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Abstract

For high-speed compound helicopters, such as the S-97 Raider, the reflection and diffraction
effects of vertical /horizontal tails on pusher propeller noise are inevitable. To investigate
the noise distortion effect of the rear-mounted pusher propeller, this study first relies
on the Chinese Laboratory of Rotorcraft Navier-Stokes (CLORNS) solver, adopting the
high-resolution Perturbed polynomial reconstructed Targeted Essentially Non-Oscillatory
scheme (TENO-P) combined with the Delayed Detached Eddy Simulation based on the
Spalart—-Allmaras (SA-DDES) turbulence model to resolve the multi-scale rotor flowfield.
Additionally, a continuous and conserved acoustic source extraction method is proposed
to eliminate non-physical waves at the one-way Computational Fluid Dynamics and
Computational AeroAcoustics (CFD-CAA) coupling interface, addressing the temporal
inconsistency between flowfield evolution and acoustic propagation. Finally, numerical
investigations are conducted on the instantaneous acoustic wave propagation and acoustic
directivity of the pusher propeller under the influence of vertical /horizontal tails. The
results show that significant acoustic distortion occurs when pusher propeller-generated
noise interacts with vertical /horizontal tails. This interaction not only produces reflected
and diffracted acoustic waves but also leads to wavefront discontinuities, the formation
of short acoustic waves, and changes in acoustic directivity. The maximum variation in
the sound pressure level reaches 10 dB at local azimuths. The distortion effect of tails
on pusher propeller noise is closely correlated with the number of propeller blades. The
interaction process between the propeller and tails becomes more complex with the increase
in blade count, resulting in the generation of shorter acoustic waves. For the six-blade
rotor, the originally continuous acoustic wave branch can be split into up to four short
waves. This study confirms that the proposed Hybrid Computational AeroAcoustics
(HCAA) method holds significant application prospects in the aeroacoustic research of
compound helicopters.

Keywords: pusher propeller; vertical /horizontal tails; reflection effect; diffraction effect;
compound helicopters; CFD-CAA coupling

1. Introduction

To address the forward-speed limitations of conventional single-main-rotor helicopters,
Sikorsky pioneered the compound helicopter configuration integrated with the Advanc-
ing Blade Concept (ABC) rotor system, represented by the X-2 Technology Demonstrator
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(a) X-2 Techno

(X2TD), 4-ton S5-97 Raider, and 13-ton SB > 1 Defiant (Figure 1) [1]. These high-speed
platforms rely on rear-mounted pusher propellers for thrust augmentation and verti-
cal/horizontal tails for stability control, making the propeller-tail assembly a core aerody-
namic and aeroacoustics component [2,3]. Standard MIL-STD-1474D (1977) [4] has imposed
restrictions on helicopter noise exposure, mandating that the maximum steady-state noise
for an 8-h daily exposure duration be less than 85 dB(A). However, various helicopters,
such as the UH-1H, AH-1G, and CH-47C, have not met this standard. As aviation noise
regulations become more and more stringent, noise annoyance has emerged as a critical
barrier to the deployment of compound helicopters in tactical missions. Unlike conven-
tional helicopters, the high-speed rotating pusher propeller of compound configurations
generates intense acoustic waves that interact with the adjacent vertical /horizontal tails,
inducing multiple reflections and diffractions that distort noise propagation, thus forming
the “installation effect.” Despite its role in undermining noise control efforts and introduc-
ing uncertainties in acoustic prediction, this “installation effect” has long been overlooked
in research due to technical constraints. Yet with the tightening of aviation noise regula-
tions, this issue can no longer be ignored, especially as it directly impacts the successful
deployment of compound helicopters in key application scenarios like tactical operations.

logy Demonstrator (b) S-97 Raider (c) SB > 1 Defiant

Figure 1. The compound high-speed helicopter with a pusher propeller.

Existing research on compound helicopter aeroacoustics has laid a solid foundation
for understanding key noise sources, with a primary focus on coaxial rotors. For instance,
Qi et al. [5] developed a high-efficiency trim model that successfully elucidated the aero-
dynamic interaction mechanism of coaxial rotors in hover, providing critical insights into
rotor wake evolution. Yuan et al. [6] further advanced this field by analyzing unsteady
aerodynamic fluctuations of coaxial rotors in low-speed forward flight, which significantly
improved the accuracy of rotor noise source identification. Jia et al. [7,8] innovatively cou-
pled Computational Fluid Dynamics and Computational Structural Dynamics (CFD/CSD)
to investigate the aerodynamic—acoustic characteristics of lift-offset coaxial rotors, while
Zhong et al. [9] proposed a practical prediction model for counter-rotating coaxial rotor
noise based on the blade element theory, with both studies offering valuable tools for
coaxial rotor noise evaluation. While these works have significantly advanced our under-
standing of lift-system noise, they have predominantly focused on the main rotor assembly,
devoting relatively less attention to the acoustics of the pusher propellers.

In the broader field of propeller noise research, scholars have made notable progress
in noise reduction and prediction, though the application scenarios remain limited.
Yuan et al. [3] optimized the aerodynamic performance of pusher propellers for com-
pound helicopters across optimal and high-speed ranges, laying the groundwork for the
design of efficient pusher systems. Yu et al. [10] achieved a 5 dB reduction in the overall
sound pressure level (OASPL) of a 6-blade propeller without sacrificing thrust, offering a
feasible path for low-noise propeller optimization. Pagano et al. [11] similarly reduced the
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OASPL of a wing-mounted pusher propeller by 3.5 dB during takeoff, providing targeted
solutions for aircraft takeoff noise control. Chiaramonte et al. [12] explored propeller-wing
aerodynamic interactions, revealing how blade tip vortex trajectories alter wing lift/drag
distributions—findings that support the integrated design of propeller-airframe systems.
Yin et al. [13] further coupled CFD with the Ffowcs—Williams-Hawkings (FW-H) equa-
tion to analyze wing-mounted propeller aeroacoustics, establishing a mature framework
for far-field noise prediction in simple configurations. These studies primarily focus on
isolated propellers or propeller-wing combinations and have not yet incorporated the
vertical /horizontal tails into the acoustic analysis. Regarding the noise characteristics of
compound helicopter pusher propellers, Soderman et al. [14] performed comprehensive
experimental investigations into the impacts of Y-Tail, V-Tail, and I-Tail configurations on
pusher propeller noise. Sun et al. [15] investigated the noise of pusher propellers by inte-
grating computational fluid dynamics (CFD) with the FW-Hq4s equation. However, as for
the FW-H equation, though efficient for free-field propagation, it has inherent limitations in
capturing the multiple reflections and diffraction effects of complex tail geometries, which
are essential for compound helicopter configurations.

The core challenge in addressing propeller—tail noise interaction lies in bridging
the gap between existing methods and the complex acoustic propagation scenarios of
compound helicopters. The investigations of propeller noise mentioned above primarily
rely on the theoretical method or the FW-H equation, and the installation effect of the wings
on the pusher propeller noise is only considered during the simulation of the unsteady
flowfield. For the compound high-speed helicopter with the same configuration as the
X2TD, the propagation of the rear-mounted pusher propeller noise is affected by the
multiple-reflection effect and the diffraction effect of the vertical/horizontal tails. As
highlighted by Redonnet et al. [16-18], such a challenging acoustic propagation issue could
only be well solved with the use of a Computational AeroAcoustics (CAA) solver, such as
the sAbrinA [19], which enables the simultaneous consideration of both the effects of the
non-uniform flowfield and the fuselage.

To address this research gap while building on the strengths of existing work, our
team previously developed a HCAA solver [20,21], which is capable of predicting rotor
noise propagation in non-uniform flowfields and strong shear layers. Building on this
foundation, the present work advances both CFD and CAA solvers to specifically address
the tail-pusher propeller noise interaction: (1) the CLORNS solver is enhanced with the
high-resolution TENO-P scheme [22] proposed by our research group and the SA-DDES
turbulence model, enabling the more accurate capture of multi-scale rotor flowfields and
unsteady aerodynamic fluctuations, thereby complementing the aerodynamic analysis
of existing propeller studies; (2) a continuous and conserved acoustic source extraction
method is proposed to eliminate non-physical waves on the CFD-CAA interface, resolving
the temporal inconsistency between flowfield evolution and acoustic propagation, which
addresses the interface constraint of conventional coupling methods; (3) wall boundary
conditions for Linearized Euler Equations (LEEs) are integrated into the HCAA solver to
explicitly model the reflection/diffraction effects of vertical /horizontal tails, thus extending
the applicability of CAA methods to complex tail geometries. This study aims to conduct
the first numerical investigation of pusher propeller noise distortion induced by verti-
cal/horizontal tails. By analyzing instantaneous acoustic waves and acoustic directivity
under different blade counts, we seek to reveal the noise distortion mechanism and validate
the HCAA method as a reliable tool for compound helicopters, thereby supplementing the
existing research framework on propeller-airframe acoustic interactions.

The remainder of this paper is organized as follows: Section 2 details the CFD and
HCAA solvers, with validation against experimental data. Section 3 presents the distor-
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tion mechanism of the propeller noise under the effect of the vertical/horizontal tails.
Conclusions are presented in Section 4.

2. Flowfield and Aeroacoustic Simulation Methods

To develop a sophisticated HCAA solver that accounts for the reflection and diffrac-
tion effects of intricate geometries, two core components are essential: (1) a high-fidelity
CFD solver equipped with high-resolution spatial discretization schemes and advanced
turbulence models, which enables it to capture multi-scale vortex structures and unsteady
aerodynamic fluctuations, thereby acting as the acoustic source for the CAA solver; (2) a
comprehensive CAA solver designed to simulate sound wave propagation in the presence
of complex geometries and non-uniform flowfields.

2.1. Flowfield Simulation Method

An improved flowfield solver, termed CLORNS [23-25], was developed to simulate
the unsteady rotor flowfield. This solver adopts a moving embedded grid, with the Navier—
Stokes equations employed as the governing equations, which can be expressed in the

%jﬂ udv + ﬂ (F. —F)dl =0 (1)

where U represents the conserved variables, while F; and F, represent the convective flux

following form:

and the viscous flux, respectively.

To enhance the resolution of multi-scale vortex structures in the rotor flowfield and im-
prove the prediction accuracy of unsteady aerodynamic forces, the Delayed Detached Eddy
Simulation (DDES) model [26,27] is developed based on the one-equation Spalart-Allmaras
(SA) turbulence model [28]. The SA-DDES model employs the Reynolds—Averaged
Navier-Stokes (RANS) equations coupled with the SA turbulence model to resolve the un-
steady flowfield near the wall of the rotor blade, while adopting the Large Eddy Simulation
(LES) approach to capture the unsteady multi-scale rotor wake flowfield [29]. Compared
with the standard SA turbulence model, the normal distance d is replaced by a distance
function as follows:

d =d— fymax(0,d — CpgsA), A = hmax = max(Ax, Ay, Az), Cpps = 0.65
fd =1- tanh[Srd]3, rg = W, x = 0.41 (2)
The Cpgs parameter serves as a key constant bridging the wall distance parameter
and grid scale characteristics. Calibrated through numerous three-dimensional benchmark
cases, its optimal value was ultimately determined to be 0.65, and this value is employed
is the present work. The DDES model necessitates that the spatial discretization method
is of a high order of accuracy and high resolution for resolving the multi-scale vortex
structures of the rotor flowfield. For this purpose, the novel TENO-P scheme proposed by
our research group is used to reconstruct the variables on the left and right sides of the cell.
The TENO-P scheme is proposed, built on the foundation of the fifth-order TENO scheme,
using the idea of perturbed polynomial reconstruction. The TENO-P scheme maintains
the low-dissipation advantages of the standard TENOS5 scheme with one-order accuracy
improvement achieved [22].
Figure 2 depicts the embedded grid used for simulating the multi-scale rotor flowfield.
The embedded grid consists of two parts: the body-fitted blade grid and the background
grid. The background grid is refined to meet the grid-resolution criteria of the LES method
in the rotor wake region, while the blade grid is generated by interpolating and folding
the two-dimensional airfoil grid to satisfy the resolution requirements of the unsteady
RANS method. The surfaces of the blade grids are set as no-slip wall boundary conditions,
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while the outer boundaries of the background grids are specified as far-field non-reflecting
boundary conditions based on the Riemann invariants.

. ke

Multi-scalc vortex :
structures resolved by LES

Figure 2. Embedded grid for simulating the multi-scale rotor flowfield.

2.2. Aeroacoustic Prediction Method

An improved acoustic propagation solver was developed to predict the scattering
field of pusher propeller noise induced by the vertical/horizontal tails. The Linearized
Euler Equations were adopted as the governing equations for the HCAA solver [20,21]. The
HCAA solver is developed using an unstructured grid composed of tetrahedral elements.
The high-order Runge-Kutta Discontinuous Galerkin (RKDG) method is used for temporal
and spatial discretization. The characteristic-based inflow boundary is utilized on the
one-way CFD-CAA coupling surface, and the characteristic-based non-reflective boundary
condition is employed on the far-field boundary to avoid non-physical reflected waves. The
computational accuracy and stability of the HCAA solver have been well verified using the
theoretical data on the benchmark problem and the experimental data on the rotor noise
in [20,21]. The three-dimensional Linearized Euler Equations in differential form can be

written as follows:

ou’'  dE  IF G
S T Ty T TH=0 3)

where E, F, and G are the flux vectors, and vector H contains terms related to the gradient
of the non-uniform flowfield.

p'ug + pott! p'vo + pov’ p'wo + pow’
ugpott’ + p’ vopot’ wopou’
JE =14 uppot JF=1< wvopov’ + 7 ,G =1 wopev 4)
ugpow’ vopow’ wopow’ + p’
uop’ + ypou’ vop’ + Ypov’ wop' + ypow’
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0
(p’A -Vug+ p()A’ . Vuo)
H=1{ (0’A-Vuy+poA -Voy) (5)
(p,A . VZUO + poA’ . VZUO)
(r=1('V-A-A -Vpy)
A = {up, v, wo}, A" = {u/, 0, w'} (6)

where p’ and p’ are, respectively, the density and pressure of acoustic waves. u’, v/, and w’
are the particle velocity. po, 1o, vo, wp, and pg are the corresponding mean quantities. 7 is
the ratio of specific heats of the air.

Figure 3 shows the 3D unstructured grid for the study in the present work. Panels
(a) and (b) depict the unsteady vortex of the propeller and the distorted acoustic wave
of the propeller under the effect of the vertical /horizontal tails. Panels (c)—(e) show the
schematics of the grid partition in the three directions. The grid distributed on the fuselage
is refined to account for the scattering effect of the wall, and the grid in the zone near the

wall is refined to resolve the propagation and mutual interaction of the acoustic waves.

) Grld in X-Z p,iane 7‘ (d) Grid in Y-Z plane (e) Grid in X-Y plane
Figure 3. The unstructured grid for simulating acoustic scattering.

The one-way CFD-CAA coupling surface is used for the transmission of acoustic
information from the CFD zone to the CAA zone. For a stationary medium, the acoustic
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source extraction method, building on the pressure, pressure gradient, and equation of
state, is as follows:

pr=p-7p 0 =p/c

du’ _ apl + ap/
At T pedx | pgox
d' _ _op + ap’ @)
dt = pody ' pody
dw _ oy | op
At T pedz | pooz
where c is the speed of sound. The notation “—" above a variable denotes its corresponding

unsteady aerodynamic component. To ensure the continuity and conservation of acoustic
source signals on the one-way CFD-CAA coupling surface, a novel acoustic source extrac-
tion method was proposed. Once the pressure and pressure gradients on the coupling
surface are obtained from the CFD results, these four variables (being time-dependent
only) can be expanded in the form of a Fourier series. Since time-averaged components
do not belong to the acoustic source, they are subtracted, leading to the modified form of
Equation (7) as follows:

N
p' = ¥ [ps;sin(2rit/T) + pg; cos(27it / T)]

i=1
du’ N ’
s [ps sin(27it/T) + p& cos(th/T)]
g N (8)
T )y {  sin(27it/T) +PC1 cos(ant/T)}

i=1

N

d;: =X [Psl sin(27it/T) + p% cos(Zm't/T)}

i=1

where N represents the number of the Fourier series terms, and N = N7 /2 is used in this
work. Nt represents the number of source sampling points within one rotor noise period.
T represents one period of the rotor noise, that is, the blade passing frequency (BPF). py;,
Peis p‘é;‘, p?:’l? , pgf , p‘éyl , e ¢, and p Z are the coefficients of the Fourier series to be determined
using the CFD results. By solvmg the above equations, the continuous and conserved
acoustic source information on the CFD-CAA one-way coupling surface can be obtained

as follows:
o' =p = g [ps; sin(27it/T) + p; cos(2mit /T)]
i—1
u = ii [—T/Zm' -cos(2mipd¥t/T) + T/2mi - sin(2rip® t/T)}
v = ii {—T/Zm’ : cos(Zm'pZ?t/T) + T/2ri - sin(ZmpC t/T)} o
w' = i)I_\]jl [—T/Zrci -cos(2mipdzt/T) + T/27i - sin(27mip%: t/T)}

For the moving medium, the continuous and conserved acoustic source extraction
method, building on the unsteady aerodynamic fluctuation, is as follows:

N
2 =p =p-—P= El [ps; sin(27it/T) + pg; cos(27it /T)]
N
W =u—u=Y [ugsin(2mit/T) + ug; cos(2mit/T)]
o~ (10)
v =0v—-0= Y [vgsin(2mit/T) + v, cos(27mit/T)]
i=1
N
W =w—-0= 21 [w}; sin(27tit/ T) 4+ wi; cos(27it/ T)]
=
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where the notation “—" above a variable denotes its corresponding unsteady aerodynamic
component. The definitions of N, T, p’sl-, and p’cl- are the same as those in Equation (8), while
Ui, Uy, Vs, Upyr We;, and wi; are the coefficients of the Fourier series to be determined
using the unsteady velocity fluctuation.

The characteristic outflow boundary condition is utilized on the far-field to avoid
the non-physical reflection of acoustic waves. For the wall boundary, a reflected wall
boundary condition was adopted to account for the effects of vertical /horizontal tails, with
its mathematical expression given as:

o' (ugnx + vony + won) + po(u'ny +v'ny + w'n,) 0
pou’ (uonx + vony + wonz) + p'ny p'nx
Fy = ¢ pov'(uony 4 vony + won;) + p'ny =< p'ny (11)
pow' (ugny + vony + wony) + p'n; p'n,
(uony + vony + wony)p' + ypo(u'ny +v'ny + w'ny) 0

Among them, ny, ny, and 1, represent the normal vectors of the wall, respectively. Both the
fluid and the acoustic fields must satisfy the non-penetrating boundary condition at the
wall. Therefore, the normal components of both the fluid velocity and particle velocity at
the wall boundary are equal to zero.

2.3. Validation of the Flowfield Solver

Experimental data on the HART-II baseline configuration, featuring a strong Blade
Vortex Interaction (BVI) during descent flight, were used to validate the unsteady flowfield
solver [30-32]. The validation was conducted using a modified BO-105 model rotor, which
has four blades with a modified NACA23012 airfoil. The radius of the model rotor is R = 2
m with a chord length of 0.061 m, given an aspect ratio of 16.5289. The rotor blades are
rectangular with an 8° linear twist from root to tip. The effective rotor shaft angle is 4.5°.
The rotor is operated at a rotational speed of () = 109.12 rad /s and a free-stream velocity
of Uy = 32.9 m/s, giving an advance ratio of u = 0.15, which is defined as:

o

"= AR (12)
The motion of the rotor blade within one rotor period is as follows [32]:
6(y) = 3.14 4+ 2.01 cos(¢) — 1.55sin(1p) (13)

where 1 represents the rotor azimuth angle, and 0 represents the collective pitch angle.
Three meshes with varying resolutions, denoted as coarse, medium, and fine, are
employed to investigate grid convergence. The resolution of the body-fitted blade grid
is the same across the three meshes, all set to 235 x 44 x 150. In contrast, the resolutions
of the background grids for these three meshes are 478 x 128 x 312, 638 x 170 x 414, and
924 x 233 x 595, respectively. The grid spacings in the refined zone of the three background
grids are 0.12 ¢, 0.08 ¢, and 0.06 ¢ (where c is the chord length of rotor blade), respectively.
Figure 4a—c compares the pressure distributions at three spanwise locations (0.75R, 0.87R,
0.97R) when the blade is at 120° azimuth. Figure 4d presents the CnM? time history (where
Cn denotes the section normal force coefficient and M represents the total local Mach
number) at the 0.87R spanwise section. Both the predicted pressure distributions and air
loads are in good agreement with the experimental data, and a clear grid convergence
trend is observed as the mesh resolution increases. The results from the medium and
fine meshes overlap closely, and both align more closely with the experimental data than
those from the coarse mesh. Besides, the unsteady air-load fluctuations caused by the
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blade-vortex interaction between the 270° and 330° azimuth are well resolved. It is worth
pointing out that since hub interference is not incorporated into the CFD simulation, notable
discrepancies in unsteady air loads at 0° azimuth exist between the computed results and
the experimental data. Figure 5 shows the multi-scale vortex structures generated by rotor
blade motion for the three meshes (with Q = 0.002). The iso-surfaces of the Q-criterion are
colored by the vorticity magnitude with 21 equal-spaced levels from 0 to 0.2. The resolution
of multi-scale vortices improves with background grid refinement. Compared with the
coarse mesh, the medium mesh effectively resolves interactions between the blade, tip
vortex, root vortex, secondary vortex, and worm vortex. The fine mesh further reduces
dissipation, enabling the capture of more intricate vortex structures.

1.0
0.5
& 0.0
0.5

1.0 1

-1.54

-1.0

0-5‘; = Experiment
] Medium Resolution

= Experiment

Medium Resolution | 1.04 - — Fine Resolution 7
— — Fine Resolution T Coarse Resolution
Coarse Resolution 1 1.5

1.5
0.0

02 04 06 08 10 00 02 04 06 0.8 1.0
Chord position. x/c Chord position, x/c
(@) 0.75R (b) 0.87 R

-0.5

0.0

0.5

1.0

1.5

- = Experiment
0.18 Coarse Resolution
Medium Resolution

— — Fine Resolution

= Experiment

Medium Resolution i

— — Fine Resolution
Coarse Resolution

0.0

02 04 06 08 10 0 100 200 300
Chord position, x/c Azimuth Angle (°)
(¢)0.97R (d) Unsteady air-loads

Figure 4. Comparison of the pressure distribution at a 120° azimuth angle.
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(c) Fine resolution

Figure 5. Multi-scale vortex structures resolved using different meshes (Q = 0.002).

2.4. Validation of the Acoustic Solver

Experimental acoustic data on the SR2 propeller [33] are utilized for aeroacoustic
validation. The SR2 propeller consists of straight blades, featuring the NACA 65 airfoil
section from the root to 37% of its spanwise extension, and the NACA 16 airfoil section
from 44% to the blade tip. A linear transition is implemented in the mid-region, from 37%
to the 44% spanwise position, seamlessly connecting the NACA 65 airfoil to the NACA
16 airfoil. The geometrical details of the SR2, which include the blade-width ratio, design
angle, blade-thickness ratio, and its three-dimensional model, are given in Figure 6.

The SR2 propeller consists of eight blades with a diameter of 0.622 m, giving an aspect
ratio of 3.27. The propeller rotates at 6487 RPM (revolutions per minute) with a 59-degree
angle at the 0.75 spanwise position. The free-stream Mach number is 0.6, giving an advance
ratio of | = 3.06, which is defined as:

=" (14)

where V represents the free-stream velocity in m/s, n represents the rotational speed in
RPS (revolutions per second), and D represents the diameter. Twelve microphones are
placed along the line parallel to the propeller rotation axis with a distance of 0.3 diameters
away from the propeller tip. Figure 7 presents the schematic of the microphone positions.
The locations of the twelve microphones are given as a function of the Yy coordinate in cm
and the angle 0 from upstream in Table 1.
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(a) Numerical geometry (b) Three-dimensional model

Figure 6. Geometry of the SR2 propeller.

Rotor Rotation

| Y
Propeller Plane Microphone
° . ° . . ° . ° ° ° ° .

1 2 3 4 5 6 7 8 9 16 11 12

Figure 7. Schematic of the microphone positions.

Table 1. Locations of the twelve microphones.

N 1 2 3 4 5 6 7 8 9 10 11 12
Ym —46.7 —417 =305 —16 -89 0.8 8.9 12.4 18.0 25.0 28.7 424
6 46.8 50.0 58.5 722 80 90.9 100 104 110 116.8 1200 1304

For the unsteady flowfield simulation of the eight-blade SR2 propeller, the resolution
of the blade grid is 237 x 30 x 124. The resolution of the background grid is 267 x 227 x 267,
and the grid spacing is 0.05 ¢ x 0.1 ¢ x 0.05 ¢ in the three directions. Figure 8 shows the
mesh for simulating the aeroacoustic propagation; the whole computational domain is
decomposed into two zones. The finest grid is used in Zone 1 to resolve the acoustic waves
around the pusher propeller, while the grid in Zone 2 is coarsened to damp the non-physical
acoustic waves on the far-field boundary. Three meshes with different resolutions are used
to investigate the acoustic propagation of the eight-blade SR2 propeller. The computational
domain size remains consistent for the three meshes, with varying grid spacings in Zone 1
and Zone 2. Detailed parameters regarding the computational domain size and grid spacing
are listed in Table 2.
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Figure 8. Partition strategy for the CAA mesh.
Table 2. Domain size and grid spacing for the three CAA meshes.
Grid Computational Domain Zone 1 Zone 2
Coarse R1 =30, R2 = 60 0.3 3
Medium H1=20,H2 =60 0.4 4
Fine Dc = 7.5, Hc=15 0.5 5

Figure 9 illustrates the tone directivities at the first BPF (blade passing frequency)
of the eight-blade SR2 propeller from the three meshes with different resolutions, with
results from Tan et al. [34] included for comparison. The HCAA method exhibits an
excellent performance in predicting the sound pressure level (SPL, in dB), with the results
in good agreement with the experimental data. Compared with the predictions obtained
from the FW-H,, 45 equations, the HCAA results align more closely with the experimental
measurements, thus verifying the method’s reliability. As further evidence, Figure 9b
presents the distribution and comparison of prediction errors across different methods;
notably, the calculation error analysis reveals that the linearized Euler equations yield
significantly lower prediction errors than the FW-Hp 45 method. Specifically, for azimuthal
angles spanning from 70° to 110°, the numerical error associated with the LEE method
remains below 1 dB, while the lowest error obtained using the FW-H,,45 based methodology
reported by Tan et al. surpasses 4 dB.
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Figure 9. Tone directivities and instantaneous acoustic waves of the SR2 propeller.

https://doi.org/10.3390/aerospace13020157


https://doi.org/10.3390/aerospace13020157

Aerospace 2026, 13, 157

13 of 25

3. Analyses of the Results
3.1. Simulation Model and Acoustic Probe Array

Figure 10a presents the geometric configuration of the pusher propeller and the
vertical/horizontal tails adopted in this study. To ensure the relevance and engineering
applicability of the research to typical high-speed compound helicopter platforms, the
vertical /horizontal tails are designed with reference to the structural characteristics of
the Sikorsky S-97 Raider, specifically featuring a “H” shape, and a downward-extending
central vertical tail that serves as the mounting structure for the helicopter’s rear wheel,
consistent with the practical layout of the S-97 Raider. For investigating the influence of
the propeller blade count on the acoustic installation effect, two pusher propeller models
with different blade numbers (four-blade and six-blade) are selected as research objects. To
maintain consistency with the aeroacoustic validation experiment and ensure the reliability
of the simulation results, the geometric parameters of the propeller blades are identical to
those of the SR2 propeller used in the validation test.

=A

9-

A

0=

=A

9

(a) Schematic of the propeller and the tails ~ (b) Top view of the microphone array

90° .. 90°

0° 180° 1180° U

(¢) Rear view of the microphone array (d) Front view of the microphone array

Figure 10. The simulation model of the microphone array.

Figure 10b—d illustrates the layout and parameters of the acoustic probe array. To
comprehensively measure the acoustic directivity and sound pressure distribution of the
pusher propeller under the influence of vertical/horizontal tails, a total of 504 microphones
are arranged in a cylindrical array, with the array’s central axis coinciding with the rotor
hub center of the pusher propeller. The radial distance from each microphone to the rotor
hub center is set to 2.75R, where R denotes the propeller radius. The 504 microphones
are divided into 7 subgroups, with 72 microphones in each subgroup. The subgroups
are uniformly distributed along the circumferential direction of the cylinder at intervals
of 5°, covering the full 360° circumferential range to capture the azimuthal variation of
acoustic directivity. In the axial direction of the cylinder, the 7 subgroups are positioned
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at Y-coordinates of —6, —4, —2, 0, 2, 4, and 6 (normalized by the propeller chord length),
providing multi-dimensional data support for analyzing the spatial distortion of propeller
noise induced by vertical/horizontal tails.

Figure 11 shows the detailed geometry of the vertical and horizontal tails. All values
are normalized by the pusher propeller chord length. The vertical tail with a downward
extension for rear wheel mounting and the three horizontal tails are formed by spanwise
extrusion of the NACA0012 airfoil.
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Figure 11. The geometrical details of the vertical /horizontal tails.

3.2. Distortion Characteristic of the Acoustic Waves

Figure 12 presents the instantaneous acoustic waves of the four-blade pusher propeller,
captured in three cross-sectional slices from different directions. The pusher propeller has a
blade tip Mach number of 0.665, with a blade angle of 12° at the 0.75R spanwise position. To
eliminate interference from the freestream convection effect on the analysis, the propeller’s
advance ratio is set to zero in this section. In the free-field environment, the acoustic waves
exhibit distinct symmetry characteristics. The X-Z plane shows central symmetry relative
to the propeller’s rotational axis, while the acoustic waves in the X-Y and Y-Z planes
display left-right symmetry. By contrast, in the scattering environment obstructed by the
vertical /horizontal tails, the acoustic waves lose symmetry, and significant distortion occurs.
Due to the reflection, scattering, and diffraction effects of the vertical and horizontal tails, as
well as the interference between acoustic waves, it can be observed from the X = —0.15 plane
that there is a reduction in sound wave intensity on the outside of the vertical tails; from the
Z =0 plane, it can be observed that the acoustic waves above the fuselage deflect slightly
towards the rear of the pusher propeller; and from the Y = —2.739 plane, it is evident that
the acoustic wavefronts are disrupted, accompanied by the generation of short waves and
the concentration of acoustic energy in specific directions. However, one can infer that the
wavefronts of the acoustic waves in the X-Y and Y-Z planes remain continuous.

Figure 13 shows the instantaneous acoustic waves of the four-blade propeller in
the X-Z plane across various Y positions. The acoustic spiral branches in the figure
are numerically labeled, where identical numbers signify that the labeled branches are
originally part of a single acoustic wave. It is observed that the undisturbed acoustic waves
exhibit continuous propagation characteristics, while the wavefronts of disturbed acoustic
waves undergo rupture and break into several discrete segments, which are thus defined as
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short acoustic waves. In the free-field environment, the acoustic energy in the Y = —6 plane
is slightly higher than that in the Y = 6 plane. In the scattering field, the acoustic energy
in the Y = —6 plane is obviously higher than that in the Y = 6 plane. To facilitate a more
intuitive observation of the acoustic waves’ propagation, each distinct wavefront in the
figure below is numbered with a single digit. As can be seen, the acoustic waves in
the X-Z planes are notably affected by the multiple-reflection effect of the vertical and
horizontal tails, as well as the mutual interference of the reflected waves, ultimately leading
to the formation of numerous high-intensity short acoustic waves. At the Y = —2.739 slice,
due to the installation effect, the originally continuous acoustic wave branch (2 is split
into two short waves, and the originally continuous acoustic wave branch (@ is split into
three short waves.

P(Pa) -20-16-12 -8 -4 0 4 8 12 16 20

- ‘

A -

(a) Free-field: X=-0.15 (b) Free-field: Y =-2.739 (c) Free-field: Z=0
4

(d) Scattering: X =-0.15 (e) Scattering: Y =-2.739 (f) Scattering: Z=0

Figure 12. Instantaneous acoustic waves in three different directions.

Figure 14 shows the instantaneous acoustic waves of the six-blade propeller in the X-Z
plane at various Y positions. The blade tip Mach number of the pusher propeller is 0.6
with an angle of 24° at 0.75R. Compared with the acoustic waves of the four-blade propeller
in Figure 13, one distinction is that six wave branches can be observed in Figure 14. Each
distinct acoustic wave in the figure below is also numbered with a single digit. Beyond
this wave branch difference, the acoustic behaviors of the six-blade and four-blade rotors
in a uniform field also show notable disparities: the four-blade rotor features highly similar
acoustic waves at the Y = 6 and Y = —6 slices, while the acoustic energy of the six-blade
rotor at the Y = 6 slice is significantly higher than that at the Y = —6 slice. The acoustic
waves in the scattering field are seriously affected by the multiple-reflection effect of the tails
and the mutual interaction of the reflected waves, and numerous short waves are induced.
At the Y = —2.739 slice, due to the installation effect, the originally continuous acoustic
wave branch (2) is split into three short waves, and the originally continuous acoustic wave
branch () is split into four short waves. Compared with the scattering field of the four-blade
propeller, more short acoustic waves can be observed in the acoustic field of the six-blade
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propeller. The multiple-reflection effect induces a distinct acoustic directivity, causing the
concentration of the acoustic energy in four specific areas on the Y = —6 plane.

P(Pa) -20-16-12 -8 -4 0 4 8 12 16 20

G

(a) Free-field: Y =-6 (b) Free-field: Y =-2.739
g j 4
f

(d) Scattering: Y =-6 (e) Scattering: Y =-2.739 (f) Scattering: Y =6

Figure 13. Instantaneous acoustic waves in the X-Z plane (four-blade propeller).

P(Pa) -20-16-12 -8 -4 0 4 8 12 16 20

(a) Free-field: Y =-6

(d) Scattering: Y =-6 (e) Scattering: Y =-2.739 (f) Scattering: Y =6

Figure 14. Instantaneous acoustic waves in the X-Z plane (six-blade propeller).
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3.3. Alteration of the Acoustic Directivity

Figures 15 and 16 illustrate the acoustic directivity of the four-blade pusher propeller
in the X-Z plane across various Y positions. For comparative analysis, the results corre-
sponding to three cases with distinct blade tip Mach numbers are presented in Figure 15.
First, it is evident that the acoustic characteristics in the free field do not have a preferential
direction. Moreover, the overall sound pressure level (SPL) increases with an increase in the
blade tip Mach number of the pusher propeller, reflecting a positive correlation between
these two parameters. Second, in contrast with the free field, the acoustic directivity of
the pusher propeller in the scattering field is significantly altered. The patterns of such
acoustic directivity alterations exhibit a weak correlation with the blade tip Mach number
of the pusher propeller. Furthermore, the magnitude of change in acoustic energy varies
substantially across different slices. Among the three target slices (Y = —6,Y=0,and Y = 6),
because the tails reflect acoustic waves toward the forward-flight direction, the acoustic
energy in the Y = —6 slice undergoes the most prominent changes, thereby inducing an
increase in acoustic energy within this slice at most circumferential azimuthal angles. In
contrast, because the oblique reflection effect is induced by the vertical /horizontal tails,
the acoustic energy decreases at most circumferential azimuthal angles in the Y = 6 slice.
Furthermore, it can be seen from the figures that the maximum variation in SPL reaches
10 dB at local azimuths due to the installation effect.

125 T T T T
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(May,=0.65)
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(Ma;,=0.65)
fffff Free-Field
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120

115 4

110,

Sound Pressure Level (SPL: dB)

105 +

100 T T T T T T T
0 50 100 150 200 250 300 350

Azimuth Angle (°)

Figure 15. Pusher propeller acoustic distributions under different blade tip Mach numbers in the X-Z
plane with Y = —6 (four-blade propeller).

Figure 17 shows the acoustic directivity of the six-blade propeller in the three X-Z
planes, while the corresponding instantaneous acoustic waves are depicted in Figure 14.
For the slice at Y = —6, the acoustic energy experienced a significant increase as a result of
the multiple-reflection effect of the tails and the mutual interaction between the acoustic
waves, resulting in a maximum overall sound pressure level increase of 14 dB at around
60°, 135°, 225°, and 300°. The acoustic energy at around 0° and 180° is slightly reduced
due to the blocking effect of the vertical tail. For the slice with Y = 6, the acoustic energy
in most orientations is reduced due to the blocking effect of the tails on the propagation
of the acoustic waves, especially in the upper-right and lower-left corners. For the slice
with Y = 0, four regions with high acoustic intensity are formed due to the influence of
the vertical /horizontal tails. The azimuthal angle of these regions is approximately 105°,
140°, 280°, and 310°, respectively, corresponding to the four clusters of acoustic waves with
shorter lengths in the upper-left and lower-right corners.
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Figure 16. Acoustic directivity in the X-Z plane (four-blade propeller, May;, = 0.65).
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Figure 17. Acoustic directivity in the X-Z plane (six-blade propeller, May;, = 0.65).

3.4. Transient Propagation Process of Acoustic Waves

Figure 18 presents the transient acoustic waves of the four-blade propeller at four
time instants in the X-Z plane with Y = —2.739. Each distinct acoustic wave in this figure
is numbered with a single digit, and the acoustic paths with energy valleys and energy
peaks are presented. By referring to Figure 13, Figure 15, and Figure 16, it can be inferred
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that the acoustic directivity is primarily influenced by the oblique reflection effect of the
vertical /horizontal tails and the mutual interactions between different acoustic waves.
The downward vertical tail in the middle has a smaller impact on the propagation of
propeller noise compared with the horizontal tail and the vertical tails installed at the tip of
the horizontal tail. The entire interaction process can be decomposed into the following
three steps: (1) the acoustic waves are reflected when they interact with the tails; (2) the
reflected acoustic waves interact with the subsequently arriving first acoustic wave, and the
propagation direction of the subsequently arriving first acoustic wave is altered, resulting
in an increase in acoustic energy at about 120° and a decrease in acoustic energy at about
142°. Meanwhile, a short acoustic wave is formed in this interaction process; (3) the acoustic
wave with altered propagation direction affects the subsequently arriving second acoustic
wave, leading to an increase in the acoustic energy at about 75°. Besides, due to the mutual
interaction between the acoustic waves, the reflected acoustic waves are compressed by
the subsequently arriving first acoustic waves, leading to the diffraction of the reflected
acoustic waves at the tip of the vertical tail. It is worth pointing out that the alteration
mechanism of the acoustic directivity in the ranges 180-360° and 0-180° is identical.

Energy Valley
G Energy Peak |

(a) Time instant A (b) Time instant B
AN s

() Time instant C (d) Time instant D

Figure 18. Transient acoustic waves at different time instants in the X-Z plane (four-blade propeller,
Maﬁp = 065)

Figure 19 presents the transient acoustic waves of the six-blade propeller at four time
instants in the X-Z plane. Each distinct acoustic wave in this figure is numbered with a
single digit, and the acoustic paths with energy valleys and energy peaks are also presented.
As illustrated above, these acoustic waves with shorter lengths are formed due to the
multiple-reflection effect of the tails and the mutual interaction between the acoustic waves.

https:/ /doi.org/10.3390/aerospace13020157


https://doi.org/10.3390/aerospace13020157

Aerospace 2026, 13, 157

21 of 25

By referring to Figure 14, Figure 17, and Figure 19, it can be observed that the formation
process can be decomposed into the three steps as follows: (1) the acoustic waves interact
with the tails and are then reflected, resulting in the formation of acoustic waves with
shorter lengths at around 140°; (2) the newly formed acoustic waves interact with the
subsequently arriving first acoustic wave, resulting in the formation of the second acoustic
waves with shorter lengths at around 105°; (3) the acoustic waves with shorter lengths at
around 105° interact with the subsequently arriving second acoustic wave, resulting in
an increase in acoustic energy at the upper-right corner. Compared with the four-blade
propeller, most of the acoustic energy is reflected, and the energy of the diffraction acoustic
waves at the tip of the vertical tail occupies only a small portion, resulting in the reduction
of the acoustic energy at an orientation of around 180°.

e Energy Valley

Pa— Energy Peak
-y el

(c) Time instant C (d) Time instant D

Figure 19. Transient acoustic waves at different time instants in the X-Z plane (six-blade propeller,
May;, = 0.65).

3.5. Alteration of the Acoustic Power Spectrum

Figure 20 shows the overall sound pressure (left column) and the delta sound pressure
at the first three harmonic orders (right column) for the four-blade rotor. The delta sound
pressure is obtained by subtracting the corresponding components of the SPL in the free
field from the components of the SPL in the scattered field at different harmonics. Firstly,
it can be observed from the figure that the directivity of the overall sound pressure and
the directivity of the first harmonic order exhibit a high degree of similarity, indicating
that the effect of the vertical/horizontal tails on the propeller noise is dominated by the
alteration of the first-order harmonic noise. Secondly, it can be observed from the figure
that the alteration period of the second-order harmonic noise is approximately half of the
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alteration period of the first-order harmonic noise, indicating that the interaction pattern
of the tails on the propeller acoustic is highly correlated with the harmonic orders. In the
same space where only one wave exists for the first-order harmonic noise, there are now
two independent waves for the second-order harmonic noise. The two waves and the
reflected waves interact mutually, resulting in the multiple alternating changes of peaks
and valleys in acoustic directivity. Thirdly, as observed from the figure, the second-order
and third-order harmonic noises are significantly influenced by the multiple-reflection
effect of the tails and the mutual interactions between acoustic waves, leading to a notable
change in the sound pressure level. However, these components of acoustic noise do not
play a dominant role in determining the final acoustic directivity due to their relatively
lower basic energy compared with that of the first harmonic order.
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Figure 20. Acoustic directivity of different harmonic orders in the X-Z plane (four-blade propeller).
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4. Conclusions

The TENO-P scheme and the SA-DDES turbulence model are incorporated into the
CLORNS solver, and a novel continuous and conserved acoustic source extraction method is
proposed and incorporated into our HCAA solver for solving the inconsistency between the
evolution time of the flowfield and the time of the acoustic propagation. Then, the effect of
the vertical /horizontal tails on the pusher propeller noise is numerically investigated using
the improved solvers, and the distortion characteristics and mechanism of the propeller
noise are revealed. The detailed conclusions are as follows:

(1) The improved CFD solver is verified by the aerodynamic data of the BO-105 model
rotor. The intricate multi-scale vortex structures are well resolved, and the predicted
results show good alignment with the experimental data. The novel continuous and
conserved acoustic source extraction method is incorporated into the HCAA solver
to reduce the non-physical waves on the one-way CFD-CAA coupling surface. The
efficacy of the HCAA solver is confirmed through noise data from the SR2 propeller,
with the results in this study showing closer alignment with the experimental data
compared with the reference data predicted by the FW-H equation.

(2) The instantaneous acoustic waves and the acoustic directivity of the pusher propeller
under the influence of the vertical /horizontal tails are numerically investigated. The
alteration patterns of acoustic directivity from four-blade and six-blade pusher pro-
pellers exhibit significant differences, which indicates that the distortion effect is
highly correlated with the number of blades. Conversely, the alteration patterns of
acoustic directivity are weakly correlated with the blade tip Mach number of the
pusher propeller.

(8) Strong multiple-reflection effects of the acoustic waves happen when they interact
with the vertical /horizontal tails. For the four-blade propeller, the reflected acoustic
waves interacted with the subsequently arriving first acoustic wave, leading to the
formation of one short acoustic wave with a high intensity. For the six-blade propeller,
two short waves are generated. The first short acoustic wave with high intensity is
generated when the acoustic wave is reflected by the vertical /horizontal tails, and the
second short acoustic wave is then generated due to the mutual interaction between
the first short wave and the subsequently arriving first acoustic wave.

(4) For the four-blade propeller, due to the mutual interaction between the acoustic
waves, the reflected acoustic waves are compressed by the subsequently arriving first
acoustic waves, leading to the diffraction of the reflected acoustic waves at the tip of
the vertical tail. For the six-blade propeller, most of the acoustic energy is reflected,
so the energy of the diffraction acoustic waves occupies only a small portion when
compared with the four-blade propeller. The interaction pattern of the tails on the
propeller acoustic is highly correlated with the harmonic orders, and the effect of the
vertical /horizontal tails on the propeller noise is dominated by the alteration of the
first-order harmonic noise.
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Abbreviations

The following abbreviations are used in this manuscript:

CLORNS  Chinese Laboratory of Rotorcraft Navier-Stokes

TENO-P Perturbed polynomial reconstructed Targeted Essentially Non-Oscillatory scheme
SA-DDES  Delayed Detached Eddy Simulation based on Spalart-Allmaras

CFD-CAA  Computational Fluid Dynamics and Computational AeroAcoustics

ABC Advancing blade concept

X2TD X-2 Technology Demonstrator

CFD/CSD  Computational Fluid Dynamics and Computational Structural Dynamics

OASPL OverAll sound pressure level

FW-H Ffowcs-Williams-Hawkings
CAA Computational AeroAcoustics
DDES Delayed Detached Eddy Simulation
SA Spalart—Allmaras
RANS Reynolds-Averaged Navier-Stokes
LES Large Eddy Simulation
RKDG Runge-Kutta Discontinuous Galerkin
LEE Linearized Euler equations
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