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ABSTRACT

This paper document the evaluation of a zonal RAES-approach for the prediction of broadband andaimnoise
generated by the flow past an airfoil trailing edgea high Reynolds number. A multi-domain decoitipasis
considered, where the acoustic sources are resoMitda LES sub-domain embedded in the RANS dorgihe
RANS-LES interface, a stochastic vortex methodeésl io generate synthetic turbulent perturbatiortee far-field
noise is calculated using the aeroacoustic analofyfffowcs-Williams and Hawkings. The results ofgtmaulation
are compared with available acoustic and mean vgloneasurements. The investigation demonstratealiiity of
this approach to predict the aerodynamic and aeoestic properties of the flow. Two simulations pegformed in
order to address the sensitivity of the resultthe perturbation model. The comparison clearly dades the critical
influence of the model.

generalization to arbitrary complex 3D geometries
INTRODUCTION presents some significant challenges.

In this paper, an alternative synthetic generater i

This study deals with numerical prediction of aiirfo .
trailing edge noise. Trailing-edge aeroacousticsois considered. The Vortex Method (VM hereafter) from
Sergent [5] is used to reconstruct the turbulent

importance in both aeronautical and naval appbesti . . _
The dipole sound produced by the edge scattering f(glfctuatlons at the RANS/LES interface. Extensive

pressure fluctuations at a trailing edge is mogtrofan yal|dat|on_s [5.6] have shown that the VM offerseiative
undesirable effect. These pressure fluctuations@ated INEXpensive and ac_curate way  to ge_nerate_ random
by turbulent eddies as they convect over the ngiidge. fluctuations reprgsentmg a turbulent flow fieldtla¢ inlet _
This causes edge scattering of noise to the fat. fighis of a LES domain. In the current study, the_ m.etmd :
scattering mechanism can produce strong broadbaﬁ gpted for_an embedded LES sub-domain inside an
and/or tonal noise which is radiated to the fadfie NS dom?'”- Moreove_r_, the influence of the_model '
In this work, an Hybrid zonal RANS/LES unsteady CFD’addr_es_sed in the specific context of acoustic smurc
simulation is used to get a prediction of the atious prediction.

sources, which are then use as an entry data ad@urstic

propagation model. The case under study corresptnd METHODOLOGY

the recent experiment conducted by Kunze [1]. The

trailing edge shape considered is identical withobithe

trailing edge shapes previously investigated bka&la]. RANS/LES interface

The accurate prediction of such a high Reynoldsharm
flow requires computational resources which areohdy
the capabilities of “usual” computers. In this pape
zonal RANS/LES method is proposed to perform th
numerical predictions of aerodynamic noise souatea
moderate computational cost. The idea is to restie
expensive LES calculation to the aeroacoustic sour
regions, while the rest of the configuration cantieated
by a much cheaper RANS approach. The sourmlgure 1: Experimental setup, computational domain and
propagation is handled by a specific numerical t@l RANS & LES sub-domains

Ffowcs-Williams Hawking acoustic analogies for

instance). The flow configuration is shown in Figure 1. A faitfoil
Previous authors [3,4] have proposed such a zonsith an elliptical leading edge and an asymmeti¢ 4
RANS/LES technique. These approaches all share reunded trailing edge is placed in a uniform stredime
common issue, namely the definition of appropriat®eynolds number based on the free-stream velogity U
RANS to LES interface conditions. Several technigqueand the chord is 1.8 $0Two microphones are attached to
can be considered. For example precursor domains amoom and are placed at 1.83m away from the rigaili
recycling methods are probably the most accuraggige. The computational domain is decomposed into a
techniques that can be considered. However tlgasi 2D laminar sub-domain, a quasi 2D turbulehiNR
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sub-domain and a non-conformal LES sub-domaiortex and being independent af contrary to the
embedded inside the RANS domain, as shown in Fijurestochastic model originally suggested by Sergeht If5
The laminar zone is considered to trigger the ftemmsof the mean stream-wise velocity U is considered as a
the boundary layer. In the experiment, the tramsitif the passive scalar, the fluctuation u’ resulting fromme t

boundary layer is triggered at 25% of the chordjtleron
both sides of the model.
where the grid is suddenly refined, the turbuldatasity
model switch from RANS to LES. At this interfacs, the

modelled RANS Reynolds stress is vanishing, the LE%

requires the generation of explicitly resolved tuemt
eddies. In order to construct these time-dependdet

conditions, a random 2D vortex method is considere@.

With this approach, a perturbation is added torttean
velocity via a fluctuating two-dimensional vortigifield
(two-dimensional in the plane normal to the stre@gaw
direction). The vortex method is based on the Liagjem
form of the 2D evolution equation of the vorticind the
Biot-Savart law. A particle discretization is usedorder
to solve this equation. These particles or “vonpeints”
are convected randomly and carry information alibet
vorticity field. If N is the number of vortex postand S
the area of the inlet section, the amount of vibytic

carried by a given particle i is represented by the

circulationl’, and an assumed spatial distributipin

Fi(x)=4\/

n(x) =

TEK(X)
3N (2In(3) -3In(2))
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where k is the turbulence kinetic energy. The patem 2

o provides control over the size of a vortex partidibe
resulting discretization for the velocity field tisus given

by:
X —X)xZ

0=

Originally in Sergent [5], the size of the vortexasfixed
by an ad-hoc value df. In order to make this method
generally applicable, a local vortex size is spedif
through a turbulent mixing length hypothesis.
Consequentlyg is calculated from the known profiles of>
mean turbulence kinetic energy and mean dissipaitan
at the inlet according to:

20=ck®? /¢ (4)
where ¢=0.16. In order to ensure that the vortevagd
belongs to the resolved scales, the minimum valueio
Eqn. 4 is bounded by the local grid size. The sifjthe
circulation of each vortex is changed randomly rafie
characteristic turbulent time scatehas passed. In the
present work, a simplified linear kinematic modsl i
considered for the stream wise velocity fluctuagiohhis
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model mimics the influence of the 2D vortex on th{

stream-wise mean velocity field. This approach cioeth
the advantages of preserving fully spatial cohexarfdhe

At the RANS/LES interface

transport of U by\7' (Where\7' is the planar fluctuating
2D velocity field as computed by the VM) can be

modelled by u' =-V. g whereg is the unit vector

igned with the mean inlet velocity gradidﬂtU . When
this mean velocity gradient is equal to zero, adoam
erturbation can be considered instead.

irtual body forces are employed in the momentum
equations to add the reconstructed turbulent fatains

to the velocity field. These virtual body forcesear
considered only in the first LES cells close to the
RANS/LES interfaces

The RANS-SST model [7] is used in the RANS region,
and the Smagorinsky [11] model is considered in the
refined LES grid region. The grid used for the dation

is shown in Figure 2. The wall resolution in watiits is
y+=1 along the airfoil, both in the RANS and in theS
region. The mesh is coarsened in the RANS zonéén t
other directions.
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Flgure 2: 2D slice of the computatlonal grld with the embetid

LES refined grid.

The total number of grid points is nearly equal 16x10,
the LES part corresponding to 1.4%10n the LES
subdomain, the mesh is stretched in the stream-avise
wall normal directions, and is uniform in the sp&ev
direction with 100 cells. The spanwise extent oé th
computational domain is equal to 20% of the chdrds
assumed that the fluctuating field is periodic ime t
spanwise direction. The compressible simulation
performed with  FLUENT [8] general-purpose
unstructured control-volume code. The unsteady b5
uses a second-order implicit scheme for temporal
discretization and second order central differegdior
spatial discretization. The details of the finigwme
method are described by Mathur and Murthy [9]. The
umerical aspects relevant to the implementatiorthef
ES are described in [10] The subgrid-scale stnezdels
used in this study is the Smagorinsky model [11j0T
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different simulations (hereafter referred as toRWUN1 Figure 4. Both quantities are reasonably well priedi by
and RUN2) are performed. The first simulation RUN1 RUNZ2. The velocity deficits are slightly over-pretdid in
performed with a random forcing (white noise) aé ththe far wake, and the rms-values are slightly over-
RANS/LES interface. The random noise is considerggredicted on the upper boundary layer side. However
here in order to address the sensitivity of theltedo the RUNL considerably under-predict the mean velocity
accuracy of the turbulent forcing. White noisei®Wwn to  profiles deficit already in the near wake, and ddasbly
produce poor results due to the non-correlatedreaifi over-predict the velocity fluctuations. Both prefil are
the signal. On the contrary, the perturbation gateer by also shifted to upper boundary layer side, as @tresthe

the Vortex Method is temporally and spatially ctated. early separation of the upper boundary layer ptediby
This is an important requirement to ensure that tHRUNI.

synthetic turbulent field can be sustained. Theosdc

simulation RUN2 is performed with this Vortex Metho Table 1: Distance (on the x-axis) of the upper boundary

layer separation point from the trailing edge.

RESULTSAND DISCUSSION

Simulation Distance

Aerodynamic simulation RUN1 75mm
RUNZ2 45 mm

EXP 35 mm

Aeroacoustic prediction

Based on the work of Ffowcs-Williams and Hawkings
[13], the far-field noise is calculated by applyirige
aeroacoustic analogy to the rigid wall surfacehefairfoil

as the integration surface. The spectra presehiekaare
obtained by a FFT with a length of 10 000 pointd #re
use of Hanning-window. The simulated span Ls=0.2c
being less than the span of the test configuration
Lex=0.67c, a level correction is applied to the sirteda
spectra [13].

Figure 5 shows the RANS/LES results in comparisah w

measurements. The simulation using the VM (RUN®) is
Figure 3: Visualization of the Q-criterion in the wake okth 9 ( 2

airfoil. Isosurface Q=500x10 colored by the streamwise E gegeral t%OOd agreementtWIt_Phth? br:)a?liﬁnd Sp;';cttru
velocity: a) RUN1 b) RUN2. ased on the measurements. e level O € mal (0}

peak (at 220Hz) is well predicted, although theusation
slightly over-predicts the frequency (250 Hz). B i
A qualitative overview of the flow is given in Figu3 for  particularly noteworthy that the simulation perfeurwith
the two RANS/LES simulations. Both cases show thge white noise (RUN1) over-predicts the amplitofiéhe
fully-developed 3D flow. The upper boundary layetonal peak, and under-predict its frequency. The
separates gradually in the adverse pressure gtadigfoadband is also more accurately predicted by RUN2

created by the rounded edge, while the lower bayndawyhile RUN1 under-predict the level both at the land
layer separates instantly at the sharp edge. Th&wp high frequency range.

shed into the flow from the boundary layers is auigd
downstream creating a von Karman street. The m
shedding can be recognized by oscillations in thkenof
the blade. These oscillations are much more prorexin
for the simulation without the turbulent forcinghd effect
of the turbulent forcing on the instantaneous fisvalso
visible in Figure 3. The turbulent eddies generatethe
RANS/LES interface are convected downstream aralydel
the separation of the boundary layer. These ediaiesact
with the coherent structures generated past tharatpn

[t was shown by Shannon and Morris [14] that theato
ise results from the large scale coherent strestu
generated at the separation points. The unsteatiycsu
pressure generated on the surface by these mosons
responsible for the acoustic scattering which pcediuthe
tonal noise at the vortex shedding frequency. iruttion
RUN2, the VM synthetic turbulent perturbation delalye
separation point compared to RUN1. This resultain
narrower wake as shown by the visualization offtbe
. . : i L and the mean velocity profiles, and explains thwdase
points. This interaction results in an early tréosiof the of the vortex shedding frequency. Finally, intei@at
separated shear layer to a fully 3D state. between the generated synthetic turbulence and the
The position of the mean separation points are eve® detached eddies which enhances the momentum transpo
in Table 1. A good agreement is found between RUNgnd the transition to 3D modes may explain the diagnp
and the experimental data, whereas in RUNL1 thf the tonal noise and general higher level of dbzad
separation is predicted farther upstream. noise.
Time-averaged mean streamwise velocity profiles and
streamwise rms fluctuations in the wake are given i
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3 n comparison clearly indicated the critical influenafethe
——RUN2 e Exp model

= = =RUN1
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the aerodynamic and aeroacoustic properties of the

trailing edge flow, with an accurate prediction thie

separation and of the radiated sound. Two sinarati

were performed in order to address the sensitivitthe

results to the RANS-LES interface model. The
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