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ABSTRACT

An innovative technique is presented to reduce noise from turbofan aircraft engines by
incorporating the acoustic treatment with liners in engine ducts. The tonal noise source and
the near field sound propagation in the nacelle duct are simultaneously predicted with a single
CFD analysis based on an efficient Nonlinear Harmonic (NLH) method. The wall acoustic
impedance has been incorporated in the NLH module of the solver and effectively damps the
acoustic pressure fluctuations by a factor corresponding to the measured impedance. The
sound radiation to the far field is computed with the Green’s function approach implemented
in a Boundary Element Method (BEM) frequency domain solver of the convective Helmholtz
eqguation. The approach has been validated through various test cases, including a comparison
with experimental results from the Grazing Incidence Tube at the NASA Langley Research
Center. This approach has also been applied to the simulation of the ANCF (Advanced Noise
Control Fan) engine developed at the NASA Glenn Research Center for the cases with and

without liner.
NOMENCLATURE
p Wall pressure fluctuations
r Acoustic resistance
Vn Wall normal velocity fluctuations
X Acoustic reactance
Z Acoustic impedance

AAPL Aero-Acoustic Propulsion Laboratory
ANCF Advanced Noise Control Fan

BEM Boundary Element Method
CAA Computational Aero Acoustics
CFD Computational Fluid Dynamics
CFL Courant-Friedrichs-Lewy
CROR Counter-Rotating Open Rotor
FAR Federal Aviation Regulations
FE Finite Element

GIT Grazing Incidence Tube

ICAO International Civil Aviation Organization
NLH Nonlinear Harmonic (method)
oGV Outlet Guide Vanes

RANS Reynolds-Averaged Navier-Stokes

INTRODUCTION

Aircraft engine fan noise is a major contributor to noise emissions at take-off and landing. In
order to increase the community acceptance of aircraft transportation and ensure at the same time
the satisfaction of the certification rules (FAR, ICAQ), it is mandatory to develop low noise
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techniques, such as acoustic liners. Predictingirtigact of those liners on the noise levels of
aircrafts is an essential element in designing-aegines with affordable computational cost [1].

The optimization of the power plant components meguthe adoption of a multidisciplinary
approach in the application of CFD and CAA compatal models to accurately predict the engine
noise emissions. The application of CAA to predicbustic propagation and absorption in turbofan
ducts has been reviewed by Astley et al. [2] amy froposed liner optimization procedures based
on frequency-domain Helmholtz FE methods. In thiscle, we focus on the applications of
computational models to evaluate the effect of atoureatment with the potential benefit of using
those models for reliable design purposes.

Liners are characterized by boundaries with spetifialues of impedances and an increased
understanding of liner effects on sound propagaisorequired. Traditionally, the presence of a
mean flow with a boundary layer has been accouftethrough the Ingard [3] or the Myers [4]
boundary condition. It is shown that a direct uséhe nominal impedance for the acoustic liner is
justified if the mean flow is accurately accounfed by the flow equations [5]. Jones et al. [6]
provided an extensive database acquired using th8ANLangley Research Grazing Incidence
Tube (GIT).

In this paper an innovative integrated “CFD-acaristomputational approach is applied to the
simulation of acoustic liners for the GIT test casel for the Advanced Noise Control Fan (ANCF),
developed at the NASA Glenn Research Center [7]H®)r this later case, the computational
approach includes the full coupling of automaticsmeeneration for complex 3D geometries, the
simultaneous CFD analysis of the acoustic sourgeadto and of the sound propagation in the
nacelle duct in the near-field, followed by thedlimadiation analysis to obtain the noise in the fa
field. The approach is based on the exploitatiothode main key ingredients: 1) an efficient CFD
solver based on the Non Linear Harmonic (NLH) mdtf@j-[10] capable to predict at affordable
cost the unsteady flow field generated and promabal the fan; 2) an integrated “liner-type”
boundary in the CFD solver that is characterizeitdympedance, which is a frequency-dependent
complex function for which the real and imaginartp relate to the resistance and reactance,
respectively; 3) an efficient frequency domain aeowstic tool performing the far-field radiation
analysis by means of the Green’s function approagiemented in a Boundary Element Method
(BEM) solver.

The first section of this paper describes the satnah approach adopted for the CFD simulations
with the NLH method and the acoustic liner as \aslfor the CAA simulations with the BEM code.
The second section provides details on the vatidaest case, i.e. the grazing incidence tube (GIT)
at NASA Langley Research Center. The results obthifor the Advanced Noise Control Fan
(ANCF) are discussed in section three. Compariseits the available experimental data are
provided in section two and three. The capabilifyttte integrated simulation tool to model
successfully the whole computational chain is finaksessed in the conclusive section.

SIMULATION SETUP
Nonlinear Harmonic (NLH) Method

The NLH approach [9]-[10] can be considered asidgerbetween classical steady state and full
unsteady calculations, providing an approximatdeadsy solution at reduced calculation costs. The
unsteady flow perturbation is Fourier decomposedinme, and by a casting in the frequency
domain, transport equations are obtained for eawh frequency. The user controls the accuracy of
the unsteady solution through the order of the ieowgeries. Alongside the solving of the time-
averaged flow steady-state equations, each fregqueagiires the solving of two additional sets of
conservation equations (for the real and imagiparys of each harmonic).

The method is made nonlinear by the injection ef $b-called deterministic stresses, resulting
from all the solved frequencies, into the time-aged flow solver. In the same way as the
Reynolds stresses represent the totality of theente of the turbulent fluctuations on the mean
flow, the deterministic stresses which appear i@ time-averaged equations as time-averaged



products of unsteady fluctuations, represent thlenfanlinear effects of the flow unsteadiness on
the time-averaged flow. In this case, the closurdéhe model is obtained by calculating the
deterministic stresses directly from the harmomiltitsons, which is an important advantage as it
provides an improved time averaged flow solutioeprporating all the effects of the unsteadiness.

Because of the transposition to the frequency doyjraily one blade channel is required like a
steady flow simulation. The method also featurdseatment that enhances the flow continuity
across the rotor/stator interface by a reconstnatif the harmonics and the time-averaged flow on
both sides of the interface. A non-reflective tneait is applied as well at each interface.

The NLH methodology has been successfully applethe past to an integrated aero-engine
including fan, OGV and nacelle intake in presenicground effects and crosswind conditions [11].
More recently the methodology has been extendeéultp account for installation effects of
pylons/nacelles on CROR aerodynamics and noise T NLH method provides more accuracy
in comparison to the classical solution of the Gamtive Wave Equation [13] keeping into account
the full nonlinear effects of the flow unsteadiness the time-averaged flow solution and by
simulating the propagation of the acoustic wavegimthe boundary layer and across shear layers.

Impedance Boundary Condition

The NLH method, implemented in the FIN#Turbo CFD software, enables the simultaneous
simulation of the tonal noise generation and pragiag in the nacelle duct, also in presence of
acoustic liners. It provides with one single analyhe unsteady flow solution usable for the
characterization of the aerodynamic performancetl@donal noise signature of the fan. The direct
use of the nominal impedance, without the use géid [3] or the Myers [4] boundary condition is
justified since the mean flow is properly accourftmdn the NLH method. The nominal impedance
of the liner can be used as a boundary conditioervthe boundary layer is resolved.

The impedance boundary condition is given by

Up = Upg +1vy = g 1)
where #,, and p are the wall normal velocity fluctuations and tall pressure fluctuations,
respectively. The impedance is of the form

Z=r+1Iy (2)
where the real part;, is the resistance and the imaginary past,js the reactance. The resistance is
related to the dissipation of energy when the sowade impinges on the liner surface, and the
reactance is related to the phase shift of thectftl wave. Modeling the flow along a wall covered
with an acoustic liner results in the computatiba aormal velocity fluctuation given by

Vg = T DRTXDPI __TDPI—XDR (3)
rz4x2z M r24+x2
The pressure perturbation in the cell closest ¢owhll is used as an approximation of the wall
pressure. For a given frequency, the acoustic iupesl is assumed to be constant along the liner
and the treatment is assumed to be impermeablejingethat the normal component of the time-
mean velocity remains zero.

Integrated Acoustic Solver (BEM)

The far-field acoustic radiation analysis is pemied with the Green’s function approach
implemented in the Boundary Element Method (BEM)dmie of FINE™/Acoustics [13]. This
latter is an aero- and vibro-acoustic suite, fulegrated with the CFD software, including also a
Finite Element Method (FEM) solver of the Piercewdoequation [14] and a Ffwocs Williams-
Hawkings (FW-H) solver [15]. The communication beém the acoustic computational suite and
the CFD software is done in the native CFD forme&ding directly the harmonic data computed
by the NLH solver.



GRAZING INCIDENCE TUBE

Test case description

The test case considered in this section is theirggancidence tube (GIT) at NASA Langley
Research center [6]. As shown in fig.1, the tubg ingernal dimensions of 0.812 m x 0.051 m x
0.051 m and contains an axially-centered liner.dD6 m length which we model with a uniform
impedance. The source and exit planes of the dadbeated ax = 0 andx = 0.812 m, respectively,
and the two side walls and lower wall of the duet agid. We will compare the acoustic pressure
field on the wall opposite the liner with acoustieasurements at a set of discrete locations. The
liner used in the experiment is a ceramic tubuter|(CT57) which consists of parallel, cylindrical
channels embedded in a ceramic matrix.

y
y > Flowdirection

z

Source Liner Exit
plane plane

I 0.051 m
T 0203m 0.406 m > 0203m > 005Lm

Figure 1: Sketch of the grazing flow incidence tubgest section

For this test case, plane waves are introducedighrahe inlet together with a mean flow of
average Mach 0.335 over the liner. Normalized inapeé values of the liner are given by Jones et
al. [6] in Table 1 for frequencies ranging from 5003000 Hz. In our computations, the exit plane
is simulated as an outlet boundary condition wighfgct anechoic properties. We do therefore not
exactly reproduce the proposed test case withiewedance boundary conditions causing some
reflections.

f, Hz 500 1000 1500 2000 2500 3000
r 0.75 0.19 1.18 4.93 0.92 0.73
X -0.57 0.15 1.31 -1.95 -1.39 -0.22

Table 1: Normalized liner impedances educed using 3D-FEM from Joneset al. [6] with
Mo =0.335

Results and discussion

The Nonlinear Harmonic (NLH) method has been irdtgg with the impedance boundary
condition to simulate the grazing incidence tubbe TCFD code solves the compressible flow
equations in conservative form on multi-block stmmed meshes. Computations have been
performed for Euler and Navier-Stokes flows, andcate resolutions have been obtained with
meshes consisting of 256x16x16 cells and 289x8Tefi4, respectively. In the latter case, the
was found not to exceed 5 throughout the solid Haties. We verified the implementation of the
acoustic impedance by comparing the acoustic meseMaluated with the Euler solver of
FINE™/Turbo and FEM solver of FIN®/Acoustics and a perfect agreement between the two
codes has been confirmed for the uniform flow case.

The Reynolds-averaged Navier-Stokes (RANS) equsiticere solved with the Spalart-Allmaras
turbulence model and with tHew shear stress transport model. Since no signifidédférences
were observed between the two models in terms ohdgressure levels, the Spalart-Allmaras
turbulence model was used for the presented reJuoltsccelerate the convergence to steady state, a
local time step is used with a given Courant-Figd-Lewy (CFL) number of 3.



Figure 2 and figure 3how the sound pressure levand phaseesultsfor the test case with
average Mach number v 0.335. In these plots, we compithe numerical results obtained frc
the Euler and NavieBtokes solvers using the NLH method with the expental data from Jon
et al. [6]. Even thoughn Ingard [3 or Myers [4] boundary conditioshouldideally be used for the
Euler solver with unifan flow to take into accou the boundary layemwe selected the same
nominal impedance of the linar the Euler and avier-Stokes test cases.
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Figure 2: Sound pressure levels resultfor mean flow My = 0.335 éxperimental data from
Jones et al. [6])
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Figure 3: Phase results fomean flon Mg = 0.335 (experimental data frorrJones et al. [6])

The same inlet boundary condition with uniform floxas used for the Euler and Na-Stokes
test cases. We initially performed a set of simaret with prescribed flow profiles at the inlet
mimic the measured flow profiles at the axial posilocat«d at x=0.2032 from the inlet. We ¢
not observe significant differences or improvemavith the prescribed velocity profiles for t
NavierStokes solver, and kept the uniform flow profildéls inlet boundary condition with i
natural boundary layeredelopment through the domain. We did not managdbtain a converge



Navier-Stokes solution for the test case with laxgeustic dampindg € 1 kHz), even after reducing
the CFL number and this probably has to do withfline instability encountered by Burak et al. [5]
for this frequency (see figures 2(b) and 3(b)).

The overall impression given by the results forgband pressure levels is that the methods are
capable of predicting the effects of the liner guitell, with the Navier-Stokes solver giving in
general more accurate results than the Euler sdlherlargest discrepancies in terms of sound
pressure levels are found to occur near the twesbiwequencies (see figures 2(a) and 2(b)). One
reason may be the outlet boundary condition thas ahmt take into account the acoustic reflections
which should be captured with a nominal exit impexa An increase in SPL values in the duct
would result from this modified boundary condition.

The agreement of the results for the phase anglgsad, except for the cases with important
damping downstream of the liner (see figures 3(i) &(f)). We could not present Navier-Stokes
results for the test case witk 1 kHz because of a flow instability.

ADVANCED NOISE CONTROL FAN
Test case description

The Advanced Noise Control Fan (ANCF) is a 1.2 antkter ducted fan (see figure 4) used for
aerodynamic and aeroacoustic measurements. The AMClocated in the Aero-Acoustic
Propulsion Laboratory (AAPL) at the NASA Glenn Rast Center [7]-[8]. The ANCF
configuration considered in this section corresgaioda rotor of 16 blades with a pitch angle of 28°
and to a set of 14 stator vanes located at 1-chimding downstream of the fan. The fan rotates at a
speed of 1800 RPM resulting in a tip speed of 11gland in an inlet duct Mach number of ~ 0.15.
The fundamental blade passing frequency (BPF)QsHt8

@ | ()
Figure 4: Overview of the ANCF (a). ANCF installedrotor blades (b) [7]- [8]

The domain considered in the computation inclutiesvthole nacelle duct, the lip and the near
field. Compared to full unsteady 360° sliding gddmputations, the number of mesh points is
greatly reduced as only one blade passage is me8keshown in figure 5(a), the near-field is
bounded by a permeable “external” surface locatedrant of the nacelle intake. A numerical
simulation will be performed with a liner in theaafle which is illustrated in figure 5(b).

The CFD mesh has been generated with AutoGYidthe NUMECA Int. automatic hexahedral
structured grid generator. This tool allows to lasind rapidly mesh any kind of rotating
machinery, providing a computational mesh suitéaehe CFD computation of the unsteady flow
field in the fan region and for the simultaneoualgsis of the sound propagation in the nacelle duct
and in the nacelle near-field.
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Figure 5: Overview of thecomputational domain (a). Stid boundaries with liner (b).

As shown in figure 6(aQ7 flow paths are used in the main channel ferrgtor blade (includin
17 in the shroud tip gap), 81 flow paths are usethé main channel for the stator v. Only one
interblade channel per row is meshed, represerdingpctor of 25.71° for the stator dom
(periodicity 14) and 22.5° for the rotor domain ripdicity 16). As shown in figure 6(b), O4H
topology is used with a skin block around the béaded 4 H bicks around it. This bla-to-blade
topology is extended in the tip gap for the rottade. The inlet bulb is meshed with a butte
topology to avoid a singular line at the zero radime The mesh fulfills all the usual quali
criteria in terms of m&h smoothness and regularity. The generated mestaracterized by near
uniform elements in the nacelle duct and in theehamea-field, with a maximum element size
40 mm that guarantees a spatial resolution at teimum frequency (3*BPF = 14 Hz) of 10
points per wavelength. The mesh is composed ofl®mnodes

The turbulence is modeled by the -equation Spalamlimaras model, with * not exceeding
10 on the first layer of cells above the solid aoels. For the harmonic simulation, armonics are
considered for each perturbation. This number heenlchosen to obtain a reasonable -off
between the accuracy of the calculation and thepcatational effort. In this study no sensitiv
analysis has been performed with respect to umber of the harmonics conside but validations
have shown that 3 harmonics provide an excellgresentation of the full unsteady solution [
To increase the convergence speed, a full multgriategy is used with 4 grid leve

Once the NLH cormputation is performed, the sound radiation to tefield is computed wit
the Green’s function approach implemented in th&1BEequency domain solver of the convect
Helmholtz equation. In this type of simulation thew field is considered unifornin the whole
radiation domain. The radiating surface mesh aedrétative harmonics of the acoustic pres:
and the acoustic velocity distributions are autoca#ly extracted from the external boundary of
NLH mesh (figure 7) and used to start thdiation analysis. The noise levels are finally comepl
at the virtual microphones located in the-field.
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Figure 6: Meridional view of the mesh (a). Blade-tdslade view of the meshb). The coarse
grid level 222 is selected to improve the visualigan.
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Figure 7: Far-field microphones with radiating external surface:

Results and discussion
The aerodynamic results for the base case withoert have been documentedFerrante et al.
[1] and will not be reproducedhis pape concentratesn the aeroacoustic resusince the liner



has little influence on the aerodynamic flow fiel#e do not have experimental data to compare
with for the case with liner and will use an arbityr impedance value, representative of typicakline
configurations installed in turbofan engine nacellé&or simplification purposes, a constant
normalized value of the impedance with resistanee2 and reactance equak -0.5 was selected
independently of the harmonic frequencies. As showrfigure 8, the presence of the liner
considerably reduces the harmonic pressure fluongtvithin the duct and in the near-field. This
reduction is observed for all three harmonicshtitdd be noted that this liner is idealized sirfee t
damping is normally effective for one particulaedquency with impedance values that depend on
the frequencies.

Harmonic Pressure Real (Pa)
Figure 8: Pressure fluctuation contour plots

Figure 9 shows the comparison of the far-field ctikéties obtained at the three blade passing
frequencies. The sound directivity in the far-fiddlominated by rotor-stator interaction noisee Th
sound waves (duct modes) associated with this tfpeoise propagate with a given angle with
respect to the engine axis, contributing to thesageak observed in the angular range between 30°
and 40° [17]-[18]. For the case without liner, theise peak is quite accurately predicted in
amplitude and angle. As shown in figure 9(a), ayv@ood agreement is obtained in the angular
range above 10° and below 75° for the first bladssmpg frequency. A slight under-prediction of
maximum 5 dB is highlighted at the highest anglesile a large deviation from the experimental
data is observed on the fan axis (0°). Figure Bfpprts the results obtained at the second harmonic
for the case without liner. In the angular rangé-45° the numerical prediction is well in line with
the experimental evidence. The maximum SPL of thisengenerated by the fan is reproduced
within 2 dB, while the angle of maximum radiatiandlightly under-predicted of 5°. For the third
harmonic (see figure 9(c)), the noise peak is weddicted in amplitude (85 dB) while the under-
prediction at low and high angles is still observed

10



The generation mechanism of nc at low angles observed in ttNASA experiments is likel
due to azimuthal irregularities in ttinvestigated nacelle configuratio®uch irregularities ar
difficult to include in the simulation, as theirguise features are not known precisThe other
discrepancies observed at high microphones angigit rhe explained by thcombination with
noise radiated fromhe bypass duct exhat

Noise directivity at BPF (480 Hz) on the polar microphone array
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Figure 9: Noise directivity evaluated for the far-field microphones

The sound pressure levels are reduced by valugseobrder of 20 dB for the case with lir
which is quite notable for a first simulaticHowever, as already mention this liner is idealized
since the damping is normally effective for onetipatar frequency with impedance values t
depend on the frequenciel the future, the goal w be to validate our methodology wi
experimental data from an actual acoustic linex macelle turbofa
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CONCLUSIONS

An innovative integrated computational approachldeen successfully applied to the simulation
of acoustic liners for two test cases, for one bfalv experimental acoustic data are available. The
simulation approach is based on the exploitatioaroefficient CFD solver which implements the
NLH method with acoustic liners for the simultaneatomputation of the noise sources and its
near-field propagation; coupled to a frequency domaaro-acoustic BEM solver, for the radiation
analysis to the far-field.

The approach has been validated through variousceses, including a comparison with
experimental results from the Grazing Incidenceelabthe NASA Langley Research Center. We
compared the numerical results obtained from therkand Navier-Stokes solvers using the NLH
method for a nominal impedance with the experinietdga from Jones et al [6]. The results show
that the methods are capable of predicting thecesffef the liner quite well, with the Navier-Stokes
solver giving in general more accurate results tharEuler solver.

The computational approach has also been appli¢detsimulation of the ANCF (Advanced
Noise Control Fan) turbofan engine developed at M&SA Glenn Research Center. No
experimental data were available to compare wittttfe case with liner and a constant impedance
value representative of typical liner configurasanstalled in turbofan engine nacelles was applied
As expected, the presence of the liner consideredityices the harmonic pressure fluctuations
within the duct and in the near-field and reduces sound pressure levels for the far-field
directivities.

The integrated CFD-Acoustic approach presentetli;study offers a fast, cheap and efficient
simulation chain for the acoustic design of fand aurbofan engines incorporating acoustic liners.
The proposed methodology can be effectively usedninndustrial environment for optimization
and design purposes. Such optimization tools hdweady been developed in the software
FINE™/Turbo and they will be exploited to improve theaslk and impedance values of acoustic
liners.

ACKNOWLEDGEMENTS

The authors wish to thank Michael G. Jones for itieasurements of the NASA Grazing
Incidence Tube. The authors also express theiitgglat to Daniel L. Sutliff of NASA Glenn
Research Center for providing the ANCF geometrythedelative experimental database.

REFERENCES

[1] Ferrante, P., di Francescantonio, P., HoffeAPVilmin, S., Hirsch, Ch., (2014), “Integrated
CFD-Acoustic computational approach to the simafatof aircraft fan noise”, ASME Turbo
Expo 2014, GT2014-26429, Dusseldorf, Germany.

[2] Astley, R. J., Sugimoto, R., Mustafi, P., (2D11Computational aero-acoutics for fan duct
propagation and radiation. Current status and egpdin to turbofan liner optimisationJpurnal of
Sound and Vibratior330, 3832-3845.

[3] Ingard, U., (1959), “Influence of fluid motiopast a plane boundary on sound reflection,
absorption, and transmissiodpurnal of the Acoustical Society of Amerig8a (7), 1035-1036

[4] Myers, M. K., (1980), “On the acoustic boundagndition in the presence of flondpurnal
of Sound and Vibratiqrv1 (3), 429-434.

[5] Burak, M. O., Billson, M., Eriksson, L.-E., Baon, S., (2009), “Validation of a time- and
frequency-domain grazing flow acoustic liner mogd@&I'AA Journal, 47 (8), 1841-1848.

[6] Jones, M. G., Watson, W. R., Parrott, T. L.0@3), “Benchmark data for evaluation of
aeroacoustic propagation codes with grazing floWAA Paper No. 2005-2853, T1AIAA/CEAS
Aeroacoustics Conference, Monterey, CA.

[7] Loew, R.A., Lauer, J.T., McAllister J., SutlifD.L., (2006), “The advanced noise control
fan”, AIAA Paper No. 2006-3150, also NASA TM-20064368.

12



[8] McAllister, J., Loew, R.A., Lauer, J.T., Suf|iD.L., (2009), “The advanced noise control fan
baseline measurements”, AIAA Paper No. 2009-0624.

[9] Vilmin, S., Lorrain, E., Hirsch, Ch., Swobods., (2006), “Unsteady flow modeling across
the rotor/stator interface using the nonlinear rarim method”, ASME Turbo Expo 2006, GT2006-
90210, Barcelona, Spain.

[10] He, L., and Ning, W., (1998), “Efficient ap@och for analysis of unsteady viscous flows in
turbomachines”AlAA journal Vol. 36 (11), 2005-2012.

[11] Purwanto, A., Deconinck, T., Vilmin, S., Loma E., Hirsch, C., (2011), “Efficient
prediction of nacelle installation effects at takéeonditions”, ETC-9, Paper No 316.

[12] Vilmin, S., Lorrain, E., Debrabandere, F., firrille, B., Capron, A., Hirsch, Ch., (2013),
"The nonlinear harmonic method applied to the comtieffects of multi-row unsteady flows",
ASME Paper No. GT2013-94847.

[13] di Francescantonio, P., (2008), “An efficiedistributed BEM solver for acoustic and
vibroacoustic analyses on a standard PC netwdddirnal of the Acoustical Society of America
123 (5), 3419-3419.

[14] A.D. Pierce, (2008), “Wave equation for souimdfluids with unsteady inhomogeneous
flow”, Journal of the Acoustical Society of Ameri8d (6), 2292-2299.

[15] di Francescantonio, P., (1997), “A new boundategral formulation for the prediction of
sound radiation”Journal of Sound and Vibratio202 (4), 491-509.

[16] Deconinck, T., Capron, A., Barbieux, V., HinscC., Ghorbaniasl, G., (2011), “Sensitivity
study on computational parameters for the predictibnoise generated by counter-rotating open
rotors”, AIAA Paper No. 2011-2765, TAIAA/CEAS Aeroacoustics Conference, Portland, OR.

[17] Achunche, 1., Astley, J., Sugimoto, R., andi®on, A., (2009), “Prediction of forward fan
noise propagation and radiation from intakesAJA Journa) AIAA 2009-3239.

[18] Rossikhin, A., Pankov, S., Brailko, I., andI&&hin, V., (2014), “Numerical investigation of
high bypass ratio fan tone noise”. ASME Turbo E2044-26354, Disseldorf, Germany.

13



