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ABSTRACT

This study investigates the ability of CFD coupled to semi-
analytical methods to restitute the sound radiation from an
open-fan designed by SAE (Safran Aircraft Engines)
recently tested in S1-Modane wind tunnel. The acoustic
predictions are restricted to sound sources located on the
rotor blades and stator vanes. The tone noise is assessed
using a source-mode integral formulation derived from the
Ffowcs-Williams and Hawkings analogy written in the
frequency domain and in which the harmonic loadings are
issued from URANS calculations performed by SAE. A
compact-source approach allowing quite fast calculations is
also proposed. Broadband noise is estimated using
analytical models derived from Amiet’s theory with RANS-
based inputs. Calculations are focused on take-off condition
(sideline point), without incidence angle.

First results obtained for tone noise show a fairly good
matching between fully non-compact and compact
predictions and a reasonable agreement with measured
sound directivities at BPF1 and BPF2, which should be
presented during the Conference. Broadband noise
assessment is still underway and present analyzes, at take-
off condition too, are devoted to a previous generic open
fan from SAE. ONERA predictions (using in-house tools)
are found to be very close to SAE ones (from own industrial
tool), in terms of both power spectra and overall sound
pressure level directivities, when using common RANS
inputs.
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1. CONTEXT AND OBJECTIVES

The open-fan engine architecture developed through the
CFM RISE program is mainly designed for short to
medium-range flights, and aims to reduce fuel consumption
by increasing the bypass ratio. Its fairing-free propeller and
stator can be questionable for noise radiation to the ground,
which leads to numerous research activities in view of
acoustic certification. The present study, performed through
a collaboration between ONERA and SAE (Safran Aircraft
Engines), investigates the ability of CFD coupled to semi-
analytical methods to restitute the sound radiation from an
open-fan model, recently tested in S1-Modane wind tunnel.
Although more advanced numerical simulations as the ones
based on Lattice Boltzmann method are being explored,
mid-fidelity approaches are still helpful for fast predictions
at design stage or to assess representative sound
characterization in addition to (or coupling to) microphone
array processing. To this aim, a semi-analytical radiation
tool (Python code) based on a source-mode integral
formulation has been recently developed by ONERA in the
framework of a PhD (funded by SAE). This propagation
model is applied here for tone noise predictions, only
focusing on rotor and stator blade sound sources in subsonic
conditions. It has been also implemented (as a steering
function) in an in-house source imaging technique (not
discussed in the present work). Additional prediction
models based on Amiet’s theory are proposed and applied
to estimate the broadband noise contributions generated by
the propeller (self-noise) and the stator (interaction noise).
The required inputs to these prediction methods are issued
from CFD calculations performed and shared by SAE.

The paper is organized as follows. The open fan
configuration, so-called "EcoEngine", is briefly presented in
Section 2. Then the prediction methods (tone and
broadband noise) are presented in Section 3 and the
acoustic results are discussed in Section 4. Finally, some
conclusions and perspectives are addressed in Section 5.
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2. ECOENGINE CONFIGURATION

A test campaign named "EcoEngine", related to a 1/5.5
scale open fan engine designed by SAE, has been carried
out in SIMA ONERA wind tunnel (located in Modane)
during 2023 and 2024. The complete test matrix features
high-speed and low-speed regimes, isolated and installed
configurations, and angle of attack (incidence) effects.
Assessment of aerodynamics performance and acoustic
characteristics has been achieved using dedicated
instrumentation. Low-speed  isolated  configurations
considered in this paper were tested using an 8m-diameter
rig equipped with acoustic treatment on the walls. A
picture of the USF (Unducted Single Fan) model in the rig
with two arms of near-field microphones is shown in Fig. 1.
Several axial lines of wall-mounted microphones have been
used to assess far-field directivities (in the range of about +
6 meters) at different azimuthal positions.

The USF is made of a B-blade rotor and a W-vane
(homogeneous) stator. The take-off condition (sideline
certification point) is defined by a nominal (100%) rotation
speed and for a flight Mach number equal to 0.29.

Figure 1. Picture of the open fan model with two arms of
microphones and in SIMA wind tunnel

3. PREDICTION METHODS

3.1 Tone noise
3.1.1 Source-mode formulations (rotor and stator)

The tone noise prediction model is derived from the FW-H
(Ffowcs Williams and Hawkings) analogy written in the
frequency domain and by adopting a “source-mode”
formalism [1]. Equations associated to the thickness noise
(rotor) and loading noise (rotor and stator) terms are fully
detailed in [1]. Only final expressions in a condensed form
are given here:
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In these equations, pr and pr respectively denote the
thickness and loading noise, and superscript ' stands for the
stator contribution. All the variables within the integrals are
prescribed by geometry and kinematics except the harmonic
loadings, F5, which are the (unknown) inputs to be fed. The
steady loading is retrieved by setting s = 0 in Eqn. (2).

Tone noise predictions issued from these formulations have
been validated on a generic open fan model using URANS-
based inputs (see 3.1.3) by comparison with a trustworthy
time-domain FW-H solver (KIM) [2,3].
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3.1.2 Compactness approximation

A compact model (intended to microphone array
processing) can be also considered by integrating the
loadings (F5) along the airfoil and projecting onto usual
forces (the radial component being assumed negligible).
The azimuthal lift (£) and axial drag (©) so obtained and

applied at single (quarter—chord) position (Eeq) Writes:
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As discussed in [1], the initial span distribution can be also
approximated by a sum of radial strips, allowing to
practically reduce the surface sources (mesh cells) to about
ten compacted sources. A satisfactory agreement between
non-compact and compact solutions is shown in [1].

3.1.3 URANS-based inputs

URANS calculations have been performed by SAE using
elsA code (ONERA-Safran property) [4], with a finite-
volume approach and a K- Wilcox turbulence model. The
CFD domain limited to a single channel thanks to a
chorochronic approach counts about 35 million mesh cells.
The loading harmonics F; of order s are assessed from the
time domain solution using a Fourier transform of the
unsteady pressure F(f), as:
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A 3D visualization of typical loading harmonics on the
blade/vane surface of a generic open fan model issued from
URANS data post-processing is shown in Fig. 2.
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Figure 2. Iso-color level map (in dB) of pressure
loading harmonic (BPF1) on rotor blade and stator
vane surface (result from [3] for a generic open fan)

3.2 Broadband noise
3.2.1 Rotor self-noise

The rotor self-noise is achieved using ONERA code
BABAR, used here to estimate the TBLTE (Turbulent
Boundary Layer scattering from Trailing Edge) sound
mechanism, although other secondary sources can be
included following the work of Brooks et al. [5]. The
present model is derived from original Amiet's one [6]:
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The wall pressure spectrum (®pp) of Eqn. (7) can be
improved by using Schinkler [7] or Rozenberg [8] models,
and the main unknows to be provided (from RANS) are the
displacement thickness (8) and the boundary layer outer
velocity (Ue), extracted at 98% chord. The radial correlation
lengthscale, J, is currently estimated using Corcos' model.

3.2.2 Stator interaction noise

Broadband interaction noise, due to the turbulent blade
wakes impinging the stator vanes, is assessed using an in-
house code (7INA) derived from Amiet's theory too [9]. The
original isolated airfoil model has been extended to the
open-fan annular cascade geometry taking into account for
a stagger angle (&r). This updated formulation writes:

S, (sc,w)=[ <
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The radial evolution of the local geometry and turbulent
inflow characteristics is achieved through a strip approach.
The main inputs (provided by RANS) are the radial profiles
of the turbulence intensity (TI) and turbulence length scale
(TLS), used to fit the upwash turbulent velocity spectrum
(Ds2), adopting a standard von-Karman spectrum model.
These fields are obtained from CFD data extracted in a
section plane aligned with the stator leading edge.

3.2.3 RANS-based inputs

RANS calculations only including the rotor have been
performed too in order to provide the required inputs to the
respective broadband noise models. TI values required as
inputs for broadband interaction noise predictions are
classically deduced from the turbulent kinetic energy (K,
from K- Wilcox model). TLS value can be estimated by
following Pope [10], giving rise to the expression denoted
here Ap:
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Cr and C, are semi-empirical constants, practically set

equal to 0.4 and 0.09 for turbofan applications. Another

estimator is derived from the Ganz approach [11], relying

on the blade wake characteristics i.e., the area (4w) and the

velocity deficit (dw), assuming a gaussian shape. Ganz-

based TLS, denoted Ag, writes:
(A,)= 022 (10)

& d

w

Typical profiles of TI and TLS (adimensioned with
respective maximum value) obtained using RANS-based
data are plotted in Fig. 3.
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Figure 3. Radial profiles of turbulence characteristics:
TI (left), Pope-based and Ganz-based TLS (right)
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4. ACOUSTIC RESULTS

Acoustic results for tone and broadband noise at sideline
conditions are discussed in this Section. Predictions related
to EcoEngine configuration are restricted here to tone noise
calculations (Section 4.1), whereas broadband noise
analyzes (underway) should be discussed during the
Conference. Broadband noise predictions in Section 4.2 are
devoted to a SAE generic open fan geometry (INPRO
project) previously studied and never presented yet. Cross-
comparisons between ONERA and SAE (using own
industrial tool OPTIBRUI, originally devoted to turbofan
noise assessment [12,13]) solutions are addressed too.

A synchronous averaging is performed to split the tonal and
broadband contributions, required for more reliable
comparisons with respective predictions. Acoustic
measurements from selected microphones obtained this
post-treatment show a rather good emergence of the first
tones above the broadband noise (partly polluted by the
background noise and installation effects at low frequency).
Tone noise analyzes are focused on BPF1 and BPF2, since
mainly contributing to the overall spectrum level.

4.1 Tone noise
4.1.1 Predicted rotor and stator noise contributions

Predicted SPL directivities at 18 microphone positions of
wall-mounted axial antenna (at 12 o'clock) are first
analyzed and plotted for BPF1 and BPF2, in Figs. 4 and 5,
respectively. Contributions from rotor sources (steady and
unsteady loadings) and stator sources (unsteady loadings)
are addressed separately, for fully non-compact and
compact formulations. The expected variations in the
azimuthal direction with a 2m/W periodicity [1,3] are
assessed by calculating the radiated field on 8 duplicated
axial lines (including the actual antenna) regularly spaced
along this 21t/W sector. The curves in solid and dashed lines
are displaying the mean SPL directivities (from non-
compact and compact calculations) averaged over this
sector. The level scales are the same for all figures, so that
the balance between each contribution is clearly provided.
A reasonable agreement between non-compact and
compact solutions can be observed, which confirms the
possibility to adopt a compact source-mode model for fast
calculations (about 1 minute on a PC) and for microphone
array processing as discussed in [1]. At BPF1 (Fig. 4), the
SPL in the vicinity of the rotor plane (x = 0 m) is dominated
by the rotor steady loading noise, whereas the stator noise is
mainly contributing to the downstream radiation [-6 m, -2
m]. At BPF2 (Fig. 5), both steady and unsteady loadings
contribute to the rotor noise with maximum SPL close to
the stator one, giving rise to a flatter total directivity shape.
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Figure 4. Predicted SPL directivities (upstream x > 0) at
BPF1 issued from non-compact and compact formulations.
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Figure 5. Predicted SPL directivities (upstream x > 0) at
BPF2 issued from non-compact and compact formulations.
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4.1.2 Comparisons with measurements

Preliminary  qualitative comparisons with acoustic
measurements from microphones of wall-mounted axial
antenna are discussed here (these first results should be
shown during the Conference). Despite stronger oscillations
visible on the experimental directivities, the overall shape
and levels of predicted directivities, at same azimuthal
position than the selected antenna, are matching quite well
the measurements in the axial range [-4m, 4m]. Significant
deviations are observed for most upstream and downstream
microphones, more particularly for BPF1. Spectrum
analysis performed on these microphones, aiming at
splitting the tonal and broadband contributions has
evidenced that the expected tones were not actually found
to emerge from the broadband part (close to the threshold of
the wind tunnel background noise). This probably explains
this mismatch at the sides of the antenna. The main trends
from rotor and stator predictions discussed in Section 4.1.1,
showing that the steady loading from the rotor is mainly
contributing to the total noise (around the rotor plane) at
BPF1, whereas rotor and stator contributions are balanced
at BPF2, are confirmed by the experiment.

4.2 Broadband noise (INPRO case)
4.2.1 Rotor self-noise

The rotor-self noise has been assessed using RANS inputs
from SAE feeding the acoustic code BABAR. The wall
pressure spectrum is estimated using the Schinkler and
Rozenberg models, and the radial correlation length scale is
derived from Corcos's model. ONERA predictions are
compared to OPTIBRUI solution (using Rozenberg model).
PWL spectra and OASPL directivities for a circular antenna
at 45 meters from the rotor center are plotted in Fig. 6, top
and bottom, respectively. Schinkler-based power spectrum
predictions show a higher level at lower frequencies and a
stronger attenuation slope compared to the one obtained
with Rozenberg model. OASPL directivities are found
rather close for both models. A very nice agreement can be
observed between ONERA and SAE solutions with
identical ®p, model (Rozenberg here).
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Figure 6. BBN predictions provided by ONERA
(BABAR) and compared to SAE solution (OPTIBRUI):
PWL spectra (dB/Hz, top) and OASPL directivities on
a circular antenna (0° upstream) at 45 meters (bottom)

4.2.2 Stator interaction noise

A similar benchmark has been performed for stator
interaction noise using 7INA code, recently adapted for
open fan applications. The RANS-based radial profiles of
TI and TLS used as inputs for these calculations are those
shown in Fig. 3. The assessment of TI derived from the
turbulent kinetic energy provided by RANS is rather well
defined and reasonable deviations should be expected from
usual 2-equation turbulence models. On the other hand, the
estimation of a reliable TLS is more challenging, in
particular for these new USF architectures, for which
parametric studies and benchmarking as done for
turbofans [14] are missing. The TLS profiles in Fig. 3
estimated using Pope and Ganz approaches, commonly
adopted in turbofan applications, reveal significant
differences, trimming the stator noise predictions. Results
are displayed in Fig. 7, in which PWL spectrum and
OASPL directivity provided by TINA and OPTIBRUI are
matching quite well (when iso-inputs for turbulence profiles
are used), which makes these predictions (from two
different codes) more confident. As expected from Fig. 3,
large level differences can be observed when using Pope-
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based TLS, and experimental results should help to set the
good practices to fit the main trends.
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Figure 7. BBN predictions provided by ONERA
(TINA) and compared to SAE solution (OPTIBRUI):
PWL spectra (dB/Hz, top) and OASPL directivities on
a circular antenna (0° upstream) at 45 meters (bottom)

5. CONCLUSIONS

Tone noise and broadband noise predictions related to open
fan engines designed by SAE have been discussed in this
paper, focusing on take-off operating point. At this regime,
dominant sound radiation is expected to be mainly
generated by dipolar sources from rotor blade and stator
vanes, so that usual approaches derived from FW-H
analogy and Amiet's theory can be adopted, for tonal and
broadband noise assessment, respectively. Tone noise
calculations have been applied to an open fan model
recently tested in SIMA wind tunnel (EcoEngine test
campaign), while broadband noise analyzes are focused on
a previous generic USF (results never presented),
application to EcoEngine case being still underway.

SPL directivities obtained by using the FWH analogy
written through a source-mode formulation (Python code),
for which loading harmonics are provided by URANS

chorochronic calculations with ONERA-SAE els4 solver,
are found to match rather well the experimental ones at
BPF1 and BPF2 (quantitative results should be presented
during the Conference). For the broadband noise
assessment, rotor-self noise and stator interaction noise
contributions, predicted by using respective Amiet-based
in-house ONERA tools, have been compared to SAE
solutions issued from the code OPTIBRUI (currently used
by SAE). A fairly nice agreement in terms of PWL spectra
and OASPL directivities have been shown when using
common RANS-based inputs. First comparisons with
EcoEngine tests should be presented during the Conference
too.
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