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ABSTRACT

This paper presents the broadband noise analysis of a Counter Rotating Open Rotor (CROR)
Counter-rotating open rotor configuration. The numerical study is based on a hybrid approach: a Large Eddy Simulation
Broadband noise prediction (LES) code solves the near-flow field of the CROR configuration and the near-to-far-field
Ffowes Wﬂliéms_H?Wkings analogy propagation is then predicted by a Ffowcs Williams-Hawkings analogy either based on a solid
Large-Eddy simulation . . .
Phase-lagged assumption or porous 'fgrmulatlon, The LES solver uses a pha.se—lagged assu'rnptlo'n with a p¥oper grthogonal
POD data storage decomposition for the data storage. The numerical approach is validated against wind tunnel
experimental data of a CROR configuration (AI-PX7) at three different operating points focused
on the broadband noise. The analysis of the numerical simulations shows the predominant effect
of the rear rotor suction side on the radiated broadband noise with an increasing contribution
with span location. This source is related to the impingement of front rotor wakes and the
development of leading edge vortices that induce large pressure fluctuations close to the leading
edge on the suction side.

1. Introduction

Counter Rotating Open Rotor (CROR) designs are currently investigated to power the next short- and middle-range civil aircraft
generation based on the fuel efficiency benefits compared to conventional turbofan engines [1]. These configurations face noise
challenges due to the new sources of noise [2] and no damping of noise by a duct as in turbofan [3]. The noise produced by a
CROR comes from many sources but three main mechanisms can be identified: (1) the front and rear rotor self-noise corresponding
to the volume displacement and steady loading of the rotor blades [4]; (2) the wake—vortex interaction noise related to the unsteady
loading on the rear rotor blades caused by the impingement of the front rotor wakes and vortices; (3) the potential-field interaction
noise [5] characterized by the unsteady lift force on the blades due to the potential field of the opposite rotor or even other fixed
elements like wing, pylon or fuselage [6].

The noise spectrum of a CROR configuration consists of both tonal and broadband contributions. The tones mostly come from
periodic interactions and are emitted at discrete frequencies corresponding to combinations of the Blade Passing Frequencies
(BPF) [5]. Within the past decades, the tonal noise has been significantly decreased in CROR configuration by reducing the rear
rotor diameter to avoid tip vortex interaction noise, designing swept rotor blades with appropriate blade numbers to minimize
interaction tones [7] and using pylon blowing technology [8]. As a consequence, in modern CROR configurations, broadband noise
significantly contributes to the overall noise level [7]. Broadband noise is emitted across a broad frequency spectrum and is mainly
related to turbulence effects: the passage of the turbulent boundary layer over the trailing edge on the surface of each blade; the
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Nomenclature

Latin letters

¢ speed of sound [m s~']

C, midspan axial chord-length [m]
Dy/Dpg front/rear rotor diameter [m]

f frequency [Hz]

Hi shape factor [—]

R radius to the microphones [m]
p pressure [kg m~! s7!]

T temperature [K]

t time [s]

S sphere surface [m?]

Ma Mach number [-]

Recx Reynolds number based on axial chord uC, /v [-]
u velocity [m s™!]

(x,y,2) Cartesian coordinates [m]

Greek letters

K artificial viscosity [kg m™! s7!]

p) density [kg m~3]

) polar angle [deg]

w rotational speed [rad s~!]
Abbreviations

AP, CB, SL approach, cutback, sideline

BOB Broadband noise of Open rotor Blades
BPF Blade Passing Frequency

FW-H Ffowcs Williams-Hawkings

CROR Counter Rotating Open Rotor

POD Proper Orthogonal Decomposition
PSD Power Spectral Density

PWL PoWer Level

LES Large-Eddy Simulation

(U)-RANS (Unsteady) Reynolds Averaged Navier Stokes
F/R Front/Rear rotor

WALE Wall-Adapting Local Eddy-viscosity

Subscripts and superscripts

© upstream conditions

ref reference quantity

tot total quantity

g non-dimensional wall distance

' fluctuating quantity

impingement of turbulent wakes from an upstream pylon, fuselage boundary layer, atmospheric turbulence on the front and rear
rotor blades [6].

Analytical models have been developed to predict the different sources of broadband noise. Roger and Moreau [9] provide a
review of analytical models to deal with the broadband noise generated by thin airfoils related to turbulence-interaction noise,
trailing edge noise and vortex-shedding noise. More recently, Moreau and Roger [10] described analytical models used to deal with
tonal and broadband noise generation of CROR configurations.

In recent years, the prediction of the noise generated by CROR configurations has been widely performed using hybrid
approaches: a computational fluid dynamics solver computes the near-flow field and then an acoustic analogy is used to obtain
the noise radiated in the far-field region. This process has been applied using Unsteady Reynolds Averaged Navier-Stokes (URANS)



Table 1
Characteristics of the experimental setup with the different operating points:
approach (AP), cutback (CB) and sideline (SL).

Cascade details Nominal conditions
Front rotor blades 11 Inc. angle 0
[deg]

Rear rotor blades 9 Pt [Pal 101,179
Hub-to-tip ratio 0.35 Tt [K] 311.5
Rear rotor cropping 10 Rot. speed 512.4 (AP)
(Dp-D)/Dy [%] o [rad s71] 650.8 (CB)

738.2 (SL)
C,/Dg 0.11 Rec, 6.6 x 10°
Lr_gr/Dp 0.22 Ma,, 0.2

simulations coupled with a Ffowcs Williams-Hawkings (FW-H) analogy for the prediction of tonal interaction noise [11-13] and by
Spakovszky and Peters [14] to predict individual contributions to the interaction tone noise using full-wheel URANS simulations
and a frequency domain approach based on Goldstein’s formulation of the acoustic analogy. The Large-Eddy Simulation (LES)
approach [15] resolves the large energetic scales of turbulence and only the small scales are modeled making the approach suitable
to capture both the tonal and broadband noise contributions. The full-wheel LES of a realistic CROR configuration is still challenging
due to the high mesh density necessary to accurately resolve acoustic pressure disturbances. For the purpose of reducing the
computational cost with acceptable hypothesis, a phase-lagged assumption approach is used in this study. This method assumes
that the full 360-degree flow at a given time step can be reconstructed using a unique pair of front and rear rotor blades at different
prescribed time steps (corresponding to the different relative positions of the front rotor blades compared to the rear rotor blades).
This method allows to reduce the simulation domain to a single passage per row, as proposed by Erdos and Alzner [16]. The main
difficulty with the phase-lagged approach lies in the necessary storage of the flow variables at each time step over a full passage of
the opposite rotor blade at the phase-lagged interfaces. It corresponds to the storage of the flow variables at the interface between
the two counter rotating rows and on lateral azimuthal conditions. For the meshes and time steps in practical turbomachinery
simulations, a direct storage represents a significant cost. The data storage cost is reduced by using a data compression method,
the Proper Orthogonal Decomposition (POD) [17]. LES includes multiple unknown frequencies, for example non-deterministic small
scales structures in a turbulent wake, for which the characteristic time that needs to be used is unknown. POD compression is more
able to capture these phenomena compared to the Fourier Series Decomposition proposed by He [18,19]. The POD compression
method has been implemented in the phase-lagged approach of the elsA code by Mouret et al. [20,21]. This approach is used to
perform the LES of a CROR configuration (AI-PX7) tested experimentally to characterize the broadband noise generated at three
different operating points.

The purpose of this paper is to assess the capability of LES with phase-lagged assumption and POD data storage to capture the
broadband noise generated by CROR configurations and analyze the sources of broadband noise based on the numerical simulations
performed. The far-field noise signature is obtained by coupling the LES with a FW-H analogy for solid and permeable surfaces.

The paper is organized as follows: Section 2 introduces the configuration, experimental measurements and the numerical setup;
the comparison of the numerical simulations with experimental data and an analytical model available for the three different
operating points is presented in Section 3; the analysis of the broadband noise mechanisms is finally detailed in Section 4.

2. Configuration and numerical methods

The CROR configuration used for the study is the Airbus Clean Sky generic Open Rotor configuration AI-PX7 11 x 9 at scale
1/7. The CROR AI-PX7 is an isolated CROR representative of a rear fuselage pylon-mounted pusher configuration. The front rotor
is composed of 11 blades and the rear one of 9 blades. The axial distance between the front (F) and rear (R) rotor is set to
Lp_g/Dp = 0.22 where D = 0.61 m is the front rotor diameter. The rear rotor is cropped in order to avoid the front rotor tip
vortices to impact the rear rotor [22] (10% cropping compared to the front rotor). The front and rear rotors are designed with
positive sweeping on the upper part of the blade. The main geometrical features are gathered in Table 1 (left column). More details
about the CROR AI-PX7 design are described in Negulescu [23].

Within the European JTI CleanSky project Smart Fixed Wing Aircraft program, acoustic measurements of the 1/7 scale model
have been performed in the DNW-LLF open jet wind tunnel (Marknesse, Netherland). The nominal conditions used during the
experiments for the three different operating points are gathered in Table 1 (right column). The acoustic instrumentation shown
in Fig. 1 is composed of 43 microphones installed on an airfoil-shaped frame moving inside the flow. The airfoil-shaped frame
describes a portion of circle with radius R = 11 D from the forward polar arc region at polar angle ¢ = 25 deg to aft polar arc
region at ¢ = 160 deg where the origin is set at the mid-position between front and rear rotors. More details about the experiments
are provided in Paquet et al. [24].

The simulation domain shown in Fig. 2 is composed of two sub-domains: one sub-domain extending from the inlet set upstream
of the configuration to the mid-position between the front rotor trailing edge and rear rotor leading edge; a second sub-domain
extending from this same position to the outlet set downstream of the rear rotor. 1/11 of the full azimuthal domain is considered
for the front domain corresponding to the simulation of one of the 11 front rotor blades rotating at the rotational speed w and 1/9 of



Fig. 1. AIPX-7 model in the DNW-LLF open jet wind tunnel and microphone traverse.
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Fig. 2. Simulation domain.

the full azimuthal domain is computed for the rear domain corresponding to the simulation of one of the 9 rear rotor blades at the
rotational speed -. The simulation domain extends 4 D upstream of the front of the configuration in the streamwise direction. The
outlet is set at the rear of the nacelle which is 5 D, long. The radius of the simulation domain is 3.5 D. At the full non-matching
interface between the front and rear sub-domain and on the lateral surfaces, phase-lagged conditions are applied.

The mesh is based on an O-4H topology for the two rotor rows. The first off-wall point is set to 4y/C, = 4 x 10> (4y™ < 1)
where C, is the midspan axial chord. According to the literature [25-28], the near-wall region should be resolved in LES with
50 < Ax* < 80; Ay* < 1; 15 < Az < 25. These criteria are challenging to fulfill for the present configuration with a high Reynolds
number and large dimensions. Therefore, the mesh has been coarsened in the x and z direction to reach a mean spanwise coordinate
of Az ~ 60 and mean streamwise coordinate of Ax* ~ 100. Fig. 3 shows the midspan grid dimensions at the front and rear rotor blade
walls for the SL operating point confirming the targeted value for the first off-wall points. The mesh is composed of 350 x 10° cells.

The simulations are performed using the ONERA elsA software [29] solving the compressible Navier-Stokes equations over
multi-block structured grids and used in previous studies on CROR configurations [30-32]. A second-order centered scheme with
a low Jameson artificial viscosity [33] (K.‘;m = 0.002) is used for the convective discretization. The subgrid-scale model is the
Wall-Adapting Local Eddy-viscosity (WALE) [34]. The time integration is performed using a Dual Time Stepping with a Crank—
Nicholson scheme (second-order accurate) in combination with an implicit pseudo-time stepping for the inner loops [35]. The time
step is set to Ar* = At u,,/C, =1 x 1073 corresponding to 11,880 iterations per full rotation. The POD compression method relies
on successive singular value decompositions of the matrix composed of the conservative quantities at the phase-lagged interfaces
stored dynamically during the simulation. At a given time step, the POD modes from the singular value decomposition are sorted in
decreasing energy magnitudes and only the first POD modes are conserved to perform the data compression. For the present study,
the 30 most energetic modes are conserved based on a previous study [20]. The compressed data stored at the given time step is then
imposed later (after a phase-lagged period of time) to the opposite boundary for azimuthal conditions and on the opposed interface
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Fig. 3. Grid dimensions at the front (a) and rear rotor walls (b) at midspan for the SL operating point.

for the non-matching interface. The storage of the flow variables on the phase-lagged interfaces for one full rotation corresponds to
a storage requirement of 68.2 Giga bytes in POD compared to 226.6 Giga bytes for a direct storage.

The near-to-far-field propagation is carried out with the ONERA code KIM [36] which solves the FW-H equation [37] in the
time domain and considering a uniform freestream propagation medium. Both solid and porous surface formulations of the FW-H
equation are used in the study. Fig. 4 shows the different steps of the hybrid method used from the near-field simulation to the
spectral content of far-field microphones. For the porous approach, the quantities (p, pu, pv, pw, p) are stored during the simulation
on a surface surrounding the configuration. The FW-H porous formulation in KIM contains additional surface integral terms based
on the flux of the Lighthill tensor through the control surface that can represent an approximation of the missing volume integral
terms and makes possible to more properly handle the passage of wake vortical structures downstream of the rotor rows [38,39]. For
the solid approach, the sources correspond to the wall pressure fluctuations on the front and rear rotor blades. The full 360-degree
porous and solid wallblade surfaces are reconstructed at each time step using the phase-lagged method: for a given iteration (ite), the
adjacent sectors flow field correspond to the flow simulated at ite+120, ite+240, etc. for the upstream rotor while for the rear rotor,
the information is based on the flow at downward iterations: ite-120, ite-240, etc. An example of the phase-lagged reconstruction
of the axial Mach number (Ma,) at 80% of the front rotor radius for the three different operating points (AP, CB, SL) is shown in
Fig. 5. Based on the numerical parameters, mesh and time intervals used in the data storage of FW-H surfaces, the hybrid method
is able to resolve phenomena in a bandwidth [115 Hz, 4-7 KHz] in the full-scale geometry 1/1 used for the comparison against
experiments. 2970 snapshots of the 360-degree porous and solid surfaces are given as an input to the FW-H solver corresponding
to three full rotations of the configuration. The solver propagates the input signal to the far-field providing the pressure fluctuation
signal on each microphone. The spectral content of each microphone signal is obtained by computing the Power Spectral Density
(PSD) using Welch’s overlapped segment averaging estimator, Hamming windowing and 30% window overlap.
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3. Comparison against experimental data

The validation of the numerical simulations against experimental data is based on the porous approach. In addition, the results
are compared with the ones of the Broadband noise of Open rotor Blades (BOB) analytical model jointly developed by the Airbus
Noise Technology Centre (University of Southampton) and Airbus Company. This code predicts the main sources of CROR broadband
noise based on Amiet’s flat plate airfoil theory: the trailing edge noise is based on the diffraction of the boundary layer turbulent
vortices by the trailing edge [40,41]; the wake-vortex interaction noise is based on the interaction of velocity gusts on a profile [42—
44]. The wake profiles of the front rotor at the three operating points based on RANS simulations are used to define the velocity
gusts impacting the rear rotor profile. Details about the analytical code and validation against experimental data are provided in
Nodé-Langlois et al. [45].



Fig. 5. View of the flow at 80% span for the three operating points based on phase-lagged reconstruction: AP (left), CB (center), SL (right).

The PoWer Level (PWL) is computed by integration of the acoustic intensity over the portion of sphere S surrounding the CROR
between ¢ = 25 deg and ¢ = 160 deg based on the microphone spectra using the following formula:

PWL(/) = 101og (/s ’“pf’+")2F(¢, M) ds) ~120

M2 VA 1= M2 sin?
with F(g, M) = —UZM&) - VIZMG sin’@) o
< Vi-Mg, sin?(¢)— Mo, cos(d;))

where p’ is the pressure fluctuation at the considered frequency, M, p, and c, are the freestream Mach number, density and speed
of sound. Fig. 6 shows the PWL spectrum for the different operating points. In the figures that follow, a top-right box indicates if it
corresponds to a polar integration, an isolated microphone or an isolated frequency. The mean level of the broadband noise in the
range [100 Hz, 10,000 Hz] corresponds to 42 dB at AP, 52 dB at CB and 58 dB at SL. The largest noise radiated occurs in the range
[500 Hz, 2000 Hz]. At AP where the broadband noise is most likely to dominate, two main differences can be exhibited between the
LES/BOB analytical code and the experiments: low levels tones are observed in the experiments which are not predicted by the LES
or BOB. During the experiments, interaction processes between the shear layer of the open test section and the CROR configuration
at AP were observed and may explain these tones obtained in the experiments. Also, the radiated sound power is overpredicted by
BOB and the LES with a maximum discrepancy of 5 dB in the range [500 Hz, 5000 Hz] for the LES compared to the experiments. This
discrepancy may be explained by some difficulties in the experimental measurement and post-processing at AP, the noise radiated
by the configuration being relatively low due to the small size of the CROR (1/7 of the full-scale) and the low rotational speed for
this operating point. At higher rotational speed (CB), the numerical simulation agrees well with the experiments in the frequency
range [300 Hz, 7000 Hz] with a maximum discrepancy of around 2 dB. At SL, the simulation also agrees well with the experiments
in the frequency range [700 Hz, 4000 Hz] with a maximum discrepancy of 3 dB. The analytical model underpredicts the radiated
noise compared to the experiments with a maximum discrepancy of 5 dB in the frequency range [500 Hz, 5000 Hz] at CB and SL but
the trend is correctly recovered. Fig. 7 shows the PSD of isolated microphones located in the forward polar arc region (¢ = 51 deg),
at the normal to the main axis (¢ = 96 deg) and in the aft polar arc region (¢ = 119 deg) of the configuration for the CB operating
point. The agreement for integrated spectra (PWL) is also observed locally for microphones set on the front, center and rear polar arc
regions of the configuration. The same local agreement is also observed at the SL operating point. The directivity of the broadband
noise can also be assessed by focusing on particular frequencies. For each microphone, the amplitude at given frequencies (500,
2000, 4000 and 8000 Hz) is stored to give access to their polar distribution. The result of this process is shown in Figs. 8 and 9
for the CB operating point. At the frequencies 500, 2000 and 4000 Hz, the agreement is good at the different polar angles with a
maximum local discrepancy around 3 dB. At a higher frequency (8000 Hz), the radiated sound is underpredicted by the simulation
at all polar angles. This behavior is attributed to the mesh cut-off estimated in the present simulations around 7000 Hz inducing
the break down in radiated energy for higher frequencies. Similarly to the experiments, the LES does not exhibit a noise reduction
around the normal of the configuration (¢ = 90 deg) contrary to the analytical model BOB. According to the authors, the reduced
noise predicted by the analytical model may be induced by the isolated blade assumption of the model (i.e. no interaction and
diffraction between the blades are taken into account). At all the isolated frequencies presented, a directivity pattern emerges with
higher noise levels radiated towards the forward polar arc region between ¢ = 20 deg and ¢ = 50 deg.

4. Analysis of the broadband noise sources

This section is devoted to characterize the near-field acoustic field responsible for the far-field noise results previously described
in Section 3. Fig. 10 shows an instantaneous time derivative of pressure in the meridional plane and in a radial slice at 80% of the
front blade height for the CB operating point. In the meridional plane, the pressure waves associated with the tip vortices released
by the front and rear rotors are highlighted. Also, the pressure waves generated in the wake of the front and rear rotors can be
identified in the radial cut. Fig. 11 shows the PWL obtained from the solid FW-H approach considering separately the front, rear and
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Fig. 6. PWL comparison at the AP (a), CB (b) and SL (c) operating points.

front-rear contributions at the CB operating point. The PWL obtained using the porous approach is also added in the comparison. The
rear rotor is the dominant source of broadband noise compared to the front rotor as expected. Compared to the porous approach,
the solid approach for the front and rear rotors displays the same evolution of the PWL with frequency except that the level is
2-5 dB lower. The solid approach accounts for the monopole sources related to the volume displacement of fluid during the blades
motion and may be significant compared to dipole sources at cutback and sideline since the tip Mach numbers are around 0.5-0.6.
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The solid approach does not contain the quadrupole noise sources (especially the sound generated in the volume due to turbulent
effects) compared to the porous surface which may explain the lower radiated noise by the solid approach. Based on the works of
Williams and Hawkings [37], the contribution of quadrupole sources should be relatively small since the tip relative Mach number
of the rear rotor is around 0.5 for the CB case while quadrupole sources are generally significant compared to dipole sources at
tip Mach number above 0.9. However, Colin et al. [12] also observed higher tonal noise levels comparing porous and solid FW-H
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approaches based on URANS simulations of a CROR at the same inlet Mach number and attributed the difference to the quadrupole
terms. On the other side, some noise may be artificially generated by the wakes crossing the porous surface downstream of the two
rows despite additional treatments are implemented in KIM.

In order to further investigate the sources on the rear rotor, a chord-frequency diagram showing the pressure PSD over the
pressure (left) and suction (right) sides is given in Fig. 12 at different radius corresponding to 10% (bottom), 50% (center), 90%
(top) of the blade height for the CB operating point. As already observed on the far-field noise spectra, the acoustic sources are
more energetic in the frequency range [500 Hz, 2000 Hz]. The contribution of the pressure side is relatively weak compared to the
one of the suction side. The diffraction argument would suggest that the magnitude of the pressure fluctuations on the pressure and
suction surfaces of the airfoil to be equal. This asymmetry can be related to the wake structures from the front rotor predominantly
impacting the suction side of the rear rotor due to the geometrical incidence of the blade profile (see Fig. 5). Fig. 13 shows an
instantaneous iso Q-criterion at Q = 10° colored by the streamwise vorticity of the flow around the rear rotor suction side. In
addition, the shape factor Hi defined as the ratio between the displacement and momentum thickness around the rear rotor suction
side based on a temporally averaged flow field solution for the CB operating point is provided. Since the front and rear rotors are
swept, a leading edge vortex develops on the suction side similarly to the one occurring on swept wings. Based on the shape factor
values close to 1.3 on the upper part of the blade downstream of the leading edge vortex, the leading edge vortex, in addition to
the upstream freestream turbulence from the front rotor wakes, promote the transition of the suction side boundary layer initially
laminar close to the leading edge towards a turbulent state. The leading edge vortex induces large pressure fluctuations close to
the rear rotor leading edge in addition to the impingement of the front rotor wake and corresponds to the location of the main
sources observed in the chord-frequency diagram between x/C, = 0 and 0.1. The intensity of the noise sources increases with the
span location and can be related to the leading edge vortex that progressively extends over a larger part of the chord as the radius
increases before merging with the tip vortex.
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Fig. 12. Chord-frequency diagram of the pressure PSD around the rear blade pressure (left) and suction side (right) at three different radius corresponding to
10% (bottom), 50% (center), 90% (top) of the blade height for the CB operating point.

5. Conclusion

The hybrid approach based on the LES solver with phase-lagged assumption and far field propagation using the Ffowcs Williams—
Hawkings analogy shows a good agreement with the experimental data of the isolated CROR AI-PX7 configuration. The numerical
approach shows a discrepancy lower than 3 dB for the power level at cutback and sideline operating points in the frequency range
[700 Hz, 4000 Hz].

For the different operating points, the highest level of broadband noise is radiated in the range [500 Hz, 2000 Hz]. In terms of
directivity, the broadband noise is predominantly radiated towards the forward polar arc region between 20 deg and 50 deg.

The comparison between the porous and solid FW-H approaches confirms that the main sources of broadband noise are
mainly located on the rear rotor blades. More precisely, the analysis of the rear rotor blade surface pressure fluctuations shows a
predominant effect of the suction side compared to the pressure side especially close to the leading edge with an extent corresponding
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Fig. 13. Instantaneous iso Q-criterion at Q = 10° colored by the streamwise vorticity of the flow around the rear rotor suction side for the CB operating point,
shape factor Hi around the rear rotor suction side. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)

to around 10% of the axial chord. This contribution becomes stronger when moving towards the tip of the rear rotor. This noise
source distribution can be related to the wake from the front rotor impacting predominantly the suction side and the leading vortex
inducing large pressure fluctuations close to the leading edge on the rear rotor suction side.
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