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Abstract

In order to reduce rotor-stator interaction noise on future high-bypass engines, silent Outlet Guided Vanes
(OGVs) have to be designed. This study focuses on noise predictions by means of weakly compressible
and compressible lattice Boltzmann simulations, along with aerodynamic assessment. Computations are per-
formed on a full test rig including a grid generated turbulence interacting with a seven vanes rectilinear cascade
as in the test campaigns at Ecole Centrale de Lyon. Moreover, the noise reduction achieved by two passive
treatments proposed by Onera, which are based on leading edge serrations, is evaluated.
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1. Introduction to the study and context of the project

With the continuous growth of air traffic and the tightening of new airport noise restrictions, the re-
duction of the noise radiated by turbofan engines requires innovative solutions. Modern engines
now reach very high by-pass ratios, significantly decreasing fuel consumption. But, with limited
space between the rotor and stator, fan - Outlet Guided Vane (OGV) interaction noise becomes
at present a dominant source at low Mach regimes. The European project InnoSTAT (innovative sta-
tor, https://cordis.europa.eu/project/id/865007) addresses this challenge by assessing experimentally
and numerically several low-noise OGV concepts. These concepts proposed by the consortium part-
ners are tested in a simplified rectilinear cascade configuration at Ecole Centrale de Lyon, illustrated
in Figure 1, which is presented in the next section.

Figure 1 – Picture of the test-rig at ECL during the InnoSTAT test campaign.
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Figure 3 – 3D scheme of the test facility for InnoSTAT at ECL

Figure 4 – 2D sketch of the test geometry in the cascade frame and far-field microphone antenna.

As for the measurements, 1D and 2D hot wire anemometers are used to quantify the upstream mean
flow, turbulence, and boundary layer, along with pressure tubes extending in the width of the test
section in order to check the homogeneity of the flow. The wake behind airfoils is characterized
by 1D hot wires. Probes are also placed on the central vane to monitor the pressure at the vane
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skin, and provide among others Cp profiles. Finally, main acoustic measurement consists of an 14-
microphones circular antenna placed at radius 1.95 m of the central vane, as illustrated by Figure 4.
An axial array is also placed inside of the test section to perform in-duct acoustic measurements up-
stream of the cascade. It has to be noted that more information, concerning the experimental set-up
and instrumentation, is provided in another submission [14] to ICAS 2022, which is dedicated to the
comparison between experimental data and predictive methods (analytical and numerical solutions:
CAA, RANS, and LBM).

3. Overview of the lattice Boltzmann ProLB solver

LBM simulations are carried out by means of the ProLB solver. It has been developed by a French
consortium composed of universities, research institutes and industries (CS group, Airbus, Renault,
École Centrale de Lyon, and Aix Marseille Université) 1. The main variable in the lattice Boltzmann
method is the distribution function, from which the density and momentum of the fluid are given by
its statistical moments. The discrete distribution function involves nineteen components, also called
D3Q19, that propagate and collide along the different sites of a Cartesian lattice. To enhance the
stability and robustness of the scheme, the solver features an advanced collision model, the hybrid
recursive regularized operator [15]. Equally important, this collision operator combined with a grid
refinement transition algorithm reduces significantly spurious noises [16, 17]. Similarly to traditional
CFD solvers, a large eddy simulation turbulence model controls the unresolved turbulent dynamics. In
the present case, the shear-improved Smagorinsky model (SISM) [18] is employed as a subgrid-scale
viscosity to model unresolved small-size eddies. Solid surfaces are defined by immersed boundary
conditions, where the fluid boundary layer is modeled by a wall log-law with corrections to take into
account the adverse longitudinal pressure gradient and the curvature at the boundary.
At the origin, the lattice Boltzmann method was restricted to the weakly compressible regime. Persis-
tent developments have made it possible to simulate compressible flows, greatly extending the range
of applications. The present compressible lattice Boltzmann method introduces an entropy equation
solved by a finite difference method [19, 20]. The use of a segregated numerical solver for the lattice
Boltzmann and entropy equations enables the simulation of compressible flows on a broad range of
Mach numbers.

4. Numerical configurations

The numerical setups modeling the experimental test-rig introduced in section 2 are presented here.
Simulations are carried out approximately at the approach APP operating point (M=0.34) with both
the weakly-compressible and compressible versions of the solver and at the cutback CUTB condition
(M=0.53) with the compressible version of the solver only.

The Figures 5a and 5b show the geometry from the graphical user interface of the ProLB software.
The test section is represented with the nozzle and the grid, along with the seven vanes cascade
(here depicted with the leading edge serrations).

1http://www.prolb-cfd.com/
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Several outputs are included in order to post process the computations, which include among others:
surface outputs on the vane skin and grid, and various point probes both in the test section to assess
mean flow and turbulence properties and in the far-field to evaluate noise radiation. As detailed later
in the section 7, apart from the direct acoustic computations extracted from probes corresponding
to the microphone antenna in the test campaign (see Figure 4), indirect noise calculations are also
performed. They consist in the extraction of wall pressure on the vane skin and radiation in the far-
field by solving Ffowcs Williams-Hawkings integral in the frequency domain in solid formulation (MIA
in-house ONERA code for the weakly compressible computations).

5. Aerodynamic behaviour of the reference and low-noise designs

The post-treatments presented here and in the section 7 are done after a transient time: 0.2 s for
the computations at M=0.34 and 0.17 s for the computations at M=0.53. Preliminary convergence
studies were performed in [8]. First, a comparison between LBM simulations and reference RANS
calculations is performed. It has to be noted that the RANS computations consist in a 1-vane com-
putation with periodic boundary conditions (see [7] fore more details). In spite of that, a very good
agreement can be observed between the two solutions in terms of pressure coefficient profiles, Cp,
as illustrated in Figure 7 for the baseline geometry. For the LBM simulations, the pressure has been
extracted at mid-span from the central vane. Small oscillations on the suction side are visible on the
LBM results. In this region, large curvature induces steep geometrical variations of the octree mesh,
which may produce some oscillations in the boundary solution.

Figure 7 – Cp profile of the central vane at midspan for the baseline configuration (weakly
compressible version) at M=0.34.
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Figure 11 – Snapshot of the fluctuating velocity at plane y = 0 and z = 0 (weakly compressible
calculation)

The fluctuating velocity field generated by the grid is clearly visible in Figure 11. Turbulent wakes
generated by lateral plates at the exit of the test section are also reproduced.

Turbulence properties generated by the grid can be computed from a line of point probes placed in
the middle of the section. The coordinate system is illustrated in Figure 4. First, turbulence intensity
(TI) can be computed as follows:
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Secondly, the longitudinal turbulent length scale can also be obtained from spatial correlations along
the axial direction:
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The Figure 12 shows the evolution of the turbulence intensity between the grid and the leading edge
of the vanes.
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(a) (b)

Figure 15 – p′RMS on the vane skin (levels between 0 and 1000 Pa). Weakly compressible
calculations on the baseline (a) and serrated d1 (b) geometries.

We now briefly compare the weakly-compressible and compressible simulations at M=0.34 using
Figures 15a, 15b and 16. We observe that the noise sources are a slightly stronger in the suction area
for the compressible simulations. We relate this effect to the coarser mesh employed (c/dxmin = 400)
compare to the weakly compressible computations (c/dxmin = 600).

(a) (b) (c)

Figure 16 – p′RMS on the vane skin (levels between 0 and 1000 Pa). Compressible calculations on the
baseline (a), serrated d1 (b) and serrated d2 (c) geometries - M=0.34.
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(a) (b) (c)

Figure 17 – p′RMS on the vane skin (levels between 0 and 2500 Pa). Compressible calculations on the
baseline (a), serrated d1 (b) and serrated d2 (c) geometries - M=0.53.

Using Figures 16 and 17, we highlight the effect of the Mach number. As it can be expected, when
the mean flow velocity is increased, the pressure sources are much stronger. It has to be noted that
the color-map range is larger for the M=0.53 configuration. Moreover, the difference between the
leading edge and turbulent boundary layer pressure sources is smaller in the M=0.53 case. It might
decrease the acoustic performance of the leading edge treatment. Again, these sources are weaker
with the design d2 in comparison with design d1, for both inflows illustrated in Figures 16 and 17.
With the serrated d1 design, the turbulent boundary layer sources are stronger since the minimum
chord (located at the roots) is smaller with this design. Indeed, the d1 design presents a larger
turbulent boundary layer than the baseline geometry (as shown by RANS calculations in [7]). With
the aerodynamically improved design d2, the sources are weaker. Indeed, the shape of the airfoil at
the roots of the serrations corresponds to the baseline geometry, which facilitates the flow deviation
by the cascade. The reader may also notice a large asymmetry on the pressure fluctuations along
the span due to differences in the corner separation flows. This phenomenon is accentuated by the
use of a mesh that is not exactly symmetric in the span-wise direction. This issue was corrected for
serrated d2 calculation at M=0.53 (Figure 17c).
An assessment in terms of far-field noise reduction is also achieved. A first solution consists in
the extraction of the pressure sources at the vane skin and performing a Ffowcs Williams-Hawkings
(FWH) integral method. The calculation is carried out by means of MIA (an in-house ONERA code)
in the frequency domain, considering the FWH in solid formulation with a free-field Green function.
A second solution, more straightforward, consists in computing acoustic spectra directly from probes
placed at the microphone location (see Figure 4). To perform the calculation, it is of prime importance,
as in the experimental set-up to exclude data from the hydrodynamic wake, which would otherwise
pollute the spectra in particular in the low frequency range. Moreover, in order to get a general view
of the noise reduction, an angular integration of the acoustic Power Spectral Density (PSD) spectra
(avoiding the hydrodynamic wake) is performed following (due to the log functions difference, the
surface of integration disappears):
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−10 log
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Figure 18 – Noise reduction assessment at the approach condition (M=0.34)

The Figure 18 shows noise reductions obtained at M=0.34. Results are consistent in the low and
medium frequency range. However, a larger noise reduction is observed with the indirect calculation
(FWH analogy). Indeed, only the noise sources at the vanes surfaces are radiated in the far-field:
any other sources present in the test-rig can not be properly taken into account. Serrated designs
d1 and d2 provide a very similar noise reduction, which reinforces the interest of the second design
improved from the aerodynamic point of view [7]. With the compressible calculation noise reduction is
very similar apart small differences due to slightly different set-up between the weakly compressible
and compressible simulations.

Figure 19 – Comparison of the noise reduction obtained with d1 and d2 at M=0.34 and M=0.53
(direct compressible calculations).

The Figure shows the noise reduction obtained from design d1 and d2 at M=0.34 and M=0.53. A
similar trend is observed between d1 and d2, which again favours the choice of the second design for
turbofan application since it provides a huge improvement in terms of aerodynamic penalties (please
refer to [7] for detailed RANS evaluations). When the inflow speed is increased, the noise reduction
is shifted towards high frequencies, which is consistent with the literature [23, 2, 3].
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8. Concluding remarks

High fidelity lattice Boltzmann simulations have been carried out on the full test-rig of the InnoSTAT
test campaign: from the turbulence grid to the far-field microphone location. These simulations were
performed at the approach condition with the weakly compressible version of the ProLB solver. How-
ever, to reach a higher inflow (cutback operating point at roughly M=0.53), the compressible version
was mandatory. At both inflow conditions, LBM simulations favourably compare with reference RANS
calculations, which validate weakly compressible and compressible simulations. Moreover, acoustic
performance of two serrated designs has been assessed, achieving several decibels of noise reduc-
tion. Evolution of the noise reduction with respect to the mean flow has also been discussed, showing
a trend consistent with the literature. Although the compressible version of the solver is absolutely
required to simulate high-speed flows, the weakly compressible version is very appealing at lower
Mach numbers, since less equations need to be solved. Finally, compared to the results obtained
by analytical and CAA methods in [14], all the present simulations consider the whole test section
that includes the installation effects, the seven-blades and its associated cascade-interaction noise,
and the turbulence grid avoiding the homogeneous isotropic turbulence assumption as made in CAA
simulations. Moreover, acoustic performances, in terms of noise reduction (∆PWL), obtained with the
weakly compressible LBM simulations have been confirmed by comparison with experimental data in
[14].
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