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LES of the trailing-edge ow and noise of a
controlled-di usion airfoil at high angle of attack

By J. Christophey AND S. Moreauz

Large-eddy simulations (LES) of ow over a low-speed airfol at high angle of attack
(15 ) are performed using two di erent ow solvers, Fluent and CD P, on the same ne
structured mesh, whose density was previously shown to prade a reasonably accurate
trailing-edge ow for noise predictions at a lower incidene of 8. These simulations
are compared with detailed pressure measurements made uginush-mounted remote
microphone probes for validation and with the previous 8 results to assess the e ect of
the fan-operating condition on sound radiation. Excellentagreement is found on the mean
wall-pressure coe cient for the Fluent LES. The agreement on the wall-pressure spectra
is satisfactory beyond 1 kHz. The observed discrepancies dbw frequencies are similar
at both incidences. They are shown to have a small impact on th acoustic predictions,
which compare favorably with the anechoic wind tunnel measvements. On the contrary,
the CDP run shows some extra large structure burst on the sudbn side and a apping of
the separated shear layer born at the leading edge. This trigers a too-large low-frequency
content compared to experiment.

1. Introduction

Trailing-edge noise or broadband self-noise, caused by thecattering of boundary-layer
vortical disturbances into acoustic waves, occurs at the tailing edge of any lifting sur-
face. It can even become the dominant source of noise geneedlt by rotating machines
such as fans, turboengines (Sharland 1964; Caro & Moreau 20§ wind turbines (Hub-
bard & Shepherd 1991; Parcheret al. 1999) and other high-lift devices (Rerenres & Roger
1998; Singeret al. 2000) in the absence of any other interaction noise source. hese
noise levels can hopefully be reduced by properly identifyig the sources of self-noise,
and subsequently modifying design parameters that a ect these noise sources. The large
computational costs associated with unsteady turbulent ow simulations have, however,
limited most numerical studies to simpli ed geometries sut as airfoils. The rst LES of
the ow over the Valeo Controlled-Di usion (CD) airfoil was performed by Wang et al.
(2004) at a moderate angle of attack of 8, which corresponds to the design condition or
the maximum static e ciency of the associated fan. It used a large structured mesh with
5.1 million nodes to yield stable and accurate ow solutions Subsequent attempts to
reduce the computational costs included the use of non-bouwtary-conforming methods
such as the Lattice Boltzmann method and immersed boundary mthod (Moreau et al.
2004), as well as hybrid solution methods such detached eddsimulations (Moreau et al.
2005). These techniques yielded less accurate mean wallgwsure distributions (larger
laminar recirculation bubble near the leading edge and posbly turbulent ow separa-
ration near the trailing edge) and frequency spectra near tle trailing edge than those
obtained by Wang et al. (2004). An alternative approach was then taken by Moreauet
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Figure 1. ECL experiment. Left: Setup. Right: RMP locations on the CD a irfoil.

al. (2006a), involving the ow solver CDP and several LES on unsructured grid topolo-
gies. It showed that accurate results for all ow quantities could be obtained with the
unstructured ow solver, provided the grid remained smooth and regular enough in all
directions.

The present study aims at extending this large body of work atdesign condition, to
larger angles of attack, for which there is experimental euence that the ow regime
is signi cantly di erent. Experimental data for this new o w condition are presented in
Sec. 2. The numerical setup and the ow solvers used here ardnén summarized in Sec.
3. Aerodynamic results are then compared with the availableexperimental data in Sec.
4 for both ow solvers. The nal section assesses the trailig-edge noise predictions. As
in Moreau et al. (2006a), two di erent approaches have been explored to modehe far-
eld acoustic pressure: the extended Amiet's theory by Roge & Moreau (2005) based on
the di raction of pressure uctuations near the trailing ed ge by a at plate of nite chord,
and an integral-form solution to the Lighthill equation usi ng an approximate hard-wall
Green's function for a semi-in nite at plate (Ffowcs Willi ams & Hall 1970). The ow
features and properties are compared throughout for both igidences.

2. Experimental database

The experimental data were collected in the large anechoic ind tunnel of the Ecole
Centrale de Lyon (ECL). The airfoil mock-up has a 13.4 cm contant chord length (¢)
and a 0.3 m span [). It is held between two horizontal side plates xed to the nozzle
of the open-jet wind tunnel as shown in Fig. 1 (left). These phtes are 25 cm ( 1.85¢)
apart and the width of the rectangular jet is 50 cm ( 3.7 ¢). As shown by Moreauet al.
(2003), this aspect ratio insures that the 3-D e ects at midspan are therefore minimized.
All of the tests presented here were run with a speedJ; = 16 m/s, which corresponds
to a Reynolds number based on the airfoil chord lengthRe.=1.6 10° and a high angle
of attack with respect to the chord, , of 15.

The CD airfoil mock-up is equipped at midspan with 21 ush-mounted remote Elec-
tret microphone probes (RMP) (Rerenres & Roger 1998). The RMPs measure both the
mean and uctuating pressure within a frequency range of 20 {25 kHz. Figure 1 (right)
shows the layout of the streamwise RMPs at the midspan plane fothe CD airfoil. Three
additional RMPs in the spanwise direction near the trailing edge allow measuring span-
wise coherence lengths. Details of the wall-pressure measments in this con guration
can be found in Moreau & Roger (2005). The far- eld noise is masured simultaneously
using a single B&K 1.27 cm (1/2") Type-4181 microphone in themidspan plane at a dis-
tance of 2 m from the airfoil trailing edge. Figures 16 and 20m Moreau & Roger (2005)
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Figure 2. Left: Grid topology of ECL large wind tunnel setup for initia | RANS computation.
Right: LES truncated domain, extracted from the full wind tu nnel setup.

show that at 15 both the noise sources given by the wall-pressure uctuatios and the
consequent sound radiated in the far- eld have a much largetow-frequency content than
at the design condition.

3. Large-eddy simulations for the CD airfoll
3.1. Flow solvers

The LES is based on the spatially ltered, incompressible Naier-Stokes equations with
the dynamic subgrid-scale model (Germancet al. 1991; Lilly 1992). In CDP, these equa-
tions are solved using energy-conserving non-dissipativeentral di erence schemes for
spatial discretizations and the fractional-step method fo time advancement (Kim &
Moin 1985). Details on the numerical schemes for the currentunstructured solver can
be found in Ham & laccarino (2004). In Fluent, the central di erence scheme is used for
spatial discretizations and the NITA scheme for time advane@ment. Both codes are there-
fore second-order accurate in space and time. The present [ use Fluent version 6.3.
Initial conditions are provided by RANS computations using the Shear-Stress-Transport
(SST) k ! turbulence model developed by Menter (1994).

3.2. Grid topologies and boundary conditions

The rst LES of the CD airfoil at a small angle of attack of 8 performed by Wang et al.
(2004) closely reproduced the experimental conditions food in the ECL large anechoic
wind tunnel. As shown by Moreau et al. (2003), a 2-D Reynolds-Averaged Navier-Stokes
(RANS) simulation of the complete open-jet wind tunnel con guration including the
nozzle, the airfoil and part of the anechoic chamber is rst required to capture the strong
interaction between the jet and the CD airfoil and its impact on the airfoil load at any
incidence. This can be seen by the large de ection evident ithese bounding shear layers
(Moreau et al. 2006b).

The full RANS simulation on the grid shown in Fig. 2 (left) pro vides velocity boundary
conditions for the smaller LES truncated domain which is emledded between the two
boundary shear layers of the jet. This method follows a simir strategy used in the
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Figure 3. Flow topology described by the Q factor (Q = 1000s 2 isocontours). Left: Fluent
LES at 8 . Right: Fluent LES at 15

trailing-edge ow simulation of Wang & Moin (2000). Yet, the lower Reynolds number
Re. and the larger jet-width to chord ratio in the present experiment again allows a
computational domain around the full airfoil: 3:5 cin the streamwise (x) direction, 2:5cin
the crosswise ¥) direction and a much larger width (0:1 c¢) in the spanwise (z) direction.
The resulting LES grid is a single block-structured C-mesh,shown in Fig. 2 (right),
with 1685 105 32 cells, similar to the LES at 8 by Wang et al. (2004). Smooth
grid-distribution and orthogonality at the wall are again a pplied and the grid-stretching
ratio is limited in the streamwise and cross ow directions to ensure numerical stability.
The near-wall grid spacing, except near the leading edge, flows LES criteria found for
instance in Baggett et al. (1997), to reach maximum values ofx* = 40, y* = 3 and
z* =30 on the airfoil surface. Compared to the 8 case, a straighter topology has been
used here to account for the di erent ow topology and to bett er capture the larger
wake. The LES use a no-slip boundary condition on the airfoilsurface, a convective
out ow boundary condition at the exit plane, and the steady R ANS velocity (U and V)
along the upper and lower boundaries. Periodic boundary coditions are applied in the
spanwise direction. The same method will be used in the congeent papers (Winkler
& Moreau 2008, Moreauet al. 2008). Both Fluent and CDP simulations were run for
10 ow-through times, based on the freestream velocity and &foil chord length, before
a statistically steady state was reached and mean values wercollected. Airfoil surface
pressure and wake velocity statistics were then acquired foa period of 10 and 19 ow-
through times with a sampling rate of 50 kHz for Fluent and CDP, respectively.

4. Aerodynamic results
4.1. Flow topology

The ow topology in the Fluent runs is rst illustrated in Fig . 3 by the contours of
constant Q factor, which show the level of vorticity and the size of the turbulent structures
in the ow. On the l.h.s. side, the 8 case presents small vortices that are born close to the
reattachment point of the laminar recirculation bubble. Th e ow re-laminarizes toward
the midchord because of the favorable pressure gradient. W8n this gradient becomes
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Figure 4. CDP velocity contours at di erent instants (- - - free shear | ayer limit).

adverse, the boundary layer thickens again and more and lamy vortices are created
towards the trailing edge. On the r.h.s., the 15 case shows strong creation of vorticity
right at the leading edge, with large vortices shed from the sction side of the airfoil. Yet
there are still some smaller vortices that remain attached b the wall and roll over the
airfoil suction side and graze at the trailing edge. Some wedavortex shedding can also
be seen in the near-wake on the pressure side. A much thickerake is therefore expected
for the case investigating high angle of attack.

The CDP LES has similar ow features but the detached shear lger oscillates with
time as shown in Fig. 4 . Such an oscillation triggers a large plsating vortical structure
that rolls over the suction-side surface. This in turn creates larger mean-pressure levels
toward the trailing edge and a quasi-periodic high-intensiy pulse on any suction-side
pressure sensor.



310

2.5

J. Christophe and S. Moreau

® Experiments
—— RANS Fluent
‘‘‘‘‘ LES Fluent

- --LES CDP

i i i
1 -0.8 -0.6 -0.4
xIC

i
-0.2 0

=%
Q

Figure 5. Mean wall-pressure coe cient

100

90f

Wall pressure PSD (dB)

20

Experiments
‘‘‘‘‘ LES Fluent
- --LES CDP

10°
Frequency (Hz)

Wall pressure PSD (dB)

-0.5

2.5

ot

15,

0.5

0

-1

N .
1 2

® Experiments
—— RANS Fluent
‘‘‘‘‘ LES Fluent
---LES CDP

i
-1 -0.8

i i
-0.6 -0.4
xIC

i
-0.2 0

Cp. Left: 8 . Right: 15 .

100

90=;

80

70-

60+

50+

40

301

20

Experiments
‘‘‘‘‘ LES Fluent
- --LES CDP

e
APRN

10°
Frequency (Hz)

Figure 6. Wall-pressure power spectral density at RMP#25. Left: 8 . Right: 15 .

4.2. Mean-pressure coe cient (  C,) and pressure spectra

The mean and uctuating wall-pressure were analyzed for edt of the LES and RANS
runs and compared with the RMPs measurements by Moreau & Rogg(2005). It was also
veri ed that the RANS simulations in both the full tunnel set up and the truncated LES
domain yielded the same pro le loading. The mean pressure othe surface, characterized
by the pressure coe cient C,, is shown in Fig. 5. At both incidences the LES cases
agree better with the experimental data than the RANS k ! SST results. At 8 the
LES captures the boundary-layer transition on the suction sde, which is triggered by
an unsteady laminar separation near the leading edge, wheas the RANS simulations
produce too much turbulence to yield the proper recirculation bubble. At 15 the Fluent
LES signi cantly improves the boundary-layer growth on the suction side and captures
the pressure gradient much better along the chord than the RANSk ! SST simulation.
On the contrary, the higher pressure levels achieved with te CDP LES because of the
vortex burst coming from the separated shear layer oscillabn, trigger even lower pressure
gradients on the suction side, and too high a pressure coe a@nt near the trailing edge.
The wall-pressure spectra near the trailing edge are compad with the measurements
above RMP#25 in Fig. 6, for both incidences. The Fluent LES show similar results for
both angles of attack. They both over-predict the pressure uctuations at low frequencies
by approximately 10 dB at 100 Hz and by 5 dB at 1000 Hz. They alsatend to tail o
more quickly with frequency, which means that too many largevortices are created near
the trailing edge. Yet, the agreement is reasonable and shava signi cant improvement
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Figure 7. Wake velocity data. Left: Normalized mean velocity U/U; at four x=c locations.

Right: Normalized mean velocity V/U; at four x=c locations.
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Figure 8. Wake velocity data. Left: Normalized rms velocity uctuati onsUO/U; at four x=c
locations. Right: Normalized rms velocity uctuations V/U; at four x=c locations.

over the results obtained by Moreauet al. (2004). The CDP LES, however, have a very
di erent behavior at the two ow conditions. At 8 , the simulation results are in good
agreement with the measurements (a maximum discrepancy of{8 dB at 700 Hz). Yet, at
15, the large pressure burst triggered by the shear-layer osltation vastly over-predicts
the pressure uctuations by approximately 20 dB. Therefore, both mean and uctuating
pressure comparisons tend to show that the observed separd shear-layer pulsation
in the CDP LES is not seen experimentally. Finally, the wall-pressure spectra in the
spanwise direction for all LES show collapsing PSD and a stastically homogeneous
turbulence is obtained at the trailing edge, which is one of he assumption of Amiet's

acoustic model used below.

4.3. Velocity statistics in the wake

Velocity data were extracted for each of the LES runs at locaions that matched those
of the hot-wire probes in the experiment of Moreauet al. (2006b) at 8 . A total of eight
stations in the near wake, ranging fromx=c = 0.0574 to x=c = 1.0133, will be similarly
measured at Michigan State University. Figure 7 shows the man velocity components
(U and V, respectively) at four di erent measurement stations from x=c = 0.0574 to
x=c = 0.1686. Both LES at 15 show a signi cantly di erent wake structure than at the
lower incidence of 8. The wake is much thicker, about 0.25¢c compared to about 0.05c
and the main di erence is found on the suction side where the wortices are shed at high
angle of attack. On the pressure side, the boundary layer thikness at the trailing edge
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Figure 9. Wake energy spectra of the streamwise velocity. Left: Pressure side at
(x,y)=(0.057,-0.023). Right: Suction side at ( x,y)=(0.057,0.015).

is similar for all LES, and the wake evolves similarly downsteam at all locations, which
is evidenced by the same slope in botilJ and V pro les. The velocity de cit is much
larger at 15 than at 8 (by about 50%) and it decays more slowly. The CDP run has
a wake thickness even larger* 0:3 c) and a lower peak velocity de cit. Its wake also
decays more slowly than in the Fluent case.

The root mean squared of the velocity uctuations (O and V, respectively) are shown
in Fig. 8. The LES runs have signi cant di erences at both ow conditions. As the wake
is much thicker at 15 , the turbulence levels are much larger for both Fluent and COP
LES over a wider region corresponding to the wake extent. Yetthe striking feature is
that the location of the peak turbulence intensity at both angles of attack are at the
same position and are quite similar initially close to the trailing edge for both Fluent
simulations. At 15 , the levels decay much more slowly downstream and consequgn
both LES at this incidence maintain high peak turbulence intensity at x=c = 0.1686. The
overall turbulence intensity levels are also much higher fo the CDP simulation: both
velocity componentsU and V are much larger at the four stations. Yet the overall shape
of the velocity pro les are quite similar in both LES at 15 . The apping of the separated
shear layer only seems to broaden the wake and increase therhulence intensity across
the wake.

Figure 9 plots the streamwise velocity energy spectra for tk two ow conditions with
both Fluent and CDP at x=c = 0.057 and two cross ow locationsy=c=  0:023 (left) and
y=c= 0.015 (right). These locations in the wake region again corespond to the hot-wire
measurements performed for frequencies up to 15 kHz at an ifdence of 8. Time series of
40,000 and 190,000 points were saved from the Fluent and CDPHS, respectively. These
data are used to calculate the power spectral density at eackxperimental location in the
wake. Signi cant di erences exist between the two ow conditions at lower frequencies
(f 2000 Hz), the 15 case has much higher levels and almost the same slope as at
high frequencies. On the contrary, the 8 runs show a plateau or even decreasing levels
below 300 Hz. These velocity results are consistent with thavall-pressure spectra shown
in Fig. 6. At a given streamwise position, the wall pressure $ an integrated trace of
the velocity eld in the boundary layer. There is therefore a persistence of the spectral
content in the near wake. Atf 2000 Hz, a shedding frequency is clearly measured on
the lower side of the wake for the low-incidence case. This ikardly seen at 15 even
though the ow topology showed some vortex shedding in the nar wake on the pressure
side. On the airfoil pressure side, the spectra obtained wit both Fluent and CDP are
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Figure 10. Far-eld acoustic spectra in the midspan plane above the air foil ( = 90 ) at
R = 2 m from the trailing edge. Left: Amiet's results. E ect of ow condition (8 and 15 ).
Right: Ffowcs Williams-Hall's results at 15 . E ect of the nite chord.

almost identical at both incidences. Yet, on the suction sice, CDP has a very di erent,
larger energy content. The CDP spectrum no longer rolls o at high frequencies which
is consistent with the above slower decay of the wake and thelserved high turbulence
intensity levels. It also yields 5{10 dB higher PSD levels atlower frequencies that should
be again attributed to the shear-layer oscillation.

5. Acoustic predictions

As shown by Moreauet al. (2006a), the trailing-edge noise can be obtained by two
separate formulations of the acoustic analogy. It can rst be derived by iteratively solv-
ing scattering problems at the airfoil edges. The main traiing-edge scattering obtained
by Amiet (1976) has been recently corrected by a leading-edgback-scattering contri-
bution which fully accounts for the nite chord length (Roger & Moreau 2005). The
radiated sound eld is calculated by integrating the induced surface sources on the ac-
tual chord length, ¢ and the mock-up span,L, assuming convection of frozen turbulent
boundary-layer eddies past the trailing edge, to yield Eq. 6.1) in Moreau et al. (2006a).

In Ffowcs Williams & Hall's theory, the airfoil is approxima ted by a semi-in nite plane
with zero thickness. The half-plane hard-wall Green's funtion, whose normal derivative
vanishes on the surface, is then used to provide a correct irgral solution to the Lighthill
equation using incompressible source eld data. The semiri nite plane far- eld acoustic
pressure at a given observer location« and for a given radian frequency! is then given
by Eq. (5.2) in Moreau et al. (2006a). Wang & Moin (2000) have provided a simpler
expression, Eqg. (5.3) in Moreauet al. (2006a), that can be directly computed in the
course of the LES, if the spanwise extent of the source eld isacoustically compact,
which is the case for the source region contained within the @mputational domain. One
further improvement can be made by considering the Green'sunction for a at plate of
nite chord length that has been recently derived by Howe (2001). The resulting nite-
chord correction factor is given by Eqg. (5.4) in Moreauet al. (2006a).

The source terms for Ffowcs Williams & Hall's formulation have been acquired at ev-
ery time step for 7.5 ow-through times, leading to approximately 30,000 values for both
LES. The total records are divided into eight segments with a50% overlap. Each section
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is windowed with a Hanning window and eight modi ed periodograms are computed
and averaged. Figure 10 compares the Fluent LES acoustic pdictions using the above
models, with the ECL measurement in the midspan plane above he airfoil ( = 90 )
at a distance R = 2 m. Figure 10 (left) compares Amiet's predictions for both ow
conditions using the computed wall-pressure spectra and th experimental correlation
length, the current simulations being too short and not enowgh resolved in the spanwise
direction at 15 . Both LES vyield similar discrepancies at low frequencies (p to 10 dB)
and merge with experimental data beyond 1 kHz. This is consient with the previous
comparison of wall-pressure spectra (Fig. 6), and stress thimportance and the di culty
of computing accurate noise sources. The experimental trahfor both incidences is how-
ever well-reproduced by the LES simulations: at low incidere (8 ) the numerical and
experimental acoustic spectra go to a plateau or decrease wheas at high incidence (15)
they keep on increasing, continuously yielding a much largelow-frequency content. The
crossing between the two ow conditions also occurs simildy at about 700 Hz. Figure 10
(right) then compares Ffowcs Williams & Hall's predictions with and without the nite-
chord correction, and the measurements at 15 Both calculations agree more closely with
the experimental data than Amiet's predictions with a maximum discrepancy of 8 dB
around 1 kHz. Similarly to what was found by Moreau et al. (2006a), the nite chord
has a limited e ect and only a main impact of approximately 4 dB around the same fre-
quency range. As it contains Fresnel integrals, it also indees a more oscillatory behavior
of the spectrum. Finally, the two formulations of the acoustic analogy yield signi cantly
di erent spectral behavior and shape, which should be further investigated.

6. Conclusions

With the ultimate goal of simulating the noise of complex automotive engine cooling
fan blades in various ow conditions, two LES on the Valeo CD arfoil at a high angle
of attack are performed on a highly regular and smooth structired grid embedded in
the large ECL wind tunnel jet potential core. The Fluent LES signi cantly improves the
RANS predictions of the mean wall-pressure distribution ard shows excellent agreement
with the experimental pressure coe cient at 15 . The PSD of the simulated wall-pressure
uctuations at the trailing edge exhibits well-converged homogeneous statistics in both
the streamwise and spanwise directions. They compare favably with the experimental
spectra for frequencies larger than 1 kHz. At low frequencig, the over-prediction is similar
to what was obtained at the design condition at an angle of atack of 8 and the di er-
ences on the noise sources between the two di erent ow contibns are well-reproduced
(larger low-frequency content and faster roll-o at high fr equencies). The Fluent LES
then provides reasonably accurate unsteady ow in the traiing-edge region for noise
predictions compared with the ECL wind tunnel measurements The accuracy of all sim-
ulations are currently assessed by comparing with detailegpressure measurements using
remote microphone probes. Future comparison will also inelde velocity measurements
with hot-wire anemometry. The CDP run, however, provides too large mean wall-pressure
levels at the trailing edge and even smaller pressure gradi¢s on the suction side than
the RANS k ! SST simulations. Similarly the wall-pressure uctuations at the trailing
edge are vastly over-predicted throughout the whole expemental frequency range. These
discrepancies are traced to the apping of the shear layer qearating close to the leading
edge due to the local strong ow acceleration. This oscillaion triggers a large vortical
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structure that periodically rolls over the airfoil suction side. This yields unrealistically
large far- eld acoustic sound.

The acoustic predictions from the Fluent LES are made with bah the extended Amiet's
theory based on the wall-pressure statistics and the Ffowc&Villiams & Hall's theory
based on the velocity statistics. They yield similar resuls at low and mid-frequencies
and compare favorably with the ECL anechoic wind tunnel measirements around 1 kHz.
Amiet's over-prediction of sound below 800 Hz can be traced d the too-large wall-
pressure uctuations in the Fluent LES. Yet contrary to what was found at the design
condition, the roll-o associated with the method using the wall pressure statistics near
the trailing edge is faster than with the prediction using the velocity statistics in the near
wake. These di erent behaviors will require further investigation. The impact of account-
ing for the nite chord length in both theories is again limit ed, leading to discrepancies
limited to frequencies below 3000 Hz and peaked at 4 dB di erace around 1 kHz.
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