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In the present study, the broadband noise of an ultra high bypass ratio fan/OGV stage,
developed at École Centrale de Lyon, is studied numerically. Wall-modeled large eddy simula-
tions (LES) over a 360° full fan stage are performed for the first time, at approach conditions.
The noise emissions in the fan stage are directly obtained by the fully compressible LES, using
a well refined unstructured grid. Additionally, a LES over a periodic sector of the fan stage is
performed using the same configuration and numerical setup as for the 360° LES. The results
of the 360° and the periodic sector configurations are compared in terms of mean and turbulent
flow parameters and acoustic pressure spectra. The impact of the periodic boundary condi-
tions, usually used for high-fidelity simulations of turbofan engines, is thus assessed. A slightly
lower pressure difference between the pressure and suction sides of the blade is obtained in
the 360° LES in the blade tip region. The acoustic azimuthal decomposition, which can only
be estimated using the 360° LES configuration, is presented. The evolution of the coherence
function in the azimuthal direction is also studied, particularly between monitor points located
in separate blade channels. The coherence functions in the radial and azimuthal directions
between monitor points located in the same blade channel are compared between the 360° and
the periodic sector configurations. Lower coherence levels are obtained in the 360° LESmainly
at low and mid frequencies.

I. Introduction
To comply with new restrictive regulations, aero-engine manufacturers aim to optimize turbofan engines to improve

efficiency and reduce pollutant and noise emissions. To fulfill these requirements, modern and future generations of
aero-engines, such as ultra high by-pass ratio (UHBR) turbofan engines, present an increased by-pass ratio and a large fan
diameter. For such turbofan engines, the fan-outlet guide vane (OGV) stage is one of the main noise contributors [1, 2].
The fan-OGV stage noise is usually characterized by tonal and broadband components. Tonal noise mainly arises from
periodic interactions in the fan stage and directly depends on the blades and vanes counts. The fan stage tonal noise is
well addressed in the literature. Many solutions have been proposed to reduce tonal noise, such as the implementation
of acoustic liners in the inlet and exhaust ducts and the optimization of the blade count to take advantage of duct
filtering [3]. The broadband noise arises from different stochastic mechanisms in the fan stage and is less documented in
the literature. The main broadband noise mechanisms in a fan stage are the blade tip-leakage vortex noise, the trailing
edge noise and the rotor-stator interaction noise. The blade tip-leakage vortex noise is generated by the interaction of
the highly unsteady flow that develops from the gap between the tip of the fan blades and the outer casing with the
trailing edge corner and the neighboring blades [? ]. The trailing-edge noise results from the diffraction of the turbulent
boundary layers at the trailing edges of the rotor blades and stator vanes. The rotor-stator interaction noise is generated
by the interaction of turbulence in the rotor wakes with the leading edges of the stator vanes. This interaction generates
an unsteady loading on the vanes. Over the past few decades, several techniques have been developed to model and
predict broadband noise mechanisms in a fan stage [2, 4].

High fidelity simulations, such as large eddy simulation (LES) and direct numerical simulation (DNS), can nowadays
be applied for turbomachinery applications, due to the recent progress in computing resources. These numerical
simulations allow for a detailed description of the turbulent structures that produce broadband noise. Due to its
prohibitive cost, DNS is still limited to academic configurations with small Reynolds numbers. In the current study, LES
is considered to model both the complex turbulent flow and the noise emissions in the fan stage with high accuracy and
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acceptable computational cost. The direct noise predictions from the LES are also compared to analytical models from
the literature. The input data for these models are extracted from the LES. Hanson’s [5] and Posson’s [6, 7] analytical
models are used to model the rotor-stator interaction noise, whereas Amiet’s [8, 9] model is used for the trailing edge
noise.

In order to reduce the computational cost, a periodic sector is usually considered in previous studies in the literature
to analyze the broadband noise from a fan-OGV stage [10? –12]. The numerical simulation is usually coupled with an
analytical model [14–16] or an acoustic analogy [10, 11], such as the Ffowcs Williams and Hawkings [19] analogy to
compute the acoustic field. Fairly good agreement was found between the noise predictions using these approaches and
the experimental data. The analytical approach, informed by numerical data, usually underestimates the noise levels,
whereas the hybrid approach based on an acoustic analogy is known to overestimate the noise levels [11]. For fully
compressible LES, the acoustic power can also be directly computed upstream and downstream of the fan stage. Good
agreement was obtained between direct noise predictions from a periodic fan/OGV stage and analytical models [12]. To
further reduce the computation cost, some studies use simplified configurations of the periodic sector, such as linear
cascades [21] or radial slices [22].

For all the studies mentioned previously, the impact of periodic boundary conditions on the flow field and noise
emissions is not investigated. Indeed, if periodic boundary conditions are used on the azimuthal boundaries, a perfect
correlation is imposed between these boundaries. This may lead to an over-prediction of the correlation levels, mainly at
low to mid frequencies. Furthermore, the distribution of the acoustic energy over the different acoustic duct modes
is influenced by the periodic boundary conditions. Only the cut-on azimuthal acoustic modes that correspond to
the periodic angular sector are allowed to propagate in the fan stage. Finally, to allow the use of periodic boundary
conditions, the geometry is usually modified to ensure adequate blade and vane counts. Several techniques have been
developed to ensure that the fan stage performance and the flow field are similar between the original and the modified
configurations [23]. However, this geometrical modification is expected to have an impact on the noise emissions,
particularly on the rotor-stator interaction noise.

In the present study, the flow field and the acoustic emissions from a fan-OGV stage are analyzed using a 360° LES.
The numerical setup is carefully designed to ensure an adequate description of the turbulent structures in the boundary
layers and the wakes and a proper propagation of the acoustic waves in the fan stage. The objectives of the present
study are to investigate the influence of periodic boundary conditions on the flow field and noise emissions and to
compute the full acoustic modal content upstream and downstream of the fan stage, directly from the LES. The 360°
LES is compared to a periodic sector LES, which was performed in a previous work by the authors [12] using the same
configuration and numerical setup.

The paper is organized as follows. Section II shows the configuration and the numerical setup used for the LES.
Preliminary results are presented in Section III.

II. Numerical setup

A. Computational domain
The configuration used in the present study is the ECL5 fan/OGV stage, which has been designed at Ecole Centrale

de Lyon [24, 25] using technical requirements for a mid-range commercial aircraft. The ECL5 fan stage is a new open
test case, which corresponds to an UHBR aero-engine with a low rotational speed, without core flow. The ECL5 fan
stage is composed of 16 fan blades and 31 OGVs.

The computational domains of the 360° and periodic sector configurations are presented in Figure 1. The same
angular extent for the rotor and stator domains is required by the AVBP solver [26]. Consequently, only for the periodic
sector, the original configuration of 31 OGVs is adapted to 32 OGVs to allow for a 2c/16 angular periodicity. In
this case, the chord length is adjusted in a way that maintains the same solidity of the OGV, which is defined as the
ratio between the chord length and the inter-vane spacing. This allows to maintain the stage performance [23]. The
computational domain extends from 3.75 fan chord-lengths upstream of the rotor to 4.25 vane chord-lengths downstream
of the stator. The distance upstream of the fan is chosen to ensure a well-developed boundary layer on the casing.

The present simulations are performed at approach conditions with a rotational speed of Ω = 6050 rpm, which
corresponds to 55% of the nominal rotational speed Ω=.
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Fig. 1 Computational domains of (a) the 360° and (b) the periodic sector ECL5 fan/OGV stage.
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Fig. 2 Grid in a blade-to-blade view at 80% of the rotor span. (a) Mesh refinements in the rotor domain. (b)
Mesh refinements in the stator domain.

B. LES numerical parameters
In the present study, the LES governing equations are solved using the AVBP solver [26]. AVBP is an explicit

unstructured fully-compressible LES solver developed by CERFACS [26]. For the present turbomachinery application,
two LES domains (rotor and stator domains) are coupled using the coupler CWIPI, which is based on an overlapping
grid method [27]. The rotor domain contains the fan blades, and the stator domain contains the OGV.

The convective scheme used to solve the filtered Navier-Stokes equations is the two steps Taylor Galerkin (TTGC) [28]
scheme, which is a third order finite-volume convective scheme. The unresolved turbulent eddies are modeled using
the SIGMA sub-grid scale model [29]. At the inlet and outlet sections, non-reflecting Navier-Stokes Characteristic
Boundary Conditions (NSCBC) [30] are used. A uniform mean flow is injected at the inlet section in the axial direction,
with a total pressure of %0 = 101325Pa and a total temperature of )0 = 300K. To obtain the desired mass flow rate in
the fan stage, the static pressure is adjusted at the outlet section. For the periodic sector, periodic boundary conditions
are used on the azimuthal boundaries of the computational domain. On the wall surfaces of the blades, vanes, shroud
and hub, a no-slip boundary condition is used. A wall law [31] is used to model the inner part of the boundary layer.
A dimensionless velocity relative to the wall D+ = 1

^
ln(�H+) for H+ > 11.45, with ^ = 0.41 and � = 9.2, is adopted.

Below H+ = 11.45, a linear law is imposed.
The time step for the simulations is ΔC = 2.8 × 10−8 s and the computational time is approximately 105 × 103 CPUh

per rotation for the periodic sector and 1700 × 103 CPUh per rotation for the 360° configuration. About three full fan
rotations are performed for the numerical and statistical convergence, and four additional fan rotations are expected for
the post-processing and acoustic data collection in the final version of the paper.

C. Mesh characteristics
The grid at mid-span around the rotor blade and stator vanes is shown in Figure 2. The grid is an unstructured hybrid

mesh composed of different types of elements: prismatic cells are used on the walls of the blades, vanes, shroud and
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Table 1 Mesh properties of the LES grids. G+, H+ and I+ are the maximum dimensionless wall distances in the
streamwise, wall-normal and spanwise directions respectively.

Sector LES 360° LES
Number of cells [106] 95 1500

G+/I+ 150 150
H+ 25 25

Number of prism layers 10 10
expansion ratio 1.1 1.1

Time step [10−8s] 2.8 2.8
CPUh/blade passage [103] 105 1700

hub, tetrahedral cells away from the walls, and pyramidal cells in the transition region between prismatic and tetrahedral
cells. The mesh size and properties are chosen in a way to ensure a suitable resolution of the boundary layer and wake
turbulence and to propagate the acoustic waves in the fan stage without significant dissipation and dispersion errors.

The main mesh properties for the periodic sector and 360° cases are given in Table 1. The near-wall refinement
is based on predefined values of the dimensionless cell sizes, which are given by G+, H+ and I+ in the streamwise,
wall-normal and spanwise directions respectively. These distances are fixed below certain values, established in [32].
Close to the wall, the first prismatic layer has the smallest spacing. The cell size is then progressively increased using a
chosen expansion ratio.

Away from the walls, the mesh density is based on both turbulent and acoustic criteria established by the authors in
a previous work [32]. For the acoustic criterion, at least 13 points per wavelength (_02 = 20 (1−" )

52
, where 20 is the speed

of sound, " is a mean Mach number, and 52 = 20 kHz is the desired mesh cut-off frequency) are used. This ensures a
correct propagation of the acoustic waves up to a desired cut-off frequency.
For a proper description of the turbulent structures in the wake regions, the mesh size is smaller than 30 times the Taylor
micro-scale (_) 0 = (10 a:Cn )

(1/2) , where a is the kinematic viscosity, :C the turbulent kinetic energy, and n the turbulent
dissipation rate). These two criteria directly depend on the numerical scheme and mesh topology and are found to
provide accurate results in previous work [32].

III. Preliminary results
The 360° LES is still in progress and the sampling time used for the present results corresponds to one fan rotation.

Thus, only preliminary results are discussed.

A. Instantaneous results
Figures 3 shows an isosurface of the Q-criterion (&22/*2 = 10) for the 360° LES configuration, along with contours

of the instantaneous dilatation rate (∇ · u) on a radial cut at 99% of the rotor span. The wave-fronts propagating in
the upstream and downstream directions show the capability of the 360° LES to capture the noise propagation in the
refined-mesh region around the fan stage. It should be noted that there is no visible acoustic reflection from the upstream
and downstream boundaries of the domain. The iso-surface of the Q-criterion is colored by the vorticity magnitude. A
qualitative description of the turbulent structures developing in the boundary layers and the wakes can be obtained. The
transition of the boundary layers can be observed near the leading edges of the blades and vanes all along the span.
Small turbulent structures can be seen downstream of the transition regions.

B. Mean quantities
Figure 4 shows a comparison of the distributions of isentropic Mach number, "8B , from the periodic sector LES and

the 360° LES, along the rotor blade surface, for various spanwise positions. Similar results are obtained between the
two configurations at 50% and 80% of the rotor span. A small recirculation bubble is associated to a flat region close to
the leading edge on the suction side at 80% of the rotor span, and seems to be similarly captured by both configurations.

The spanwise position at 98% of the rotor span is much closer to the tip gap region and is affected by the tip-leakage
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Fig. 3 Instantaneous contours of dilatation rate at 99% of the rotor span and iso-surface of Q-criterion
(&22/*2 = 10) around of the rotor and the stator, colored by the vorticity magnitude, for the 360° LES
configuration. View from an observer upstream of the fan looking at the suction side of the rotor blades.
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Fig. 4 Comparison between the periodic sector and the 360° LES, for the prediction of the average isentropic
Mach number around the fan blade, at (a) 50%, (b) 80% and (c) 98% of the rotor span.
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Fig. 5 Azimuthal mode detection plots at the (a) intake and (b,c) exhaust sections. The frequency is plotted
against the azimuthal mode order <, and the modes are colored by their amplitude.

flow. The pressure difference between the leading edge and 40% of the chord length is similar for both configurations.
Some differences between the two configurations are observed between 60% of the chord length and the trailing edge.
For the periodic sector LES, a larger pressure difference between the suction side and the pressure side of the blade is
observed in this region, compared to the 360° LES configuration. This suggests a difference in the tip flow topology, but
may also be due to an insufficient statistical convergence of the 360° LES.

C. Modal decomposition
One of the main advantages of the 360° LES, compared to the periodic sector LES, is the ability to perform a

complete azimuthal decomposition of the acoustic field radiated by the fan stage. However, at the time of redaction of
this abstract, only one rotor rotation has been performed for the modal decomposition. Preliminary results are shown
here and the analysis will only be qualitative. Quantitative results are expected subsequently for the final version of the
paper.

The azimuthal modal contents at the intake and exhaust sections are presented in Figure 5, at 95% of the rotor
span. 200 azimuthal monitor points located at one rotor chord length upstream of the rotor and one stator chord length
downstream of the stator are used. The white solid line corresponds to the theoretical cut-off frequency of each azimuthal
mode of order < for the first radial mode, 9 = 0, in an annular duct, and given by:

l2 = 20V <9 , (1)

where  <9 is the eigenvalue of the duct mode (<, 9) and V =
√
1 − "2 is the compressibility parameter. The white

dashed lines correspond to the cut-off frequencies of the radial modes of orders ranging from 9 = 1 to 9 = 6.
Over the whole range of azimuthal modes, large modal amplitudes can be observed at the BPF and its harmonics.

Moreover, the modal amplitudes are concentrated in the mode-frequency cut-on triangle, as expected (inside the V-shape
delimited by the solid white lines). The cut-off modes are thus well attenuated, particularly at the exhaust section.

At the intake section (Figure 5 (a)), the modal content is seen to be slightly dominated by co-rotating modes (< > 0,
which rotate in the same direction as the rotor). This co-rotating mode distribution was also observed experimentally on
a fan stage at approach condition [33] and was related to the rotor-stator interaction noise source at the stator leading
edge. This can be explained by observing the direction of the dipolar sources corresponding to the rotor-stator interaction
noise, as shown in Figure 6. It can be seen that the dipole lobes of the rotor-stator interaction noise sources at the leading
edges of the stator vanes are oriented in a way that will predominantly give rise to co-rotating acoustic modes.

Unlike the intake modal content, no clear trend towards the co-rotating or counter-rotating modes can be observed at
the exhaust section in Figure 5 (b). It can be noticed that the slope of the actual V-shape containing the cut-on modes is
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Fig. 6 A blade to blade schematic view of the fan/OGV stage illustrating the equivalent dipoles of the rotor-
stator interaction noise on the leading edge of the stator vanes. The picture shows two rotor blades and four
stator vanes. The direction of rotation is represented by the Ω arrow. The direction of co- and counter-rotating
modes propagating upstream or downstream of the stage are also depicted.

slightly steeper than the theoretical cut-on/cut-off boundary represented by the solid white lines. For some azimuthal
orders <, large amplitudes are visible at frequencies corresponding to the cut-on frequencies of the different radial
modes (dashed lines in Figure 5 (c)). The azimuthal modes under the first dashed curve correspond to the first radial
mode 9 = 0. At about 2 kHz, the radial mode 9 = 1 switches on, where large amplitudes can be observed. This behavior
continues with more and more radial modes switching on.

IV. Conclusion
In the present study, the influence of the periodic boundary conditions on the flow topology and noise emissions

of a fan stage has been investigated by comparing periodic sector and 360° LES configurations. The noise can be
directly computed from the LES, by using a well refined mesh. The 360° LES is still in progress in order to obtain a
fully-converged azimuthal modal decomposition.

The modal content of the ECL5 fan stage has been computed, by using the 360° LES. An azimuthal modal
decomposition have been applied at 95% of the rotor span. Except for the first BPF at the exhaust section, the cut-off
modes are sufficiently attenuated. At the different BPF harmonics, the Tyler and Sofrin’s modes were clearly identified
in the modal content, at both the intake and the exhaust section. At the intake section, a clear dominant co-rotating
modal content is identified. At the exhaust section, a rippled structure is observed, where high modal amplitudes are
observed at frequencies where additional radial modes become cut-on. This analysis is considered as the main advantage
of a 360° LES compared to a periodic sector LES, for which the modal decomposition is limited by the azimuthal extent
of the sector, whereas a complete azimuthal decomposition can be applied for the 360° LES.

The simulations are in progress. The more converged results will allow for a better understanding of the periodic
boundary conditions limitations. Several aeroacoustic parameters, such as the radial profiles of the mean and fluctuating
velocity components, the radial and azimuthal coherence functions, and the far field noise predictions, will be compared.
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