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ABSTRACT

This paper presents a simulation tool-chain to study the effect of design changes on shrouded
rotorcraft (tail-)rotors on its noise signature. Basically, the approach consists of four steps: The first
step involves the simulation of the flow-field of the shrouded tail-rotor. The second step involves
the computation of the noise far-field using the Ffowcs Williams-Hawkings (FW-H) equations in its
Farassat 1A formulation. Both, step 1 and 2 are performed in the time domain. Afterwards, results are
transformed to the frequency domain which improves computational efficiency and flexibility significantly.
The third step is the computation of the acoustic transfer matrix to include the near-field effects of
the structural elements of the tail-rotor. For this purpose, a high-fidelity finite-element model of the
fluid domain surrounding the shrouded tail-rotor is introduced which is based on the frequency space
formulation of the Helmholtz equations. The fourth and last step in the simulation tool chain is a terrain
noise model which is based on acoustic ray tracing while results from the computed sound pressure
level spheres serve as a source of ray release. The terrain noise simulation is capable to consider
atmospheric attenuation as well as varying environmental and geographical conditions. In the present
study, the prediction of the frequencies and relative sound pressure levels was demonstrated with
acoustic measurement data acquired at a full-scale single component test-rig. The proposed toolchain
uses the Kopter AWQ09’s tail-rotor as an illustrative example to study the acoustic signature for hover
and two forward-flight conditions. In this context, the spatial distribution of the noise emissions as well
as the noise footprint on the ground are discussed. This serves to highlight the impact of shroud near
field effects. As a practical example, the effect of a generic liner implemented upon the inner surface of
the shroud is discussed. For this, directivity and noise footprint on the ground are used to benchmark
the effectiveness of the liner in terms of global and local noise level reduction.

NOMENCLATURE M Mach number
n; surface normal vector
Symbols 0] angular frequency
A amplitude Q fluid velocity potential
c speed of sound P Power of acoustic ray source
Oij Kronecker Delta p pressure
Ey turbulent kinetic energy 7 position vector
f frequency () phase angle
fe one-third octave band center frequency p density
hy flight altitude above ground Ojj viscous stress tensor
hmic ~ microphone height above ground TM  transfer matrix
I Intensity of acoustic ray source 0 tail-rotor blade pitch angle
k wave number S §urface
k wave vector t time
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U; fluid velocity component in the i direction
Uy surface normal fluid velocity

u; surface velocity component, i direction
Vi surface normal velocity component

vy forward flight speed

X; location, i component

Zs impedance of the shroud inner surface
Indices

[--lo far-field

[...Jsource at location of sound source

[--1r rotor

[.-]g shroud

1 INTRODUCTION

Since more and more light helicopters are equipped
with quieter, five-blade main-rotors, such as the
Kopter AW09, the contribution of tail-rotor noise gains
increasingly in importance. In light of this, apart from
safety and performance benefits shrouded tail ro-
tors offer many acoustic advantages. The design of
the AWO09’s tail-rotor already has a variety of sound-
optimizing features implemented such as unevenly
spaced rotor blades, dispensation of struts on the
suction side of the rotor and a low tip-gap [1] between
rotor blades and shroud. Conceptually, shrouded ro-
tors still offer great potential for further passive noise
reduction measures, such as the use of liners [2].
The technology is well established for the reduction
of aircraft noise (see e.g. [3, 4]). For rotorcraft use,
there are also studies on liner concepts [5, 6] on
shrouded tail rotors.

In order to study the effectiveness of such kind of
measures, accurate simulation of the noise signature
of the tail-rotor is key. The most common approach to
predict rotorcraft noise for a known flow field solution
relies on solving the Ffowcs Williams-Hawkings (FW-
H) equations in the time domain [7]. This method
allows to compute the acoustic situation in the far-
field originating from sound generated by a thrust-
producing rotor or propeller. For open rotors, con-
sidering far-field wave propagation only is often suffi-
cient. For encapsulated rotors, however, this simpli-
fication is harder to justify, since the direction of the
sound propagation is significantly influenced by near-
field effects of the shroud and even more by other
structural elements such as liners. For realistic pre-
diction of the acoustic signature of such a design also
a physics based description of the noise sources and
the representation of the acoustic near field of the
tail-rotor is necessary. In order to assess the effec-
tiveness of the measures, suitable modelling of the
acoustic perception on the ground is also of great im-

portance. Therefore, a methodology is needed that
both computes the noise sources, accounts for the
acoustic near-field and models the ground percep-
tion under realistic conditions. It is desirable to con-
sider the underlying physics as accurately as possi-
ble while keeping the computational effort to a mini-
mum. In addition, the chain of tools should be modu-
lar in such a way that, for example, one and the same
acoustic source can be employed into different envi-
ronments without requiring recalculation of the actual
sources. Finally, the method shall allow to include re-
sults from component tests as well as with flight tests
and/or to validate against them.

2 THEORY

In the following, the governing acoustic equations
implemented in the toolchain will be briefly derived.
First, the used formulation of the Ffowcs Williams-
Hawkings (FW-H) equations in the time-domain will
be described. Subsequently, the frequency space
formulation of the acoustic wave equation, also
known as the Helmholtz equation is presented. Fi-
nally, the fundamental equations describing geomet-
rical acoustics are outlined.

2.1 Ffowcs Williams-Hawkings equations

The non-convective form of the Ffowcs Williams-
Hawkings (FW-H) equations used in this study refers
to Farassat’s Formulation 1A and the formulation ac-
cording to Dunn Farassat Padula 1A [8, 9]. In this
formulation, equivalent acoustic sources are subdi-
vided into monopole and dipole noise. The monopole
term modeling the thickness noise formulated using
the advanced-time formulation reads:

with

_ _PN P
Q—Po{(l po)vl+p0u1:|nz- 2)

Loading noise is described by the dipole term:

. 1 0 L;
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with

Li=[(p—po) & — oijlni+ pui (un —vn).  (4)
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In general, similar formulations exist also for
quadrupole noise, which are in principle feasible to
cover with the presented toolchain. However, this
type of noise source will not be considered in this
study.

2.2 Helmholtz-Equations in frequency space

To solve acoustic problems with Finite Element Meth-
ods (FEM), the solution of the Helmholtz Equations
formulated in frequency space is a common ap-
proach. Starting from the time domain, the equa-
tions that describe the propagation of sound in flu-
ids can be derived from the governing equations of
fluid flow. That is, conservation of mass, momentum,
and energy. Additional equations of the state of the
model itself and an equation of state to describe the
relation between thermodynamic variables are used.
The flow is assumed as lossless and adiabatic, vis-
cous effects are neglected and a linearized isentropic
equation of state is used. Under these assumptions,
the acoustic field can be described by the pressure
only which is governed by the wave equation, formu-
lated in the time domain [10]:

1 9%p 1
ey () <o ©)

Acoustic problems often involve simple harmonic
waves such as sinusoidal waves which may be ex-
panded into harmonic components via its Fourier se-
ries. Thus, the wave equation can be solved in the
frequency domain for each frequency of interest. For
this purpose, the harmonic solutions can be decom-
posed into a spatial and a temporal part using the
complex formulation of the pressure variable:

p(%,1) = p(x) -exp (iwt) (6)

where the real part of the above mentioned equa-
tion represents the instantaneous physical value of
the pressure. Using this assumption for the pres-
sure field, the time-dependent wave equation (Eq. 5)
can be expressed in the frequency space by the well-
known Helmholtz equation:

1 w?
v (_Pon) “ 2?0 )

2.3 Geometrical acoustics
At frequencies where the wavelength is significantly
smaller than the characteristic geometric dimensions

the required computing power to solve Equation 7
can quickly exceed the feasibility limits. For such
kind of problems, other methods like, for example,
ray acoustics or energy diffusion analogies are a
more suitable approach. In particular ray acoustics
is applicable to model room acoustics and outdoor
wave propagation over long distances. The govern-
ing equations which are solved for this purpose are
briefly derived in the following.

In a stationary fluid it is often convenient to express
acoustic wave propagation as a plane wave of the
form by its velocity potential [11]:

Q=A-exp(if) (®)

Assuming an observer located at a distance to the
source being orders of magnitude larger than the
wavelength of the acoustic wave, the wave itself can
be approximated as a locally plane wave, expressed
by:

¢ = k7 — (kct) (9)

While the velocity potential according to Equation 8 is
defined only for a fluid at rest, the same formulation
can be applied to a homogeneous fluid moving at a
velocity u. This is achieved by first formulating the
equation of the acoustic wave in a coordinate sys-
tem in which the fluid is stationary. From this, a more
general form of the acoustic wave equation can be
obtained:

¢ =kr— (kct+7é+ﬁ)t (10)

By defining the angular frequency of the wave as

o=ck+iik (11)

Finally, the acoustic wave can be expressed in its
Hamiltonian form:

dk do
—=—— 12
dr d7 (12)
dg do
S 13
i 7 (13)

The result is a mixed time-frequency formulation,
which has several advantages. On the one hand,
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it allows to decompose a ray acoustics problem into
its Fourier components and thus to solve its prop-
agation for each one frequency per ray. On the
other hand, it allows implementation of frequency-
dependent boundary conditions in a straightforward
manner.

3 SIMULATION TOOLCHAIN

In general, the proposed simulation toolchain con-
sists of four major steps as outlined in Figure 1, which
are described in the following. The first step is the
conduction of a flow-field simulation with sufficient
resolution in time and space to allow capturing the
major physical sources of sound. In the second step,
time traces of the far-field sound pressure are com-
puted by solving the FW-H equations (Egns. 1 and 3)
in the time domain. In parallel, the acoustic transfer
matrix of the structure surrounding the rotor is com-
puted. This is achieved by solving the Helmholtz
equations in frequency space using a high-fidelity
FEM model of the geometry. Before applying this
transfer matrix to the sound pressure levels from the
FW-H computation, the time traces from the receivers
are transformed to the frequency domain. Depending
on the purpose of the particular analyses, one option
is to extract data at the characteristic blade passing
frequencies from the narrow band spectra. A second
option which is used in the scope of the presented
study makes use of average sound pressure levels
at the one-third octave band center frequencies. In
both cases the sound pressures are resolved on a
spherical surface surrounding the tail-rotor geome-
try. In the fourth step, the sound pressure levels are
imposed as a source of ray release to compute the
noise footprint. Note that all steps can be considered
as independent from each other. That is, the calcu-
lation of different conditions (e.g. a different sphere
dimensions, surface properties of the shroud or at-
mospheric or terrain conditions) of each step does
not imply a recomputation of the previous step. The
set-up of the particular steps to obtain high quality
results is described in the following.

3.1 Step 1: Computation of the flow field

To compute the main acoustic sources of a rotor or
a propeller, the pressure field at the source must
be known with a sufficient resolution in space and
time. These sources are usually located on the sur-
faces of the blades, arranged at fixed, unequally dis-
tanced angles and rotating at a constant rotational
speed. The option chosen in this study is to obtain
the required pressure information from a transient
CFD simulation of the flow-field of the shrouded ro-
tor. In the course of this, the time resolution of the
pressure fluctuations on the blade surfaces must be

URANS FW-H simulation Ray-acoustics
simulation of the —»] simulation of the
N of a full sphere .
flow-field terrain

Calculation of
near-field transfer
matrix

FIGURE 1: Flowchart including the four main steps of the
toolchain

high enough such that the most relevant frequency
range of the tail-rotor is resolved. For the given
tail-rotor configuration, relevant frequencies are al-
ready known from analytical considerations and mea-
surements and cover a range of up to approximately
3 kHz.

Tail Boom Vertical Stabilizer

Horizontal Stabilizer

"
\ Shroud

Struts

FIGURE 2: AWO09 tail-boom geometry for the isolated tail-
rotor study

The geometry of the used CFD set-up is shown in
Figure 2. It includes the tail boom with the driveshaft
fairing on top, horizontal stabilizer, vertical stabilizer,
rotor hub, mounting struts of the hub, shroud itself
and the ten blades of the rotor. For the tail-rotor hub
a substitute geometry is used to represent its major
influence on the flow-field. Note that the struts sup-
porting the hub are located at the suction i.e. the
upstream side of the rotor.

To meet the requirements of the envisaged aeroa-
coustic analyses, the volume mesh needs to provide
a sufficient resolution of the domain. An illustration of
the global mesh setup is given in Figure 3. The com-
putational domain is a sphere with a radius that is ap-
proximately 20 times the length of the tail-boom ge-
ometry. To resolve the region of the tail-rotor blades,
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FIGURE 3: lllustration of the mesh of the entire computa-
tional domain for the tail-boom geometry

the Chimera technique is used (see Figure 4). The
volume mesh consists in total of approximately 20.5
million volume cells, while more than 50% of the el-
ements are used for the rotating blade meshes. The
walls of the simulated geometry are implemented as
adiabatic non-slip walls and a free-stream boundary
condition is used for the far-field. The free-stream
condition emulates the movement of the surrounding
fluid region relative to the atmosphere.

The flow-field is computed using an implicit, un-
steady time discretizing scheme for the Reynolds-
Averaged Navier Stokes Equations (RANS). For tur-
bulence modeling the k — @-SST model is used [12].
Procedurally, the first step is to achieve a converged,
steady-state solution of the flow field. Subsequently,
the unsteady simulation is carried out on the basis
of this initial solution. From convergence studies, it
has proven viable to first let the unsteady flow field

FIGURE 4: Detail view of the high-resolution mesh areas
in the vicinity of the blades and the supporting
struts of the tail-rotor

P/Pmax -]

FIGURE 5: lllustration of the blade surface pressure dis-
tribution on the tail-rotor blades resulting from
the unsteady flow-field simulation

settle for approx. 5 full revolutions of the rotor. Sub-
sequently to this period, the local pressures on the
blades (see Figure 5 as an illustrative example) are
extracted for each time step over at least 6 additional
full revolutions of the rotor. The unsteady pressure
data on the blade surfaces is then transferred to the
following step.

3.2 Step 2: Computation of the noise sources
As already applied in the past to other configura-
tions of shrouded rotors [13, 14, 15, 16], the Ffowcs
Williams-Hawkings (FW-H) acoustic analogy [9] is
used to compute the noise sources emanating from
the rotating blades. More specifically, the FW-H ap-
proach is used to calculate the sound pressures in
the far-field around the tail-rotor. To provide a suf-
ficient spatial resolution in all radiation directions a
number of 344 receiver points cover a spherical sur-
face at a fixed distance to the tail-rotor hub (see Fig-
ure 6).

The blade surfaces are assumed to be impermeable
and represent the only source of sound for which
monopole and dipole noise is considered. Note that
calculation of quadrupole noise is also possible in
principle, but has been omitted due to the focus of
this paper. The FW-H solver from the commercial
software package Simcenter StarCCM+® was used
for solving Equations 1 and 3 for each time step and
each receiver location subsequently to each other.
Afterwards, pressures at the receiver locations are
transformed to the frequency domain using a Fast
Fourier Transformation (FFT). Following the analysis
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FIGURE 6: Tail-boom geometry with the spherically ar-
ranged point receivers for the FW-H compu-
tation of the far-field sound pressure

goals of this study, also one-third-octave band spec-
tra and the Overall Sound Pressure Levels (OASPL)
are calculated according to ANSI Standard S1.11-
2004 [17].

3.3 Step 3: Computation of near-field effects

To capture acoustic near-field effects like reflection,
refraction or absorption of incident waves, an acous-
tic FEM model of the tail-rotor is introduced. For this
purpose, the shroud is represented as a solid body
model of the 3D geometry, as depicted in Figure 7.
Accordingly, the shroud geometry is incorporated into
an ellipsoidal domain which is discretized into finite
elements of size such that each wavelength for fre-
quencies up to 4 kHz is covered by 4-10 tetrahedral
elements. The employed discretization scheme ap-
plies quadratic Lagrangian elements. For the high-
est considered frequencies, the mesh consists of
approximately 10 million tetrahedral cells. In addi-
tion, the acoustic far-field for which the sound pres-
sure spectra are calculated from the FW-H simula-
tion is represented by a sphere of the identical size.
The outer surface of the ellipsoid serves as a pres-
sure source to project the sound pressures to the
sphere surface in the acoustic far-field. A linear in-
terpolation scheme is used to match the points ex-
actly to the receiver locations from the FW-H simu-
lation. In the model, the ellipsoidal domain consists
of dry air at a temperature of T.. = 20 °C and a pres-
sure of p, = latm. The used fluid model is of lin-
ear elastic type. For the ellipsoidal FEM domain,
the Helmholtz equations (see Eq. 7) are solved in
frequency space by a Multifrontal Massively Parallel
Sparse Direct Solver (MUMPS). This method guar-
antees efficient and robust solution of the equation
systems. The advantage here is the included out-of-

core solver, which stores the lower-upper (LU) factors
of the system matrix on the hard disk to minimize the
internal memory requirements.

To compute the acoustic transfer matrix of the struc-
ture, the noise source of the rotor is modeled as a
circular line source. lts location is set equal to 0.9
times the rotor radius. This assumption has been
derived as a result from the flow-field simulation. In
particular, the distribution of the turbulent kinetic en-
ergy E; obtained in the rotor plane in the absence of a
cross-flow, i.e. in the hover condition (see Figure 8) is
used as an indicator for the location of the main noise
source. To increase accuracy of the noise source lo-
cation, the implementation of more advanced meth-
ods such as beamforming (see e.g. [18, 19]) may be
used, but is not within the scope of this study. For
the transfer matrix computation the source strength
is fixed at a volume flow rate per unit length of ¢, =
1m2?s~1. Note that this value was chosen arbitrar-
ily, since its magnitude is eliminated by the calcula-
tion of the transfer matrix later on. All surfaces ex-
cept the inner surface of the shroud are assumed as
hard walls, i.e. having an infinite impedance (Z; = ).
The impedance of the inner surface is varied between
Zs = o in the case of the base line shroud configu-
ration and Z; = 0.01pc to resemble the implementa-
tion of an ideal liner. Acoustic FEM-simulations are
carried out for the one-third-octave band center fre-
quencies between 50 Hz and 4 kHz. To avoid exces-
sive computational effort, in the present study acous-
tic near-field properties above 4 kHz are assumed to
be identical to the 4 kHz band. The acoustic transfer
matrix of the shroud structure can be derived from
the correlation:

Prs (f) =TMs-p (f)g (14)

Where p is the column vector of the complex val-
ued sound pressure for each the spherically arranged
FW-H receivers.The index R denotes the pressures
related to the case of the rotor without shroud. The
indices R, S correspond to the pressures at the same
locations but including the influence of the shroud.
The transfer matrix between R and R, S is denoted by
TMy. Practically speaking, two steps are required to
compute the transfer matrix: Firstly, a simulation to
determine the pressure vector with (ﬁRys) and, sec-
ondly, without shroud (pg). Knowing these states,
Equation 14 can then be solved for TMg, resulting
in the transfer matrix between the states R and R, S,
that is independent of the source strength g, for each
desired frequency. Assuming linear acoustics, the
transfer matrix can also be applied to the pressures
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Acoustic line source

Acoustic near-field around the
tail-rotor

Acoustic far-field on a sphere
with r=10m

FIGURE 7: Computational domain for the acoustic FEM model of the shrouded tail-rotor

obtained from the FW-H simulation in step 3 to in-
corporate the influence of the shroud on the acoustic
far-field. The calculation of the transfer matrix for a
shroud with liner is carried out analogously, with the
exception that for the state R, S a different impedance
(here Zg = 0.01pc) is imposed on the inner surface of
the shroud.

3.4 Step 4: Computation of noise footprints

To compute the noise footprint on the ground, sound
propagation over long distances and over a wide fre-
quency range is considered. For this purpose, ray
acoustics is used (see e.g. [20, 21]). Ray acoustics

Ek/Ek,max [‘]

FIGURE 8: Distribution of the turbulent kinetic energy in
the rotor plane extracted from the URANS
flow-field simulation of the tail-rotor at vy =
Okts (Hover)

is valid for conditions where the acoustic wavelength
is much smaller than the characteristic geometric fea-
tures. It is thus commonly used to model e.g. room
acoustics in concert halls, theaters, class rooms, or
car cabins, but also for underwater acoustics, atmo-
spheric acoustics and aircraft noise [22]. It is there-
fore applicable to compute the noise footprint of the
tail-rotor, where frequencies between 50 and 10000
Hz are relevant and geometrical length scales in the
order of magnitude of hundreds of meters are con-
sidered. The lowest considered wavelength in this
model is 6.86 m. The presented terrain noise model
allows to assign boundary conditions with a variety
of wall conditions, including combinations of specu-
lar and diffuse reflection. Impedance and absorption
can depend on the frequency, intensity, and direction

| . Noise source S I
hemisp{e{re N~

FIGURE 9: Cubical computational domain of the terrain
noise model with noise footprint and source
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Noise source Atmosphere
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Primary rays

Secondary rays

N

Fully reflecting
ground
(Re =1)

Measurement layer

FIGURE 10: Close-up view of a sphere serving as a
source of ray release in the terrain noise
model

of incident rays. Transmission and reflection proper-
ties at material discontinuities can also be included.
The model has also provisions to account for back-
ground velocity, for example, to model the effects of
wind in atmospheric acoustics.

The used version of the terrain noise model is
schematically shown in Figure 10. It basically con-
sists of a domain with a ground surface area of 600
x 600 m. In the center of the quadratic area a sphere
is located at a fixed height of 4y = 150m. The surface
of the sphere serves a source of ray release while
its radius is identical to the radii of the sound pres-
sure spheres known from step 2 and 3. To define the
initial intensity of the ray release source, the inter-
polated acoustic pressures for each of the one-third
octave band center frequencies f. are prescribed in
spherical coordinates according to the correlation:

1’7‘2 (r797(pafC)

I(raev(pafC): POCO

(15)

Since in the current study only flight conditions with
trajectories parallel to the ground are considered,
only the ground-facing hemisphere is used. The total
acoustic power emanating from this is defined as:

P(raev(PafC):27r'1(r>97(P7fC)r§phere (16)

The propagation time for the rays is chosen such that
at least a circular projection surface with a radius of
600 m on the ground is covered. Secondary rays are
not of importance here, since the model does not in-
corporate any obstacles. For the presented setup,

the propagation time is set to 7.,y = 2s. At a speed
of sound of ¢ = 343m/s this corresponds to the time
interval after which a released ray particle has trav-
elled for a distance of 686m. Convergence studies
showed that a number of rays per release interval of
N=50’000 is sufficient to obtain a smooth and gapless
footprint.

In this study, atmospheric attenuation is implemented
according to ANSI standard S1.26-2014 [23]. The
ambient temperature for the simulations is set to
T.. = 20 °C, the relative humidity is ¢ = 0.6 and the
wind speed u.. is set to zero. The ground is modeled
as fully reflective with the impedance boundary con-
dition set to Zyoung = o°. Ray release simulations are
carried out for each of the one-third octave band cen-
ter frequencies between 50 Hz and 10 kHz. All foot-
prints presented below are representative for a height
of h=1.2m above the ground. Both the sphere height
as well as the acquisition positions are based on the
fly-over altitude above ground and microphone posi-
tions according to ICAO Annex 16 [24] Chapters 8
and 11.

4 TEST-RIG SETUP

Noise measurements from a full-scale test-rig of the
AWO09’s tail-rotor are used to check the credibility of
the computational results. The employed test-rig fea-
tures the shroud and the supporting struts. The ro-
tor is driven by an electric motor so that neither the
tail-rotor gearbox nor the drive shaft are present. A
schematic of the test-rig is displayed in Figure 11. For
the comparison presented below, acoustic measure-
ments from one microphone located on the down-
stream side of the tail-rotor are considered. Measure-
ments were acquired with Svantek 979 sound level

FIGURE 11: Schematic view of the full scale tail-rotor
test-rig
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meters at a sampling frequency of f; = 44kHz. The
devices were calibrated with a 01dB-CAL-01 acous-
tic calibrator (94.0 dB @ 1 kHz) before conduction of
the test.

Regarding the acoustic comparability with the simu-
lation conditions, note that the test rig is not located
in an unobstructed free field, such that reflections of
the sound waves are likely. Furthermore, the skid
supporting the shroud as well as the electrical mo-
tor are located close to the rotor. The electric mo-
tor represents an additional noise source, from which
higher measured sound pressure levels are foresee-
able. From these differences, it is assumed that
quantities such as absolute sound pressure levels
are not directly comparable. However, important in-
formation such as frequencies and their relative am-
plitudes are valuable data to check the credibility of
the results from the computational tool-chain.

5 RESULTS

In the following, results obtained with the presented
toolchain are discussed. Within the scope of this
study, three operating conditions are covered: One
is the hover condition and the other two are forward-
flight at a true airspeed of vy = 70kts and vy = 140kts.
The operating points are summarized in Table 1
which also includes the corresponding pitch angles
of the tail-rotor.

For each of these operating conditions all four steps
of the simulation toolchain have been run through.
A breakdown of the required computational times per
simulation step is given in Table 2 to get an idea of the
computational effort. It can be noted that most of the
computing power is allocated for calculating the un-
steady flow field. For the current set-up (see Section
3.2), required computational power for the FW-H so-
lution is about half of that demanded for the flow field
solution. The required computational power for steps
3 and 4 is significantly lower than for 1 and 2. This
can be attributed, among other things, to the perfor-

TABLE 1: Operating points of the tail-rotor considered for
the numerical studies

Flight case Flight speed Blade pitch angle

vy [kis] 6 [°]
Hover 0 20
FF70kts 70 10
FF140kts 140 0

mance advantages of the solvers working in the fre-
quency domain. Typically, computation steps 1 and 2
need to be carried out only once for each flight case.
Step 3 and 4 use the tabulated results from step 2 in
the frequency domain.

TABLE 2: Overview of computational effort for steps of
the toolchain

#  Step Computational time

[CPU hours]

) Flow-field solution ~ 12’000
) FW-H noise sources ~ 5'800
3) Shroud transfer matrix = 260

)

Noise footprint ~ 6.4

In the first instance, results of the FW-H computation
according to step 2 are compared to test-rig mea-
surements. The objective of this is to show that the
simulations give reasonable results in terms of fre-
quencies and sound pressure levels. Subsequently,
the impact of the near-field effects of the standard
shroud and a shroud with implemented liner will be
discussed for all three flight cases. In the last step,
the noise footprints taken from the terrain noise sim-
ulation will be considered. From this, the influence
of shroud and liner perceived on the ground are dis-
cussed.

5.1 Comparison between simulation and mea-
surement data
This section shows the comparison of the simula-
tion results with measurement data. For this pur-
pose, noise measurements from the full-scale tail-
rotor test-rig as described in Section 4 are used.
Since the test-rig is located in a quiescent environ-
ment, simulation results belonging to the hover con-
dition without considering near-field effects are used.
Rotational speed and pitch angle at the test-rig are
chosen identical to the boundary conditions of the
simulation. The diagonal offset between the bench-
mark FW-H receiver and the microphone measure-
ment location at the tail-rotor test-rig is less than 0.2
m. For comparison, time domain data from the FW-H
simulation in hover are transferred to the frequency
domain and are expressed in terms of a harrowband
sound pressure level spectrum. The same proce-
dure is used to obtain the sound pressure spectrum
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FIGURE 12: Comparison of simulated noise spectrum for
a single FW-H observer with full-scale test-
rig measurements

of the microphone signal. The results are shown in
Figure 12. The figure indicates a very good match
for the peak frequencies across the entire considered
frequency range. In addition, the plot suggests that
the simulation predicts the relationships between the
peak heights of the blade passing frequencies (BPF)
very well. In particular, the peaks corresponding to
the simulation results show good agreement in terms
of sharpness and prominence. For the vast major-
ity, the levels of the measurement are above those
of the simulation. Deviations can be explained pri-
marily as a result of the different surrounding con-
ditions between measurement and simulation. That
is, on the one hand, reflexions and scattering of the
sound wave are likely to occur. One the other hand,
the test site accommodates power-controlled supply
equipment such as a power generator and an elec-
tric motor to drive the rotor of the test-rig, which are
not eliminated by background sound measurements.
Therefore, higher noise levels than in the simulation
are to be expected.

5.2 Direct noise emissions of the tail-rotor

The spatial distribution of the noise signature of the
shrouded tail-rotor will be discussed in the following.
Results are presented on the basis of spheres en-
closing the tail-rotor with the contour illustrating the
overall sound pressure levels (OASPL). As a repre-
sentative example, the hover flight-case is selected.
The main objective of this analysis is to point out the
differences in the noise signature between the FW-H
calculations after step 2 and the incorporation of the
near-field effect of the shroud after step 3, respec-
tively. The third case considered is the shroud with
liner. It is important to note that the prediction of the
liner effect is only feasible when taking into account
the shroud geometry imposed with the respective

surface impedances at the desired locations. Figure
13 depicts the contours of the OASPL on the sphere
surface of the tail-rotor for the hover case for the di-
rect FW-H calculation (a) as well as including reflec-
tion and diffraction effects for the standard shroud (b)
and the case including an ideal liner (c). Compar-
ing case (a) and (b) highlights a notable influence of
the shroud structure on the noise signature in the far-
field. By including the transfer matrices, the sound
pressure levels emerge as less homogeneous and
increasingly concentrated in narrow regions. These
regions show in general higher peak amplitudes and
sharper gradients across the sphere surface. This ef-
fect can be explained by the imposed location of the
main source and the guidance effect of the sound-
hard shroud dictated by the transfer matrix TMs. As a
comparison, Figure 13(c) represents the noise signa-
ture after the transfer matrix TMs; was applied. Note
that this implies that the inner surface of the shroud
perpendicular to the rotor axis contains a lining sur-
face with a constant, real-valued surface impedance
of Zg = 0.01pc. It can be seen that the noise signa-
ture with liner mainly shows a reduction in the level
rather than a global deflection of the sound waves
compared to the changes between (b) and (a). This
seems plausible since the impedance was imposed
on the entire surface and does not depend on the fre-
quency. Note that an ideal liner has been assumed
which has a real-valued surface impedance. A more
significant change in the radiation pattern would be
visible if only certain sections were impeded. This
can be relevant, for example, if liners are only im-
plemented in certain segments due to design con-
straints. Design studies for the selective guidance of
directivity would also be possible.

5.3 Noise signature on the ground

Finally, footprints of the tail-rotor's noise signature
computed by the terrain noise model are analyzed.
The results are representative for an unobstructed
environment at a flight altitude of # = 150m above
ground. The displayed sound pressure levels corre-
spond to a height of 4, = 1.2m above the ground.
The highlighted circle has a diameter of » = 150m for
which line-plots will be discussed afterwards. The
nose of the helicopter resp. the flight direction al-
ways points in the positive x-direction. All results
shown here include the near-field impact of the tail-
rotor shroud geometry. To give a first indication of the
global sound emission behavior, the OASPL will be
used. As for the sphere plots, the OASPL footprints
result from computations using the one-third-octave
bands between 50 Hz and 10 kHz for all three flight
cases (vy =[0, 70, 140] kis) without (Zs = =) and with
ideal liner (Zs = 0.01pc).
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FIGURE 13: Spheres with contours representing the OASPL for the hover condition for (a) FW-H calculation and including
the near-field effects of the shroud (b) and with ideal liner with impedance of 0.01 pc (c)
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FIGURE 14: Noise footprints at a height of /i = 1.2m above the ground, at a flight altitude of 2, = 150m above the ground
for hover (v = Okts) and two flight speeds comparing with and without liner implemented in the tail-rotor shroud

Figure 14 shows the footprints on a plane surface
with the extent of 1200 x 1200 m. Note that for vy >0
the footprint moves with the helicopter trajectory in
the positive x-direction. From the figures clear distinc-
tions in the footprint between hover and forward-flight
become evident. For hover, the OASPL contours in-
dicate a significantly lower average total sound pres-
sure level on the ground than in forward flight. The
levels on the suction side (y > 0) are noticeably lower
than on the pressure side (y < 0). The areas char-
acterized by high sound pressure levels appear in
the quadrant near the aft position starboard. Looking

at both forward flight cases, the noise contours re-
veal only minor differences between the suction and
pressure side of the tail-rotor. One explanation for
this is the distribution of acoustic energy between
flight states with and without forward velocity. As
can be derived from the narrowband noise spectra
(not shown here), the acoustic emissions in the hover
case are clearly dominated by BPF noise. This re-
sults from the large thrust produced by the high blade
pitch angles and the absence of a cross flow velocity.
In forward flight the low blade pitch angle and high
influence of a cross flow due to high flight speed in-
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FIGURE 15: Noise footprints at a height of iy =1.2m
above ground, at a flight altitude of i, =
150 m above ground for hover (v = Okts) and
2 flight speeds with and without liner imple-
mented in the tail-rotor shroud

creases the influence of broadband noise. This con-
tributes to a sound signature with less directional de-
pendence in forward flight. At first sight, the case with
liner (Zs = 0.01pc) indicates a marked reduction of
the average OASPL across all three considered flight
conditions. In the scope of this study, the efficiency of
the liner is governed by the imposed real-valued sur-
face impedance causing the absorption of sound en-
ergy. At a second glance, however, the footprints also
reveal local distinctions when a liner is implemented.
These local differences can be seen more clearly in
Figure 15. The figure displays the differential foot-
print in terms of OASPL for the hover case with and
without the liner. Besides the global reduction of the
overall sound pressure levels also local differences
emerge. The highest reduction effect between 6 and
9dB can be observed in a conical area on the pres-
sure side at a distance of about 100 m from the center
of the rotor. The reduction effect in the closer vicinity
(—100m < y < 100m) of the rotor is significantly lower
(approx. 2 to 4 dB). Beyond that the reduction poten-
tial is also predicted to be lower on the suction side.

From the results, it can be clearly seen that the effect
of a lining surface inside the shrouded (tail-) rotor can
be used not only to reduce the levels but moreover to
guide the noise emissions in a targeted direction. Po-
tentially, this computational method can support the
development of a liner design to optimize sound radi-
ation for one or more flight altitudes within a certain
radius around the aircraft. As an illustrative example,
Figure 16 highlights the noise reduction potential in
hover on a defined circle of r = 150m. Note that the

OASPL only reflects global noise emissions. From
an engineering point of view, a differentiated consid-
eration of individual frequency ranges in particular at
the characteristic blade passing frequencies is of in-
terest. While these options are considered in the tool
chain, it is not the subject of this study.

A further important aspect of noise reduction mea-
sures on a rotorcraft is the impact on the noise cer-
tification value. Depending on the applicable reg-
ulations, which in turn depend on the weight class
of the helicopter, different flight conditions and mea-
surement positions are of interest. One case that
is relevant to certification according to ICAO Annex
16 [24], Chapter 8 and 11 is the straight-line over-
flight at an altitude of 7 = 150m at 90% of the maxi-
mum achievable flight speed. The closest conditions
within the scope of the present study is the forward
flight at v = 140kts. The objective of the following
analysis is to obtain a first impression of the impact
of the liner at locations relevant for certification. For
this purpose, Figure 17 shows the time evolution of
the OASPL in dB measured at lateral distances of
+150m and without lateral offset (y = 0) to the flight-
path. For noise certification according to ICAO An-
nex 16 [24] Chapter 11 only the latter position is of
relevance while for Chapter 8 all three positions are
mandatory. In the figure, the configurations without

90
120 60

270

without liner, Z; = oo
— — —with liner, Zg = 0.01pc

FIGURE 16: Overall sound pressure levels on a circle
with a radius of r = 150m at a height of
hmic = 1.2m above the ground, at a flight
altitude of 7y = 150m above the ground for
hover (v; = Okts) comparing the case with
and without liner implemented in the tail-
rotor shroud
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FIGURE 17: Fly-over flight paths for noise certification ac-
cording to ICAO Annex 16, Chapter 8 and
11 [24] for forward flight at a flight speed of
vy = 140kts with and without ideal liner

(Zs = =) and with liner (Zg = 0.01pc) are compared.
It can be seen that the largest effect of the investi-
gated liner configuration is predicted for the micro-
phone position located directly below the flight path
(on average AOASPL ~ 5.2dB). On the starboard
side (y = —150m) the OASPL is reduced by ~ 4.9dB
while a noticeably lower reduction is computed for the
port side located (y = 150m) microphone. Here the
average reduction is found to be AOASPL = 3.8dB.
Note that the evaluation of certification metrics such
as SELdB and EPNLdB has been avoided here by
intention. Since for conventional helicopters the main
rotor is considered to be the main source of sound,
it affects the 10dB-downtime substantially. Thus the
main rotor must always be included when the quan-
titative influence of noise reduction measures at sec-
ondary sources on the certification levels is of in-
terest. The presented terrain noise model allows to
consider of multiple sources, provided that their spa-
tial characteristics are available e.g. in the form of
a spherical description. However, since the main fo-
cus of this study is the introduction of a comprehen-
sive simulation tool-chain for a shrouded tail-rotor,
the main rotor is not considered here.

6 CONCLUSIONS AND OUTLOOK

In the present paper a comprehensive and com-
putationally efficient toolchain for the simulation
of passive noise reduction measures for shrouded
(tail-)rotors was introduced. The toolchain consists of
four major computational steps, namely (1) flow-field
simulation using URANS, (2) computation of the

acoustic sources using the FW-H approach, (3) con-
sideration of the near field acoustics with acoustic
FEM and (4) evaluation of noise footprints with a ter-
rain noise model. Prediction of the frequencies and
relative sound pressure levels was demonstrated
with acoustic measurement data acquired at a full-
scale component test-rig. The necessity to account
for the near-field acoustics of the shroud using step
(3) was highlighted by discussing spheres and noise
footprints with and without including the acoustic
transfer matrix of the shrouded tail-rotor. Based on
this, a study on the effect of a generic, ideal liner
implemented upon the inner surface of the shroud
was shown. In the course of this, directivity and
the noise footprint on the ground were discussed.
As a concluding remark, a simulation method was
presented that offers the potential to perform detailed
design studies for passive damping measures such
as liners. Due to its modularity, the method provides
a high level of computational efficiency, since the
acoustic sources need to be computed only once,
while design studies in the frequency domain can be
performed with short computational times.

The next stage of development of the toolchain en-
visages consideration of the main rotor as well as
other noise sources such as the engine(s). This shall
pave the way towards a compuationally efficient, fully
physics based prediction of the helicopter’s noise
signature. An important industrial use case of this
method is to anticipate the impact of design changes
on helicopter noise certification values already in
early design stages. Due to the use of the ray acous-
tics method the terrain noise model offers the pos-
sibility to consider environmental conditions such as
buildings, different of ground or geographical condi-
tions like mountains. Also varying ambient conditions
such as humidity, wind or atmospheric layers can be
implemented. It is planned to extend the simulation
step (4) in order to model real ambient conditions for
a better exploitation of flight test data during imper-
fect measurement conditions. In addition, extensions
towards low-noise approach and take-off procedures
are planned e.g. for heliports or vertiports for eV-
TOLs.
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