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Abstract

Noise sources on the rotor of a scale-model turbofan are inves-
tigated at approach conditions. The fan geometry considered is
the baseline configuration of the “Fan Noise Source Diagnostic
Test” (SDT) experimental set-up. Based onReynoldsAveraged
Navier-Stokes simulations (RANS) competitive noise source
mechanisms, the turbulent interaction noise and the trailing-
edge noise on the rotor are investigated. The noise estimations
are compared to acoustic predictions from Large Eddy Simu-
lations (LES) which consider only the rotor row and include a
single blade, and to noise measurement performed by NASA .
Focus is made on the modeling of the noise excitations in the
analytical predictions.

Nomenclature

δ∗ Displacement thickness
δ99 Boundary layer thickness
∂p
∂s Streamwise wall pressure gradient
Λ f Integral length scale of the turbulence
ω Turbulent eddy frequency
τw Wall shear stress
Θ Momentum thickness
D Turbulent length scale coefficient
I Intensity of the turbulence
k Turbulent kinetic energy
ly Spanwise coherence length
Ma Mach number

Uc Turbulent eddy convective speeds
Ue Exterior stream velocity
W Relative velocity
FWH Ffowcs Williams & Hawking’s analogy
LE Leading-edge
LES Large Eddy Simulation
RANS Reynolds Averaged Navier-Stokes
SDT Fan Noise Source Diagnostic Test
TE Trailing-edge
TEN Trailing Edge Noise
TIN Turbulence Interaction Noise

Introduction

In high bypass ratio turbofan engine designs, the fan secondary
stream has become a major contributor to the overall engine
noise. The "Fan Noise Source Diagnostic Test" (SDT) ex-
perimental set-up was investigated by NASA to provide an
extensive database of aerodynamic sources and aeroacous-
tic diagnostics of the broadband fan/OGV interaction mech-
anism (Hughes et al., 2002; Podboy et al., 2002; Woodward
et al., 2002). The present work focus on the analytical noise
predictions for the rotor noise which can be obtained from
Reynolds Averaged Navier-Stokes (RANS) performed on the
NASA SDT configuration at approach conditions including
the rotor row only. Following part 1 (Pérez Arroyo et al.,
2019) which focuses on the impact in the flow around the rotor
blades and its sensitivity to different computational methods,
the present part 2 details the noise sources expected on the
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rotor and their modeling. The analytical predictions are based
on the RANS results obtained for the most refine grid and
compares the sound power predictions with both experimental
measurements and far field acoustic pressure computed from
the most precise Large Eddy Simulation (LES) presented by
Pérez Arroyo et al. (2019). The noise sources and the analyti-
cal models considered in the present study are described in the
next section. The excitation models required to generate the
noise sources from the RANS flow inputs are described and
analyzed. Finally the acoustic predictions and conclusions are
presented in the last section.

Investigated noise sources

Considering approach conditions for which tip Mach number
is around 0.6, the unsteady loading caused by the various tur-
bulent fluctuations interacting with the blade edges will be
the dominant broadband noise sources over thickness noise or
mixing noise (Goldstein, 1976). Themainmechanisms include
the interactions of incoming turbulent fluctuations at the blade
leading edge, the scattering of the turbulent boundary layers
at the trailing-edges and the tip gap flow structures scattering
on the tip of the blades. These turbulent structures can be
typically identified in the LES instantaneous flow field using
an isosurface of Q-criterion as shown in Fig. 1. In particu-
lar, the turbulent boundary developing along the suction side
can be clearly identified. The development of the boundary
layer is drastically different from hub to tip yielding the wake
development analyzed in the companion paper (Pérez Arroyo
et al., 2019). The tip-gap complex turbulent structures are also
quite intense due to the operation of the fan away from its de-
sign point. The detail flow analysis is shown in (Pérez Arroyo
et al., 2018). The blockage induced by the tip gap structures
influences close to the leading-edge the incoming boundary
developing along the duct wall.

For the same operating point, several RANS simulations have
been performed. A detailed mesh convergence study is pre-
sented in the companion paper (Pérez Arroyo et al., 2019) and
the same naming convention for the simulation configurations
is used in the present paper. From the three grids, investigated
results for the finer grid resolution RO-V3 will be considered
in the present work. For this grid, the three turbulence closure
models k − ω SST (SST), k − ω Baseline (BSL), and a tran-
sitional version (TRANS) of the k − ω SST model have been
computed. These simulation results will be used to provide the
flow quantities for the broadband noise predictions of the rotor
using analytical models. The noise mechanisms considered in
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(a) Global view on the suction side.

(b) Detail view on the tip flow from above.

Figure 1 Turbulent structures as captured by the
LES of the SDT fan blade at approach conditions.

the present study includes the turbulence impingement on the
rotor leading-edge (TIN) and the trailing-edge noise (TEN).
The tip-gap flow noise contribution is not considered, as no
simple analytical formulation exists in the literature yet, but its
influence through the flow blockage will be somehow captured
as highlighted by the casing boundary layer profiles presented
in (Pérez Arroyo et al., 2019).

Analytical aeroacoustic models can be used to provide rapid
predictions of the far-field noise (Moreau and Roger, 2018;
Moreau, 2019). They are analytical formulations obtained
from the application of an acoustic analogy, which relates the
pressure fluctuations on the blade to the acoustic fluctuations
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in the far-field, using simplified flow and geometry descrip-
tion. Typically the blade is divided into Ns strips which are
further simplified as finite chord flat plates in rotation into a
parallel uniform mean flow. Camber, thickness and angle of
attack effects are indeed of second order for the leading-edge
problem (Moreau et al., 2005; Moreau and Roger, 2018). The
discretization into strips allows accounting for the hub to tip
flow variation, although the influence of the actual flow direc-
tion is ignored. The main limitation of the present approach
is to consider uncorrelated noise sources between the strips,
which is valid if the spanwise correlation length of the tur-
bulent excitation is smaller than the blade strip (Amiet, 1975;
Christophe et al., 2009).

Amiet’s formulation provides the far field acoustic spectra Spp
of the blade performing a revolution around the machine axis
by integrating the noise emission of an isolated flat plate in
translation into a uniform flow (Amiet, 1989; Sinayoko et al.,
2013) accounting for the Doppler effect. The doppler fre-
quency shift factor accounts for both the relative motion of the
blade segment with respect to the fixed observers and the rela-
tive motion of the acoustic waves to the blade segment (Amiet,
1989; Sinayoko et al., 2013). The acoustic spectra of a flat
plate lightly loaded can be computed using Amiet’s model for
leading-edge (Amiet, 1975) and trailing-edge (Amiet, 1976;
Roger and Moreau, 2005). In addition to the acoustic am-
plification factor and aero-acoustic transfer functions that ap-
pear in the model, the acoustic spectra is directly related to
the turbulent fluctuations causing the noise emission. For the
leading-edge mechanism, the acoustic spectra is proportional
to the upwash velocity two dimensional wavenumber spec-
tra Φww of the incoming turbulence at the given strip. For
the trailing-edge noise, the turbulent boundary layer excitation
is modeled by a wall pressure fluctuation spectra Φpp and a
spanwise coherence length scale ly of the pressure fluctuations
upstream of the trailing-edge. The modeling of these excita-
tion spectra will be analyzed in the next section. Amiet’s ap-
proach assumes uncorrelated blade segments. The rectangular
plate has to be oriented along the chordline of the blade seg-
ment and rotated to match the leading-edge and trailing-edge
of the blade (Christophe et al., 2010). The acoustic spectra
can be computed on a sphere of observers centered on the
fan. The upstream and downstream acoustic power can be ob-
tained by integration over the upstream and downstream half
spheres respective to the fan position. It is a fast and robust
approach which has been successfully applied to various low
to moderate-speed fans (Moreau and Roger, 2007; Rozenberg
et al., 2010; Sinayoko et al., 2013; Sturm et al., 2015; Sanjosé
and Moreau, 2018).

Because of the large blade number and the long chord of
the SDT blade geometry, overlapping between blades is quite
important, especially in the upper part of the duct section.
Such narrow blade passages influence the acoustic radiations
generating modal structures which can trap and distribute the
acoustic energy unevenly between upstream and downstream.
This effect can be captured analytically by considering the
rectilinear cascade modes that develop in between infinite flat
plates (Glegg, 1999). Based on Glegg’s response expressed in
terms of velocity potential, Hanson has developed an efficient
sound power expression for the turbulent interactionwith a gen-
eralized cascade row by integrating the acoustic intensity over
the duct area of the Ns cascade segments which are uncorre-
lated (Hanson, 2001). The final expression (Eq. 64 or 117 in its
simplified form in Hanson (2001)) provides the upstream and
downstream acoustic spectra as a sum over azimuthal modes,
turbulent wavenumbers and a scattering index of the upwash
turbulent velocity three-dimensional wavenumber spectraΦww

and an acoustic cascade power spectra. This model has been
successfully applied to turbofan configurations (Hanson, 2001;
Leonard et al., 2016).

There is no simple extension of cascade response to trailing
edge noise, hence for trailing edge noise only the isolated re-
sponse from Amiet’s approach is considered.

Excitation models

Turbulence modeling

The incoming turbulence is assumed locally homogeneous and
isotropic. The turbulent von Kármán spectrum is used in the
two analytical approaches considered. In Amiet’s approach,
the turbulent fluctuations are considered to be normal to the
flat plate considered, hence a two dimensional wavenumber
spectra is used by integrating the three dimensional wavenum-
ber spectra (Pope, 2000; Christophe et al., 2009). In Han-
son’s approach, three dimensional gusts with respect to the
cascade segment are considered. The von Kármán spectrum is
parametrized by the turbulent intensity I and the wavenumber
of the most energetic scales ke. The latter can be expressed in
terms of the integral length scale of the turbulence Λ f . Both
parameters can be obtained from a RANS simulation using the
turbulent kinetic energy k and the turbulent eddy frequency ω.

I =

√
2
3 k

W
Λ f= D

√
k

Cµω

with D ' 0.43 provided from empirical measurements (Pope,
2000), a parameter that relates the integral turbulent length
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scale with the turbulent length scale of the RANS model.

In the RANS simulations, no turbulence is injected at inlet, but
boundary layers develop along the spinner and duct walls. The
turbulent parameters, in addition to mean flow definitions are
extracted 15% upstream of the rotor leading-edge. The pro-
files obtained for the three RANS models are shown in Fig. 2.
They are compared to the similar quantities obtained from the
LES-TTG4A-NS simulation Pérez Arroyo et al. (2018). Note
that only the turbulent intensity is computed from the RMS
velocity components, no time resolved signals were recorded
upstream of the blade. The turbulent intensity is very low
(below 1%) except close to the casing wall. There the k − ω
Baseline (BSL) model provides higher levels than the two oth-
ers reaching a maximum of 2% on the casing wall. Because
the LES simulation does not resolve the casing boundary layer,
the turbulent intensity only reaches a maximum of 4% at this
location. Similarly the three RANS models provide similar
trends for the integral length scale with value ranging from
1 mm at the hub to a maximum of 4 mm at about 80% of the
duct section. The BSL model reaches a maximum at the duct
wall, while the other two are decreasing. These extractions
highlight that the turbulent modeling in the RANS simulations
influence how the secondary flows are captured which are the
main noise sources. In particular the differences close to the tip
will influence the acoustic response of the outer strips which
are the main noise contributors since they experience higher
velocity due to the rotational speed.

Figure 2 Turbulence intensity parameters extracted
upstream of leading-edge for the RO-V3 simulations

with the standard k − ω SST model (SST), the
transitional SST model (TRANS) and the k − ω

Baseline (BSL) model.

Wall-pressure fluctuations modeling

The wall-pressure fluctuation spectra are modeled using two
different empirical models: Rozenberg’s model that is a
Goody’s model extension to turbulent boundary layer with ad-

verse pressure gradient (Rozenberg et al., 2012) and Gliebe’s
model that is a simple model developed for turbofan en-
gines (Gliebe et al., 2000). The former depends on five pa-
rameters of the boundary layers that need to be extracted: the
boundary layer δ99, the displacement thickness δ∗, the mo-
mentum thickness Θ, the wall shear stress τw and the pressure
gradient ∂p

∂s . In case of a favorable (negative) pressure gra-
dient, the model recovers Goody’s model. Gliebe’s model is
much simpler and only depends on δ∗.

Φ
G
pp(ω) = ρ

2δ∗U3
e

1.0 × 10−4(
1 + 0.5ω̃2

)5/2 (1)

ΦR
pp (ω)Ue

τ2maxδ∗
=

[
2.82∆2

(
6.13∆−0.75 + F1

)A1
]

F2ω̃
2[

4.76ω̃0.75 + F1

] A1
+

[
C ′3ω̃

]7 (2)

with the different parameters defined below:

F1 = 4.76 (0.375A1 − 1)

(
1.4

∆

)0.75
F2= 4.2

Π

∆
+ 1

A1 = 3.7 + 1.5βc C ′3 = 1.1∆R−0.57T

Π = 0.8 (βc + 0.5)
3/4 βc=

θ

τw

∂p
∂s

∆ =
δ

δ∗
RT=

τwδ

ρνUe
ω̃ =

ωδ∗

Ue

For details concerning the physical meaning of the parameters,
the reader is referred to Rozenberg et al. (2012). The boundary
layers are extracted for both the suction and pressure sides at
85% upstream from the trailing-edge following the extraction
procedure described by Sanjosé and Moreau (2018).

The displacement thickness and the wall shear stress evolutions
are shown in Figs. 3 and 4 for the suction and pressure sides
respectively. The same parameters have been extracted from
the LES results. Globally for all RANS models, the boundary
layer parameters are similar from hub to tip. With the outer to
inner timescale ratio RT the difference between the turbulence
closuremodels in the tip gap flow resolution are captured as this
flow influences the outer region of the suction side boundary
layer in the last 30% of the blade. The wake law parameter Π
which measures the influence of pressure gradients is quite the
same as the loading of the blade is similarly captured in the
three simulations (Pérez Arroyo et al., 2019). Only differences
appear in the last 10% of the blade height. On the suction
at the tip, for the BSL model, δ∗ increases capturing in fact
the tip gap flow. On the pressure side, the boundary layer is
experiencing favorable pressure gradient. As a consequence,
the boundary layers are much thinner. Also more variations
are observed between extracted δ∗ similarly to the observations
made in the companion paper (Pérez Arroyo et al., 2019). Note
that the displacement thickness tends towards zero at the tip as
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it is sucked towards the suction side as shown in Fig. 1. The
extractions for the LES show similar Π and δ∗ profiles than
for the RANS computations on the suction side, except in the
last 10% of the blade height where the tip gap flow strongly
affects these parameters. The RT parameter is quite smaller
as highlighted by the Cf maps shown in (Pérez Arroyo et al.,
2019). On the pressure side, the boundary layer captured in the
LES is quasi-laminar, hence yielding lower shear stress, and
thickness.

Figure 3 Boundary-layer extractions at 80% of chord
length on the suction side.

Figure 4 Boundary-layer extractions at 80% of chord
length on the pressure side.

To better measure the influence of the wall pressure modeling
the spectra obtained for the two investigated empirical models
are compared to the wall pressure fluctuation spectra recorded
in the LES-TTG4A-NS simulation. The wall-pressure spectra
for three blade radii at 80% of the chord length are compared
in Fig. 5. On the suction side, for frequency below 3 kHz,
the LES spectra are influenced by the secondary flows coming
from the hub and tip-gap flow structures identified in Fig. 1.
As expected from the model definitions, the two investigated
empirical models perform very differently. Overall, Gliebe’s
model is predicting spectral amplitude in good agreement with
the computed spectra in the LES, for both the suction and
the pressure sides. It is not able to capture the right spectral
shape in most of the locations shown in Fig. 5, in particular
the roll-off position appears at too high frequency and the −5

slope is higher than what is captured in the LES. Rozenberg’s
model is systematically lower by 20 dB in all locations, but it
provides globally a good spectral shape compared to the LES
computed spectra. Rozenberg’s model is also more sensitive to
the RANS model, especially on the pressure side where most
significant differences have been be captured. In particular,
the spectra obtained with the transitional k − ω SST model
(TRANS) are the one which capture the best agreement for the
roll-off location and high frequency slope with LES results.
These comparisons demonstrate that there is still room for
improvement in the wall-pressure spectra modeling at high-
speed to provide accurate noise source inputs.

Spanwise coherence length

The spanwise coherence length ly is modeled using the Salze-
Efimtsov model which is an adaptation of the empirical model
obtained by Efimtsov (Efimtsov, 1982) to overcome the un-
physical behavior of Corcos’s model at low frequency (Salze
et al., 2014).

ly(ω) = δ∗
©«a4ω̃

(
Ue

Uc

)2
+

a25

ω̃2
(
∆2

Ue

uτ

)2
+

(
a5
a6

)2 ª®®¬
−1/2

(3)

with the following parameters:

a4 = 0.85 a5= 100 a6 = 1

uτ =
√
τw
ρ

Uc= 0.8Ue

Acoustic results

Influence of the modeling on the acoustic predictions

Based on the flow inputs extracted from the RANS simulation
on mesh RO-V3, excitation models as detailed in the previous
section, acoustic predictions can be obtained for the rotor noise.
The blade geometry in the present study is discretized with
Ns = 20 strips to fulfill the assumption of uncorrelated blades.
The strip span is about 10 mm, smaller than the maximum
integral length scale of the incoming turbulent flow (Fig. 2)
and than the maximum displacement thickness of the bound-
ary layers scattering at the trailing-edge (Fig. 3). For Amiet’s
approach, applied for both TIN and TEN noise mechanisms the
far-field acoustic spectra are computed on an observer sphere
located at 2 m from the fan center and discretized with 35 ob-
server locations in the meridional plane. The acoustic power
is obtained by integrating on the sphere, splitting it into an
upstream and a downstream part to get the upstream and down-
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Figure 5 Wall-pressure fluctuations at 80% of chord length. Top: pressure side, Bottom: suction side. From
left to right at 20, 50 and 80% of duct height.

stream spectra. For Hanson’s model applied for TIN mecha-
nism, the acoustic power is computed by summing over 100
azimuthal modes. The scattering index summation and the
turbulent wavenumber integration are performed on the ellipse
of cut-on modes as described by Hanson (2001).

Figure 6 shows the acoustic predictions for the three RANS
simulations and the two aeroacoustic approaches used for the
turbulence interaction noise. Both predictions provide quite
similar sound power levels highlighting that the key parame-
ters are the flow input parameters which are similar in both
approaches, extracted from the three RANS simulations. In
particular, the BSL results are drastically different from the
results of the other two models. This can be directly related to
the higher intensity and larger integral turbulent scale captured
close to the tip in the BSL simulation as previously identified
in Fig. 2. The maximum is shifted by 10 dB and the spectra
is rotated around its roll-off frequency value, yielding higher
sound power levels in the lower frequencies. The latter is re-
lated to the increase of the integral length scale. The upper part
of the blade is also clearly identified as the main contributor
to the far field acoustic. For both approaches, the downstream
sound power levels are of higher amplitudes than the upstream
ones by about 5 dB. This directivity pattern is thus not due to
cascade effects but instead to the blade geometry and particu-
larly its twist which orientates the dipolar lobes of the unsteady
loading radiations which is modeled here. Cascade effects can
instead be identified looking at frequencies lower than 5 kHz.
The acoustic power is reduced by few dB downstream and
increased upstream compared with the isolated spectra.
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Figure 6 Turbulence interaction noise. Top: Amiet’s
approach (isolated), bottom: Hanson’s model

(cascade).

Rotor alone noise predictions

The predictions based on RANS inputs are compared with
the acoustic measurements performed by NASA on the base-
line rotor alone operating at approach conditions (Woodward
et al., 2002). For that particular measurements, the stator row
is removed and the nacelle has been adapted to limit the in-
teractions with the pylon in the anechoic wind-tunnel. The
acoustic power measured is filtered out from emerging tones
and integrated over bandwidth of 59 Hz.

In addition to measurements, the wall pressure fluctuations
have been recorded on the blade surface in the LES-TTG4A-
NS simulation. The far-field noise acoustic is computed us-
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ing Ffowcs Williams & Hawking’s analogy accounting for the
wind-tunnel convection effects (Ma = 0.1) at several angular
locations on a sphere of 2 m radius with an angular spacing of
3 degrees. The Sound Power Levels (SWL) for upstream and
downstream are integrated excluding the grazing angles below
30 degrees similarly to (Casalino et al., 2018). The power for
the complete rotor is obtained by the correlated summation of
the power computed for a single blade.

The analytical results, obtained by summing the TIN and the
TEN contributions are shown for the k −ω SST and the k −ω
Baseline in Fig. 7 computed with Amiet’s approach.
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Figure 7 Sound power levels obtained with Amiet’s
approach, FWH analogy from LES and measured by
NASA. Top: inputs from RO-V3-SST, bottom: inputs

from RO-V3-BSL. Left: Upstream sound power,
Right: downstream sound power.

The results obtained from the noise sources recorded in the
RO-TTG4A-NS simulation are in relative good agreement with
the measured sound spectra. The limited simulation domain
including a single blade is certainly responsible for spurious
effects that can affect several range of frequencies. The com-
putational domain corresponds to an angular sector of 2π/22.
Hence azimuthal modes with the angular period larger than
this angle cannot be resolved. It excludes all azimuthal mode
orders up to m = 22 from the acoustic spectra. The drop in
levels for frequencies below 2862 Hz can be related to this phe-
nomenon. On the other hand the single blade domain enhances
the correlation of blade to blade especially given the large co-
herent noise sources in the tip-gap identified in Fig. 1. At high
frequencies, the FWH results provide excellent agreement with
the NASA experiments.

On the analytical side, the acoustic results demonstrate again
the key influence of the flow input parameters and the excita-
tion modeling. The TIN and TEN mechanisms are compet-

ing at high frequencies. Below 10 kHz the modeling of the
blade turbulent boundary layer wall-pressure spectra is cru-
cial. As expected from the previous study, Gliebe’s model
allows capturing the noise amplitudes of the LES simulation
results. Considering the missing tip-gap noise contribution,
this agreement should not be considered as satisfactory. The
RO-V3-BSL RANS simulation, with higher incoming turbu-
lence close to the casing walls, provides a closer prediction to
the experimental results, even with the under-estimation of the
trailing-edge noise obtained from Rozenberg’s wall-pressure
spectra.

Conclusions

The broadband noise of the rotor of the “Fan Noise Source
Diagnostic Test” from NASA is investigated by means of ana-
lytical approaches based on the flow properties which can be
extracted from Reynolds Averaged Navier-Stokes simulations.
The noise sources investigated are the turbulent fluctuations
which induced unsteady blade loading. Three noise contribu-
tions can be considered: the turbulence impingement on the
blade leading-edge, the turbulent eddies from the developing
boundary layer along the blade scattering at the blade trailing-
edge and the coherent structures from the tip-gap flow inter-
acting with the blade tip. Only the first two are investigated in
the present study by means of Amiet’s approach and Hanson’s
model. The excitation model which provide the noise source
spectra from the RANS aerodynamic results plays a crucial role
in the noise predictions. In particular, the modeling of the wall
pressure fluctuations in the boundary layers of the blade drives
the main uncertainties. The RANS turbulent closure model
plays an important role as well in order to capture the proper
state of the boundary layers on the casing and on the blade.
Finally, the choice of the aerodynamic approaches including
cascade effects or considering isolated blade response is of
minor importance given the influence of the previous factors.
Low order models such as Amiet’s approach provide reliable
noise predictions if attention is paid to the flow extraction and
the excitation modeling. Research studies are still required to
accurately model the wall pressure fluctuation spectra in turbu-
lent boundary layers. The trailing-edge noise is a competitive
noise mechanisms for high speed turbomachines.
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