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In problem involving noise generated by fans or high-lift devices in uniform stationary flow, trailing
edge noise has a primary interest. This paper proposes to study the trailing edge noise produced by a
Controlled-Diffusion (CD) airfoil specially developed for automotive engine cooling by Valeo. LES flow
computations are realised using the open source OpenFOAM solver on different grids for a Reynolds
number based on the chord of Rec=1.6x10° and an angle of attack of 8 degrees. The computations
are compared with pressure and velocity measurements obtained respectively by both pressure probes
and hot-wire anemometry. The results show the necessity of selecting proper boundary conditions and
grid refinement in order to obtain correct flow prediction around the trailing edge. The far field noise is
computed using the Ffowcs-Williams and Hall’s anology using velocity information in a volume around
the trailing edge and is compared to microphone measurements. The different mechanisms of sound

production appearing at different frequencies are highlighted.

1 Introduction

Trailing-edge noise or broadband self-noise, caused by
the scattering of boundary-layer vortical disturbances
into acoustic waves, occurs at the trailing edge of any
lifting surface. It can even become the dominant source
of noise generated by rotating machines such as fans,
turboengines [1], wind turbines [2], and other high-lift
devices [3] in the absence of any other interaction noise
source. These noise levels can be hopefully reduced
by properly identifying the sources of self-noise, and
subsequently modifying design parameters that affect
these noise sources. The large computational costs as-
sociated with unsteady turbulent flow simulations have
however limited most numerical studies to simplified ge-
ometries such as airfoils. The first LES of the flow
over the Valeo Controlled-Diffusion (CD) airfoil was
performed by Wang [4] at a moderate angle of attack
(a.0.a) of 8°, which corresponds to the design condi-
tion or the maximum static efficiency of the associated
fan. It used a large structured mesh with 5.1 million
nodes to yield stable and accurate flow solutions. Sub-
sequent attempts to reduce the computational costs in-
cluded the use of non-conforming boundary methods
such as the Lattice Boltzmann method and Immersed
Boundary method [5], as well as hybrid solution meth-
ods such Detached Eddy Simulations [6]. These tech-
niques yielded less accurate mean wall-pressure distribu-
tions (larger laminar recirculation bubble near the lead-
ing edge and possibly turbulent flow separaration near
the trailing edge) and frequency spectra near the trailing
edge than those obtained by Wang [4]. An alternative
approach was then taken by Moreau et al. [7], involving
the flow solver CDP and several LES on unstructured
grid topologies. It showed that accurate results for all
flow quantities could be obtained with the unstructured

flow solver, provided the grid remained smooth and reg-
ular enough in all directions.

The present work proposes to study the influence of
mesh refinement on the LES flow for this moderate an-
gle of attack (a,, = 8°). This will help to define the
methodology to apply and possibly improvements re-
quired in such airfoil flow conditions to reach reliable
results compared to experiments. This study encom-
passes the correct resolution of the flow around the air-
foil and the prediction of the trailing edge noise using
the Ffowcs-Williams and Hall’s analogy, specially devel-
opped for trailing edge noise.

2 Experimental database

The first experimental data, including wall-pressure
measurements and some of the hot-wire measurements,
were collected in the large anechoic wind tunnel of
the Ecole Centrale de Lyon (ECL). Additional hot-wire
measurements have been conducted at Michigan State
University (MSU), where the MSU 0.61 m2 tunnel has
been modified to closely match the configuration of the
ECL wind tunnel.

The airfoil mock-up has a 13.4 cm constant chord
length (C') and a 0.3 m span (L). It is held between two
horizontal side plates fixed to the nozzle of the open-jet
wind tunnel. These plates are 25 cm (~1.85 C') apart
and the width of the rectangular jet is 50 cm (/3.7 C).
All of the tests presented here were run with a speed
Uy = 16 m/s, which corresponds to a Reynolds number
based on the airfoil chord length Rec=1.6x10° and an
angle of attack with respect to the chord, a,,, of 8°.

The CD airfoil mock-up is equipped at midspan with
21 flush-mounted remote Electret microphone probes
(RMP) (Pérennes & Roger [3]). The RMPs measure



Figure 1: Flow topology described by the @ factor
(Q = 1000s~2 iso-contours) for both computations :
(a) 64 spanwise cells and (b) 128 spanwise cells.

both the mean and fluctuating pressure within a fre-
quency range of 20 Hz—25 kHz. Details of the wall-
pressure measurements in this configuration can be
found in Moreau & Roger [8]. The far-field noise is mea-
sured simultaneously using a single B&K 1.27 cm (1/2’)
Type-4181 microphone.

3 LES flow computations

3.1 Flow solver

The LES is based on the spatially filtered, incompress-
ible Navier-Stokes equations with the dynamic subgrid-
scale model. Equations are solved with the open source
finite volume solver OpenFOAM using schemes that are
second-order accurate in space and time. Preliminary
RANS computations are required to provide the LES
boundary conditions for computations, as described in
the next section. These are performed using the Shear-
Stress-Transport (SST) k — w turbulence model, with
again second order accurate solution for all variables.

3.2 Grid topologies and boundary con-
ditions

The flow around an airfoil in an open-jet wind tunnel
facility differs significantly from that around an isolated
airfoil in a uniform stream. In the present case, the air-
foil is immersed in a jet of finite width, which is deflected
by the circulation created by the airfoil and then has
an impact on the airfoil loading and the corresponding
noise created. This can be seen by the large deflection of
the bounding shear layers (Moreau et al. [9]). In order
to match experiments closely with the LES computa-
tions, the following procedure is used. A 2-D Reynolds-
Averaged Navier-Stokes (RANS) simulation of the com-
plete open-jet wind tunnel configuration including the
nozzle, the airfoil and part of the anechoic chamber is
first required to capture the strong interaction between
the jet and the CD airfoil and its impact on the airfoil
load at any incidence. The full RANS simulation pro-
vides velocity boundary conditions for a smaller LES
truncated domain, which is embedded in the potential
core of the jet. This method proved its efficiency, as the
first LES of the CD airfoil at a small angle of attack
of 8° performed by Wang [4] closely reproduced the ex-
perimental conditions found in the ECL large anechoic
wind tunnel.

The low Reynolds number Rec and the large jet-
width to chord ratio in the present experiment allows a
computational domain around the full airfoil. The size
of the computational domain is : 4 C' in the streamwise
(x) direction, 2.5 C in the crosswise (y) direction and
0.1 C in the spanwise (z) direction. The resulting LES
grid is a single block-structured C-mesh, with 960 x 84
x N cells, where N can be 64 or 128, in the present com-
putations. Smooth grid-distribution and orthogonality
at the wall are again applied and the grid-stretching ra-
tio is limited in the streamwise and crossflow directions
to ensure numerical stability.

The LES use a no-slip boundary condition on the air-
foil surface, a convective outflow boundary condition at
the exit plane, and the steady RANS velocity (U and V)
along the upper and lower boundaries. Periodic bound-
ary conditions are applied in the spanwise direction.

Computations were run for at least 5 flow-through
times, based on the freestream velocity and airfoil chord
length, before a statistically steady state was reached
and mean values were collected. Airfoil surface pressure
and wake velocity statistics were then acquired for a
period of at least 4 flow-through with a sampling rate
of 50 kHz.

3.3 Results

The flow topology is first illustrated in Fig. 1 by the iso-
contours of constant () factor, which show the level of
vorticity and the size of the turbulent structures in the
flow at a given instant. It shows for both cases a lam-
inar boundary layer on the lower (pressure) side of the
airfoil, and a transitional and turbulent boundary layer
on the upper (suction) side. Transition on the suction
side is trigerred by an unsteady laminar separation near
the leading edge, where small vortices are born close to
the reattachment point of the laminar recirculation bub-
ble. The flow re-laminarizes towards mid-chord because
of the favorable pressure gradient. When this gradient
becomes adverse, the boundary layer thickens again and
more and larger vortices are created towards the trail-
ing edge. Like its laminar counterpart on the pressure
side, the turbulent boundary layer remains attached as
it passes the trailing edge despite of the strong adverse
gradient. Furthermore, the influence of the mesh re-
finement in the spanwise direction is clearly observed
in Fig. 1. As expected, smaller structures are formed
directly after the recirculation bubble with 128 cells in
the spanwise direction instead of 64. These structures
are then convected along the airfoil chord, resulting in a
wake containing more structures with a finer grid. In the
recirculation region, no speficic differences are observed
with the mesh refinement. Moreover, vortex shedding
seems to appear from the pressure side at the trailing
edge, as observed in the experiments. The importance
of this phenomenon on the noise radiation will be illus-
trated in section 4.

The mean and fluctuating wall-pressure were ana-
lyzed for each of the LES runs and compared with the
RMPs measurements by Moreau & Roger [8]. The mean
pressure on the surface, characterized by the pressure
coefficient —C)p, is shown in Fig. 2.

These results show that the LES computations are in
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Figure 2: Mean wall-pressure coefficient —C), along all
blade surface for both computations : (plain) 64
spanwise cells and (dash) 128 spanwise cells.
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Figure 3: Frequency spectra of the wall pressure
fluctuations on the suction side in the leading edge
area (v/C = —0.02) : (dash) 64 spanwise cells,
(dash-dot) 128 spanwise cells, (dash-dot-dot) Wang’s
computation and (long dash) CDP computation.
(plain) Experiments.

reasonable good agreement with experiments. This also
illustrates that the approach, consisting in transfer of
flow boundary conditions between the RANS and LES
computations, provides high fidelity in terms of global
flow conditions. Only small differences are observed be-
tween the two present computations in the leading edge
recirculation region.

The wall-pressure spectra near the trailing edge are
compared with the measurements above RMP#25 in
Fig. 3 for both computations. Both LES results are
very similar, particularly for f > 2000 Hz, where all the
numerical pressure spectra agree with the experimen-
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Figure 4: Wake velocity data. (top) Normalized mean
velocity U /Uy and (bottom) Normalized rms velocity
fluctuations U /Uy at four z/C locations : (a)
2/C = 0.0574, (b) 2/C = 0.0940, (¢) z/C = 0.1313
and (d) z/C = 0.1686. (plain) 64 spanwise cells and
(dash) 128 spanwise cells. (dots) Experiments.

tal one. The main differences appear at low and mid
frequencies where the effects of the mesh refinement is
observed. The improvement in the mesh refinement is
reducing the gap between the numerical and experimen-
tal pressure spectra at low frequencies (below 500 Hz)
up to 2 dB at the trailing edge. Similar behavior has
been also observed in Christophe et al. [10]. Neverthe-
less, the best computation (128 spanwise cells) is still
overpredicting the pressure spectrum at low and mid
frequencies compared to experiments (up to 5dB). A
comparison of the present computations with other com-
putations in the same conditions on the identical grid,
but using different codes, is also shown. The CDP and
present results show better agreement with the experi-
mental data at higher frequencies than those obtained
by Wang [4], which tail off more quickly with frequen-
cies, suggesting that boundary layers lacks very small



scale structures. At low frequencies, the present com-
putation predicts similar amplitude of the wall-pressure
spectrum compared to other CFD results.

Velocity data were extracted for each computation,
at locations that matched those of the hot-wire probes
in the experiments of Moreau et al. [9]. Fig. 4 shows the
mean and rms of velocity fluctuations for the stream-
wise U component at four different measurement sta-
tions from x/C = 0.0574 to z/C = 0.1686. For all
stations, and for both mesh refinements, computations
present very similar shapes with a wake deficit close to
those of the experiments. Nevetheless, a slight shift ap-
peared systematically in the crosswise direction between
the computations and the experiments, illustrated by
an underestimation in the lower part of the wake (pres-
sure side) and an overestimation in the upper part of
the wake (suction side). Concerning the rms of the -
velocity fluctuations, both mesh refinements show simi-
lar profiles qualitatively than those observed in the ex-
periments. Both computations reproduce correctly the
position of the maximum peak of rms of the x-velocity
correctly(the location of the higher shear in the wake).
The amplitude of this peak is overpredicted by both
computations for all stations. Finally, as for the ve-
locity, the rms of the z-velocity is overpredicted in the
upper part of the wake for both mesh refinements.

4 Noise computation
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Figure 5: Evolution of the far field acoustic spectra in
the mid span plane above the airfoil (6 = 90°,
R =2 m) with the distance of the source integration
domain boundaries from the trailing edge for different
frequencies : (a)446.9 Hz, (b) 1787.8 Hz (-20 dB) and
(c) 7151.2Hz. (plain) right, (dash) top, (dash-dot) left
and (dash-dot-dot) bottom boundary.

4.1 Ffowcs-Williams and Hall’s analogy

Similarly to other well know hybrid methods based on
acoustic analogies [11, 12], the Ffowcs-Williams and

Hall’s analogy is considering the decoupling of the sound
sources computation (ie. the LES computation de-
scribed above) and the sound computation, considered
as a post-processing step of the source computation. Be-
cause the source field is computed from incompressible
Navier-Stokes equations, a hard-wall Green’s function,
whose normal derivative vanishes on the airfoil surface,
should be employed to provide a correct solution to
the Lighthill equation. When the acoustic wavelength
A is much longer than the thickness of the airfoil h
and much shorter than the chord C' (h < A <« C),
the airfoil trailing-edge can be approximated by a semi-
infinite plate and then, half-plane Green’s function can
be used to solve lighthill equation leading to the Ffowcs-
Williams and Hall’s analogy. The far field acoustic pres-
sure at a given observer location Z(r, 6, z) and for a given
angular frequency w :

2e~4(m/4) 0 [ R (sing)2
(o) —>, _ 71{:2 s 2 A\ 1
pa(¥w) = = = k"sin 3 /V R kg

{Po(ug - E) sin %0 — 2poty g COS 920} &y

where the caret denotes the temporal fourier tran-
form and V is the volume domain around the trailing
edge in which the velocity components U, and Uy, de-
fined in cylindrical-polar coordinates, are used. The vec-
tor 4(ro, 0o, 2z0) represents the source-field points with
R =|Z— ¢ and sin¢ = r/[r? + (z — z)?]2. The noise
calculation can be simplified further if the spanwise ex-
tent of the source field is acoustically compact. This is
generally not the case for the full span airfoil of the
experiments but is a reasonnable assumption for the
source region contained in the computational domain.
The simplified formulation is then given as :

pik|| = /4) 0
Do (@, w) = —5—F——(ksing)2 sin -S(w) (2)
2272 |7 2
where
0 0
S(t) = / p—‘; {(ug — u?)sin 20 o, up cos 0} &>y
Vg 2 2

3)
This second formulation is convenient to evaluate easily
during the LES computation the single compact source

term S(t).

4.2 Results

To compute the source terms in Eq. (3), the velocity
components have been extracted in the complete com-
putationnal domain every 10 time steps during the LES
computation with 64 spanwise cells. The extraction pe-
riod is tUy/C = 4 for a total record of N = 2000 time
samples with resolution of AtUy/C = 0.002. The total
signal is divided in 9 segments with 50% overlap. The
aperiodic time signal are multiplied by the Hanning win-
dow function and discrete Fourier transforms are per-
formed. The resulting coeflicients are renormalized such
that the power spectrum computed from them, when
integrated over all positive frequencies, gives the mean-
square fluctuations of the original function. Each signal
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Figure 6: Contours of the magnitude of the source term | — 2u,uy|/UZ for 3 different frequencies : (a) and (b)
446.9 Hz, (c) 1787.8 Hz and (d) 7151.2Hz. Sources on Fig. (b) to (c¢) are multiplied by the factor 7'0_3/2.

is then used in Eq. (2) to obtain the far-field sound, and
the total radiated sound is computed by ensemble av-
eraging. In order to obtain the sound for the complete
experimental airfoil span, the sound spectrum obtained
from the previous step is mutiplied by the ratio be-
tween the experimental and and numerical span length
" = (Lewp/Lnum)®pe- This assumption is valid
only if source regions separated by the computational
box size radiate in a statistically independent manner,
which is the case in the present computations [10].

The determination of the volume of integration V'
in Eq. (3) is an important issue since it determines
the convergence of the integral and the possible bound-
ary impedance problems of the volume integral. The
convergence of the integral is illustrated in Fig. 5 for
3 different frequencies in function of the distance of
the boundaries of a rectangular box around the trail-
ing edge, in each direction (right/top/left /bottom). The
convergence of the integral is mainly depending on the
frequency, where, as expected, a larger domain of in-
tegration is required to achieve the convergence at low
frequencies. Furthermore, the size of the integration do-
main in the streamwise direction is the most important
parameter to reach convergence while small distance
from trailing edge could be considered (below 0.2C) in
the other directions.

Figure 6 shows the magnitude of the Reynolds shear-
stress source term, | —2u,ug|/UZ, in the trailing edge re-
gion for three different frequencies. The other compone-
nents of the source term behaves in a similar manner.
The source magnitudes are averaged with 15 segments
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Figure 7: Far field acoustic spectra in the mid span
plane above the airfoil (f = 90°) at R = 2 m from the
trailing edge. Contribution of (dash) the suction side
and (dash-dot) the pressure side of the source integral

to (plain) the total sound pressure level obtained using
Ffowces-Williams and Hall’s analogy. (square)
Experiments

and 50% overlap, and in the spanwise direction. Note
that Fig. 6(a) shows the magnitude of the source term
while in Figs. 6(b) to (c), the source terms are weighted,



as in integral (3), by the factor rag/z. The noise sources
are then spread in the whole wall shear layer and wake
in the case of Fig. 6(a) while the effective noise source,
much more concentrated around the trailing edge, are
represented in the other figures. At low frequencies, the
sources, related to the large scales unsteady flow struc-
tures, are mainly concentrated around the trailing edge,
where the largest values are found coming from the at-
tached turbulent boundary layer on the suction side of
the airfoil. Smaller values are emanating from the vor-
tex shedding due to the pressure side laminar boundary
layer. For the particular frequencies below f = 2000 Hz,
the sources of sound, appearing in a large region in the
wake, are mainly coming from the vortex shedding. Fi-
nally, for the high frequencies, the importance of the
source coming from the upper part (suction side) of the
wake and the lower part (pressure side) are equivalent.

To confirm this analysis, the volume source of in-
tegration in eq. (3) is cut in two parts, separating the
lower and upper part of the flow, along a line extend-
ing the airfoil chord and having then the same angle
than the airfoil angle of attack. The far field noise is
then computed for both parts and the total domain, the
results being shown in Fig. 3 and compared to experi-
ments. The noise spectrum in the frequency range be-
low 1 kHz is related to the flow structures coming from
the turbulent boundary layer on the suction side of the
airfoil. Between 1 kHz and 2 kHz, the vortex shedding
noise contributes in a significant manner to the total far-
field sound and is even dominant around 2 kHz. In the
high frequency part of the noise spectrum, the two phe-
nomena have the same contribution to the total sound.
Finally, a good agreament is obtained between the nu-
merical and the experimental sound spectrum.

5 Conclusion

The investigation of the flow and the corresponding
noise has been studied around a segment of an automo-
tive blade (CD-airfoil) at design conditions, namely a 8°
angle of attack. This study encompasses two aspects,
the flow resolution around the profile using the open
source OpenFOAM solver and the noise propagation us-
ing Ffowcs-Williams and Hall’s analogy for trailing edge
noise. All along, computational results are compared to
experiments taken in the large anechoic chamber from
ECL for a Reynolds number Rec = 1.6 x 10°. Two
mesh refinements in the spanwise direction are stud-
ied. It reveals that the improvement of the mesh has a
slight influence on the trailing edge spectrum, decreasing
the low frequency content to approach experimental re-
sults. The noise computation showed a good agreament
with experimental measurements and highlighted two
different noise mechanisms. The noise coming from the
scattering of the suction side boundary layer is mainly
appearing at low frequencies while sound produced by
vortex shedding from the pressure side boundary layer
is present at mid-frequencies. At high frequencies, both
mecanisms are present.
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