wakes generated by both rotors interacted with the fuselage, creating additional
interference. Consequently, the downward-propagating flow was reduced in the full-configuration model,
leading to a predicted noise level that was 3 dB lower than in the isolated coaxial rotor model.

The results presented in Fig. 15 confirmed that the predicted acoustic pressure varied depending on the
microphone location and presence of fuselage in the models. Given that the noise variation at each microphone
location may also differ with IRS value under low-speed forward-flight conditions, the noise characteristics
were analyzed as a function of IRS. Fig. 16 presents the noise analysis results in terms of overall sound pressure
level (OASPL) for each microphone location, comparing the isolated coaxial rotor and full-configuration
models at different IRS values. At microphones 1 and 5, the overall rotor size increased with increasing IRS
value, leading to an increase in thickness noise. However, the overall noise variation remained small given that
the influence of loading noise was minimal at these locations. Consequently, the noise level difference between
IRS = 0.055 and IRS = 0.110 was predicted to be within 0.4 dB. At microphones 2 and 4, where steady loading
noise was dominant, a greater IRS value reduced interference between vortices generated by the rotor blades and
between the blades themselves. Consequently, the noise levels decreased by approximately 2—3 and 3—4 dB in
the isolated coaxial rotor and full-configuration models, respectively. The BVI changes at the advancing and
retreating sides of the upper and lower rotors in the full-configuration model were more significant than those in

the isolated coaxial rotor model, leading to greater noise reduction in the full-configuration model. At
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microphone 3, interference between the wakes generated by the upper and lower rotors decreased with
increasing IRS value, reducing unsteady loading noise. Hence, the noise levels decreased by 4-8 and 5-10 dB in
the isolated coaxial rotor and full-configuration models, respectively. These findings indicated that although
both models exhibited similar noise reduction trends with increasing IRS value, the presence of fuselage caused

an additional noise variation of approximately 1-2 dB in the full-configuration model.
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Fig. 15. Comparison of acoustic pressure as a function of azimuth angle () at IRS = 0.110 under low-speed
forward-flight conditions: (a) locations of microphones; (b) microphone 1, 8 =—180°; (c) microphone 2, § =
—135°; (d) microphone 3, 8 = —90°; (¢) microphone 4, 8 = —45°; (f) microphone 5, 6 = 0°.

120 120
B  IRS=0.055 B IRS=0.055
B  IRS=0.083 B IRS=0.083
B IRS=0.110 B IRS=0.110

-

-

o
T
1

110 | -

Q100 | 4 DBioo} .
-l -l
& &
) )
< of 4 < 9oH -
(@] (@]

80 [ - 80 H -

1 2 3 4 5 1 2 3 4 5
Microphone number Microphone number
(a) (b)

Fig. 16. Comparison of overall sound pressure level under low-speed forward-flight conditions: (a) isolated
coaxial rotor; (b) full configuration.

Fig. 17 shows the noise contribution of each component under low-speed forward-flight conditions at IRS =
0.110 for the coaxial rotor. At microphone 1, the noise level generated by each rotor in the isolated coaxial rotor
model was predicted to be approximately 3 dB lower than in the full-configuration model. In the full-
configuration model, although the noise generated by the fuselage was small, the wakes generated by the upper
and lower rotors reflected off the front of the fuselage, amplifying the noise. Consequently, the noise level
generated in the full-configuration model was predicted to be 4 dB higher than in the isolated coaxial rotor
model. At microphone 2, the flow suction force generated by the lower rotor weakened with increasing IRS
value, resulting in reduced generation of noise by the upper rotor. However, interference between the wakes
generated by the upper and lower rotors persisted, and the lower rotor remained the dominant noise source.
Microphone 2, influenced primarily by steady loading noise, exhibited minimal changes in steady loading
characteristics with increasing IRS value in both models, as observed in Figs. 9, 10, and13. Additionally, the
noise contribution of the fuselage was relatively low, with the noise level difference between models remaining
within 0.4 dB. At microphone 3, where unsteady loading noise had the most significant impact, the noise
contributions of the upper and lower rotors in the isolated coaxial rotor model were predicted to differ by only

0.1 dB, indicating similar noise levels for both rotors. In the full-configuration model, the noise levels generated
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by the fuselage and upper rotor were predicted to differ by less than 0.2 dB. Moreover, interference between the
wake generated by the lower rotor and the fuselage increased unsteady loading noise, resulting in a noise level
increase of 1 dB in the full-configuration model compared to the isolated coaxial rotor model. Overall, noise
generated by the upper and lower rotors reflected off the fuselage in the full-configuration model, leading to a

noise level reduction of 3 dB compared to the isolated coaxial rotor.
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Fig. 17. Comparison of noise contribution at IRS = 0.110 under low-speed forward-flight conditions: (a)
isolated coaxial rotor; (b) full configuration.

4.2 Effect of Inter-Rotor Spacing Under High-speed Forward-Flight Conditions

The aerodynamic and acoustic variations with respect to IRS were analyzed in the isolated coaxial rotor and
full-configuration models under low-speed forward-flight conditions. However, given that compound
helicopters are designed for long-range and high-speed forward flight, the aerodynamic and acoustic variations
at different IRS values were also investigated under high-speed forward-flight conditions. Fig. 18 compares the
thrust variations in the both models under high-speed forward-flight conditions at different IRS values, while
Table 10 presents the mean thrust coefficients per revolution for each rotor. At IRS = 0.055, where the spacing
between the upper and lower rotors was the smallest, significant fluctuations in thrust were observed due to the
flow suction force generated by the lower rotor and interference between the wakes generated by the upper and
lower rotors. This condition resulted in the lowest predicted thrust. Interference between rotor blades diminished
with increasing IRS value, with the highest thrust observed at IRS = 0.110. However, unlike under low-speed
forward-flight conditions, the wakes generated by the upper and lower rotors rapidly propagated downstream

under high-speed forward-flight conditions, reducing the scale of rotor-rotor interaction. Consequently, while
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Table 10 indicates that the mean thrust at IRS = 0.110 was approximately 3.6% higher than that at IRS = 0.055
under low-speed forward-flight conditions, Table 8 indicates only a 0.7% increase in mean thrust under high-
speed forward-flight conditions. Similar to under low-speed forward-flight conditions, interference between the
wake generated by the lower rotor and the fuselage occurred in the full-configuration model under high-speed
forward-flight conditions. This interference influenced the thrust of the upper rotor, given its occurrence near the
lower surface of the upper rotor blades. The thrust in the full-configuration model was predicted to be
approximately 1% lower than in the isolated coaxial rotor model. Notably, mutual interference between rotors
decreased with increasing IRS value, leading to a similar thrust fluctuation in the isolated coaxial rotor and full-

configuration at IRS = 0.110.
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Fig. 18. Comparison of thrust coefficient (Cr) as a function of azimuth angle () under high-speed forward-
flight conditions (left: upper rotor, right: lower rotor): (a) IRS = 0.055; (b) IRS = 0.083; (¢) IRS = 0.110.

Table 10. Averaged thrust coefficient of coaxial rotor under high-speed forward-flight conditions.

Isolated coaxial rotor Full configuration
i Upper Lower Total Upper Lower Total
0.055 0.00636 0.00651 0.01287 0.00625 0.00644 0.01269
0.083 0.00639 0.00654 0.01293 0.00628 0.00648 0.01276
0.110 0.00640 0.00656 0.01296 0.00629 0.00649 0.01278

Figs. 19 and 20 illustrate the normal force distribution for the upper and lower rotor blades in the isolated
coaxial rotor and full-configuration models under high-speed forward-flight conditions. The analysis is
conducted for IRS = 0.083, with polar contour plots illustrating the normal force distribution as a function of
azimuth angle. Similar to under low-speed forward-flight conditions, interference occurred every 45° when the
upper and lower rotor blades passed one another, reducing the normal force in both models. However, under
high-speed forward-flight conditions, the wakes generated by the upper and lower rotors propagated more
backward than downward, increasing the frequency of BVI occurrence. Consequently, the magnitude and
affected range of the normal force variations were more significant than those under low-speed forward-flight
conditions. Notably, under low-speed forward-flight conditions, significant normal force variations were
observed only on the lower rotor at an azimuth angle of 0°. By contrast, both rotors experienced normal force
variations near this location under high-speed forward-flight conditions due to interference with their respective

wakes. Additionally, at an azimuth angle of 270°, where the normal force was reduced due to the velocity
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difference between rotors under low-speed forward-flight conditions, the reduction in normal force was less
pronounced under high-speed forward-flight conditions. Comparing the differences in normal force variation
between models, as shown in Figs. 19 and 20, the most significant BVI difference occurred at an azimuth angle
of 0°. This was attributed to interaction between the wake generated by the lower rotor and the fuselage, which
led to differences in BVI characteristics between models. Although the upper rotor exhibited more minor BVI
differences than the lower rotor, interaction between the lower rotor and fuselage-induced complex flow patterns

around the lower surface of the upper rotor blades, causing minor variations in BVI effects.
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Fig. 19. Comparison of BVI polar contours of upper rotor blade at IRS = 0.083 under high-speed
forward-flight conditions: (a) isolated coaxial rotor; (b) full configuration.
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Fig. 20. Comparison of BVI polar contours of lower rotor blade at IRS = 0.083 under high-speed
forward-flight conditions: (a) isolated coaxial rotor; (b) full configuration.
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Under high-speed forward-flight conditions, the scale of interference between the wakes generated by the
upper and lower rotors decreased, and the thrust variation generated by the rotors became negligible beyond a
certain IRS value range. The impact of interference between the lower rotor and fuselage on the flow field was
subsequently analyzed through observations of the wakes in the isolated coaxial rotor and full-configuration
models. Fig. 21 illustrates the effect of IRS on the wakes generated in the isolated coaxial rotor and full-
configuration models under high-speed forward-flight conditions, presented as vorticity contour plots. The
wakes generated by the upper and lower rotors propagated backward under high-speed forward-flight conditions
at all IRS values, causing interference with rotor blades and strong vorticity near the rotor hub. At IRS = 0.055,
the close spacing between the upper and lower rotors caused their wakes to roll up, increasing interference with
rotor blades and amplifying vorticity strength. Although the two wakes eventually merged, the flow propagated
quickly, leading to rapid turbulence dissipation with minimal changes in vorticity strength. Interference
between the wakes generated by the rotors and between the wakes and rotors themselves decreased during the
initial stages of wake formation with increasing IRS value, resulting in weaker vorticity, and the merging point
of the two wakes shifted farther downstream. At IRS = 0.110, no significant interference was observed beyond
BVI for each rotor, and the upper and lower rotors operated independently without affecting one another. In the
isolated coaxial rotor model, an increase in the IRS value reduced rotor-rotor interference, resulting in an overall
decrease in vorticity around the flow field. By contrast, the full-configuration model exhibited stronger vorticity
around the rotors compared to the isolated coaxial rotor model due to interference between the wake generated
by the lower rotor and the fuselage. This interference led to the formation of a more complex wake structure.
Although the isolated coaxial rotor model exhibited a tendency toward reduced vorticity in the downstream
region with increasing IRS value, the full-configuration model maintained strong vorticity as the flow
propagated downstream. This persistence of turbulence was caused by interaction between the wakes generated
by the fuselage and lower rotor, preventing dissipation. These observations indicated that the full-configuration
model produced complex wake structures and strong vorticity, which were not observed in the isolated coaxial

rotor model but were expected to influence noise characteristics.
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Fig. 21. Comparison of vorticity contours around coaxial rotor helicopter under high-speed forward-flight
conditions (left: isolated coaxial rotor, right: full configuration): (a) IRS = 0.055; (b) IRS = 0.083; (¢) IRS =
0.110.
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IRS values under high-speed forward-flight conditions.
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Fig. 22 presents the effect of IRS variations on the pitching moment on the fuselage under high speed
forward-flight conditions. Similar to under low-speed forward-flight conditions, interference between the wakes
generated by the upper and lower rotors and the fuselage resulted in eight pitching moment fluctuations per rotor
revolution. The 2nd, 4th, 6th, and 8th fluctuations, influenced by the wake generated by the lower rotor, were
less affected by interference with the wake generated by the upper rotor with increasing IRS value. However,
given that the wakes rapidly propagated and the distance between the lower rotor and fuselage remained
constant, the amplitude of these fluctuations did not significantly change. However, the 1st, 3rd, 5th, and 7th
fluctuations, influenced by the wake generated by the upper rotor, exhibited a reduction in minor fluctuation
amplitude with increasing IRS value due to decreased interference between the wake generated by the upper
rotor and the fuselage. Although an increase in IRS value reduced interference between the upper rotor and
fuselage under high-speed forward-flight conditions, the wake generated by the upper rotor propagated
downstream before interacting with the fuselage. As a result, the pitching moment did not experience significant
changes, and the mean pitching moment remained unaffected by IRS variations. These findings confirmed that
IRS variations have little impact on the controllability of the coaxial rotor helicopter under high-speed forward-
flight conditions.

When analyzing the aerodynamic variations in the isolated coaxial rotor and full-configuration models under
high-speed forward-flight conditions at different IRS values, it was observed that the thrust growth rate was
lower compared to that under low-speed forward-flight conditions. However, as we already discussed in Fig. 21,
the sectional vorticity contours revealed interference differences near the fuselage between models, indicating
the need to assess whether these differences influenced noise characteristics. Fig. 23 presents the acoustic
pressure variations as a function of azimuth angle during one rotor revolution under high-speed forward-flight
conditions at IRS = 0.110. The overall acoustic pressure trends at all microphone locations exhibited similarities
to those observed under low-speed forward-flight conditions. At microphones 1 and 5, the full-configuration
model exhibited more frequent but smaller fluctuations than the isolated coaxial rotor model under high-speed
forward-flight conditions. Figs. 19 and 20 confirmed that BVI interference occurred more frequently under
high-speed forward-flight conditions than under low-speed forward-flight conditions. Consequently, the
fluctuation amplitude of acoustic pressure was greater at microphones 2 and 4, which were heavily influenced
by steady loading noise, and more fluctuations were observed than under low-speed forward-flight conditions.

At microphone 3, which was primarily affected by unsteady loading noise, the acoustic pressure amplitude in
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the isolated coaxial rotor model was predicted to be larger than in the full-configuration model in the azimuth
ranges of 45°-60°, 135°-150°, 225°-240°, and 315°-330°. This difference was attributed to part of the noise
generated by the coaxial rotor propagating downward in the full-configuration model and being reflected by the
fuselage. By contrast, the generated noise propagated directly to microphone 3 without interference in the

isolated coaxial rotor model.
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Fig. 23. Comparison of acoustic pressure as a function of azimuth angle () at IRS = 0.110 under high-speed
forward-flight conditions: (a) locations of microphones; (b) microphone 1, 8 =—180°; (c) microphone 2, § =
—135°; (d) microphone 3, 8 = —90°; (¢) microphone 4, 8 = —45°; (f) microphone 5, 6 = 0°.

Fig. 24 presents the noise analysis results for each microphone in terms of OASPL under high-speed
forward-flight conditions for both models at different IRS values. For microphones 1 and 5, where thickness
noise was dominant, the noise levels decreased with increasing IRS value. In the full-configuration model, the
noise levels were predicted to be approximately 5 and 2 dB higher than in the isolated coaxial rotor model at
microphones 1 and 5, respectively, at the same IRS values. However, compared to microphones 2, 3, and 4,
which were influenced by loading noise, the magnitude of noise reduction was relatively small. Under high-
speed forward-flight conditions, the thrust variation remained within 1% with increasing IRS value. However,
due to the larger BVI magnitude compared to low-speed forward-flight conditions, changes in steady loading
noise with increasing IRS value were analyzed using microphones 2 and 4. The flow suction force of the lower
rotor around the upper rotor and interference between the wakes generated by the upper and lower rotors
decreased with increasing IRS value. Consequently, the noise levels under high-speed forward-flight conditions
decreased by 3 and 5 dB at microphone 2 and by 3 and 4 dB at microphone 4 in the isolated coaxial rotor and
full-configuration models, respectively, compared to low-speed forward-flight conditions. Figs. 22 and 23
demonstrated that the BVI differences between models were negligible, except near an azimuth angle of 0°,
leading to a noise level difference of only 0.5 dB. The highest noise level was predicted at microphone 3 at IRS
= 0.055. However, interference between the wakes generated by the upper and lower rotors and the fuselage
decreased with increasing IRS value, reducing the noise level. Consequently, the noise levels in the isolated
coaxial rotor and full-configuration models decreased by 4 and 8 dB with increasing IRS value, respectively.
When comparing models, reflection by the fuselage of downward-propagating noise generated by the upper and
lower rotors resulted in the noise levels consistently being 1-2 dB higher in the isolated coaxial rotor model than

in the full-configuration model for all IRS values.
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Fig. 22. Comparison of overall sound pressure level under high-speed forward-flight conditions: (a) Isolated
coaxial rotor; (b) full configuration.
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Fig. 25. Comparison of noise contribution at IRS = 0.110 under high-speed forward-flight conditions: (a)
Isolated coaxial rotor; (b) full configuration.

Fig. 25 shows the noise contribution of each component in the coaxial rotor under high-speed forward-flight
conditions at IRS = 0.110. Similar to under low-speed forward-flight conditions, the predicted noise level for
each rotor in the isolated coaxial rotor model at microphone 1 was approximately 3 dB lower than that for the
rotors in the full-configuration model. In the full-configuration model, the level of noise generated by the
fuselage was predicted to be <1 dB lower than that generated by the rotors, indicating that the noise contribution
of the fuselage was larger than under low-speed forward-flight conditions. Consequently, the level of total noise
generated in the full-configuration model was predicted to be 5 dB higher than in the isolated coaxial rotor

model. At microphone 2, interference between the upper and lower rotors decreased with increasing IRS value,
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and the noise contributions from the two rotors were similar at IRS = 0.083 and IRS = 0.110. Additionally, the
wake generated by the fuselage had minimal influence on rotor blade loading, resulting in negligible BVI
differences between models. Consequently, the noise level difference between models for each rotor was within
0.4 dB, and the total noise level difference was predicted to be 0.2 dB. At microphone 3, the level of noise
generated by the upper rotor was predicted to differ by only 0.4 dB between models, indicating similar noise
levels. This was attributed to the near lack of interference with the upper rotor at the largest IRS value under
high-speed forward-flight conditions, unlike at low IRS values under low- or high-speed forward-flight
conditions, where the upper rotor experienced significant interference. Component-wise analysis revealed that
the lower rotor in the full-configuration model exhibited a higher noise level by 3 dB compared to the isolated
coaxial rotor model due to strong vortices generated by interference with the fuselage. Conversely, the noise
contribution of the fuselage was reduced under high-speed forward-flight conditions compared to low-speed
forward-flight conditions, as it was less affected by the wake generated by the upper rotor and predominantly
influenced by interference with the lower rotor. When comparing total noise levels, reflection by the fuselage of
the downward-propagating noise in the full-configuration model resulted in a 2 dB higher noise level than in the

i1solated coaxial rotor model.

5. Conclusions

This study investigated the aerodynamics and acoustics of forward-flight coaxial rotor helicopters via
computational simulations conducted using isolated coaxial rotor and full-configuration models at different IRS
values. The SA-IDDES numerical method was utilized to evaluate the aerodynamics of the coaxial rotor
helicopter under low- and high-speed forward-flight conditions and the FW—H acoustic analogy method was
employed to predict noise characteristics. For the coaxial rotor helicopter under low-speed forward-flight
conditions, a greater IRS value resulted in a more significant reduction in rotor-rotor interaction compared to
high-speed forward-flight conditions, leading to a mean thrust gain of approximately 3%. In the full-
configuration model, the wake generated by the lower rotor interacted with the fuselage, generating a ground
effect that caused more significant thrust amplitude fluctuations of the lower rotor. Under high-speed forward-
flight conditions, the rotor wakes propagated more backward than low-speed forward-flight conditions,

increasing the frequency of BVI occurrence. The noise level difference between the isolated coaxial rotor and
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full-configuration models was predicted to be 0.2 dB owing to reduced interference from fuselage-generated
vortices on the rotor blades. Under low- and high-speed forward-flight conditions, the noise levels decreased
with increasing IRS value. However, greater noise reduction was observed at elevation angles of —45°, —90°,
and —135°, which were more affected by steady and unsteady loading noise, compared to elevation angles of 0°
and —180°, where thickness noise was dominant. Under low- and high-speed forward-flight conditions, the most
considerable noise difference between models was observed at an elevation angle of —90°, which was highly
influenced by unsteady loading noise. In the full-configuration model, the fuselage reflected noise propagating
downward from the coaxial rotor, leading to a 2 dB lower noise level than in the isolated coaxial rotor model.
Although the present study shows that increasing IRS improves aerodynamic performance and reduces noise
levels by mitigating rotor—rotor and rotor—fuselage interference, there are practical design constraints that limit
the extent to which IRS can be increased. A larger IRS requires a bulkier hub system, which results in increased
structural weight and drag. In particular, the hub is known to contribute up to half of the total drag in a coaxial
rotor configuration, and the flow separation from this region can significantly influence both acrodynamic and
acoustic behavior. Future studies will include hub and mast fairing geometries in the simulation model under
various forward flight conditions. This will help to identify an optimal IRS range that achieves a balance
between improved aerodynamic and acoustic performance and acceptable design penalties. In this study, the
aerodynamic performance and acoustic characteristics of a coaxial rotor helicopter without a pusher thruster
were investigated under different forward flight speeds and IRS conditions. However, modern coaxial rotor
helicopters are designed as compound configurations equipped with a pusher thruster to enhance cruise
performance. The interaction between the pusher thruster and the unsteady wake structures generated by the
rotors and fuselage may significantly affect the aerodynamic loads and noise generation, especially under
varying IRS and flight speed conditions. Therefore, future research will aim to analyze the aerodynamic and
acoustic performance of coaxial compound helicopters with a pusher thruster to provide more comprehensive

insight into the integrated system behavior.
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