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ABSTRACT

The need of accurate and efficient numerical selvercomputational aeroacoustics has
motivated the development over the last two decaflEsv-dispersion and low-dissipation
schemes as an alternative to standard methodsngputational fluid mechanics. These
numerical methods have now reached maturity, e@nogress is still necessary to take
account of specific configurations. The presentepgpovides a short overview of some
recent developments and applications of these rdsthand is organized as follows.
Motivations and numerical advances are first caergid. Then the paper focuses on the
use of direct noise simulations to improve our ustdding of sound generation by
turbulent flows. Applications to subsonic and sgpeic jet noise are presented.

1 INTRODUCTION

The spectacular development of computational aetssics since the early nineties has
allowed the emergence of the direct computatioaesbdynamic noise. There is still a lot of
scope for progress, in particular for the numerioathods and for the applications to more
complex configurations, but Direct Noise Computati®NC) is currently a reliable and
accurate tool, which can reproduce studied physite high fidelity. DNC consists in
solving the compressible Navier-Stokes equations determine simultaneously the
aerodynamic field and the acoustic field in a salomain. This approach is quite different
from more classical modellings in which aerodynavaad acoustics are decoupled, such as
the Lighthill analogy. It is consequently rathetural to apply this approach for studying in
great detail noise mechanisms and modellings, anévaluating noise reduction solutions.
The resolution of more theoretical problems conograeroacoustics and propagation in the
presence of a flow can also be performed by thig. R&cent excellent technical reviews on
computational aeroacoustics have moreover beetewiity Colonius and Lele [1], Warat)
al. [2] or by Colonius [3] for the key problem of noeflecting boundary conditions.

In the present paper, the constant progress in ncahenethods is outlined in section 2
by the presentation of an optimized low-storageaottter Runge-Kutta scheme for which the
dissipation error is significantly reduced. Secti®ns devoted to noise radiated by round
subsonic jets, and thus to broadband noise assdomith high-Reynolds-number turbulent
free shear flows. The analysis of noise sourcea bgusality method is illustrated. In section
4, the noise radiated by a planar imperfectly edpdrsupersonic jet is discussed. In this case,
the presence of a feedback mechanism introducessjadncy selection. The involved scales,
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namely the scales associated with shocks, turbelland acoustics are also strongly disparate.
Concluding remarks and works in progress are firaibvided.

2 NUMERICAL METHODS

The algorithms used for Direct Noise Computatiolguiee a continuous effort of
development to improve numerical efficiency, allogius to deal with more complex
physical and geometrical configurations. A revieltlee use of finite-difference schemes is
for instance available in Bailly & Bogey [4].

As an example of recent development which couldia@antly improve the accuracy of
numerical simulations, the optimized Runge-Kutthesoe developed by Berlamtlal. [5] is
now presented. This point illustrates the effortdman the development of low-dispersion
and low-dissipation schemes for solving unsteadplems in fluid mechanics.

Consider the following semi-discrete differentiguation

aaut” = F(u”,t)

whereu"(x) = u(x,nAt) . From the time Fourier transform defined as

+o0

u(t)= [a(w)exd~iat)dw

—00

an amplification factolR, = (" /(" can be calculated. The integration error is tretimated

by comparison between the exact amplification fagiven by R = exp(-wAt) and the
effective amplification factor of the scheme, whiaekes the following form

R = 1+Zy] —iant) (1)

Stability requires an amplification rate so tha{dRt)| < 1, and the integration errors are
measured by comparingsR |Rs| exp(-wsAt) with the exact amplification factorefn terms
of dissipation error with 1 - IR and of phase error withsi\t-oAt|/x.

The amplification rates of some classical schemeseported in Figure 1 as a function
of the normalized angular frequenowt. For waves up to four points per wavelength,for
oAt < 7/2, there is more than three orders of magnitudevden the dissipation of the
classical Runge-Kutta scheme and the optimizeddtmrage scheme of Berlamtl al. [5],
both providing a formal 4th-order integration. Natiso the good behavior of the optimized
scheme for the phase error, and the large timeratege of stabilitypAt < 3.82, with respect
to the classical Runge-Kutta scheme yielding < 2.83.
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Figure 1: Modulus and phase error of the amplifazafactor (1) as a function of the angular frequigrin
logarithmic scales: —— standard 4th-order RK dllgor, —o— standard 8th-order RK, + LDDRK46 Hu (1896
x LDDRK56 Hu (1996), e— 4th-order 2N-RK Carpenter (1994)—optimized. 4th-order 2N Stanescu (1998),
- = optimized 2nd-order RK Bogey (20049== optimized 4th-order 2N-RK Berland (2006).



This example is reported to emphasize that newieffi algorithms have been developed
over the last years, with the aim of controllingmmarical dispersion and dissipation for
solving unsteady nonlinear problems.

3  SUBSONIC JET NOISE

The prediction of subsonic jet noise is one ofdltest topics of aeroacoustics even if our
understanding of noise mechanisms remains incompléte final goal of this research is the
reduction of noise in urban environments. Indeedetp cannot tolerate additional noise
pollution, and traffic growth must be compensatgdirimovative noise reduction methods.
This environmental challenge is also strategic fioe economic development of the
aeronautics industry. As pointed out in the intrichn, the direct computation of
aerodynamic noise using compressible large-eddulations is approaching maturity, and
subsonic jet noise has been one of the first agiobics, with the direct numerical simulation
(DNS) by Freund [6] of a jet at Mach number 0.9 abhdReynolds number based on the jet
exit velocity and the jet diameter of 3600. Thedgequirement of DNS is however difficult
to satisfy for the computations of laboratory expents with typical Reynolds number iRe
between 1e5 and 1e6. In addition, flow and noiseaitteristics are no longer dependent on
the Reynolds number roughly for iRe 2.5e5. This observation is directly linked to the
laminar or turbulent state of the nozzle exit baamydayer. Therefore, compressible Large
Eddy Simulations (LES) appear relevant to devel®Cland to reproduce Reynolds number
effects.

To illustrate this point, Figure 2 displays snagshof the vorticity norm and of the
fluctuating pressure for jets at Mach number 0.0abulifferent Reynolds numbers in order to
investigate the alterations on the flow developneent on the radiated acoustic field. In the
present work, the LES strategy is based on expdelective filtering with spectral-like
resolution combined with low-dispersion and lowsgigtion numerical algorithms, see the
discussion in Bogey and Balilly [7]. As the Reynofdsnber decreases, the jet flow changes
significantly, and develops more slowly upstreanthaf end of the potential core, but more
rapidly downstream.

Re=4e5 Re=1.7e3

Figure 2: Jets at Mach M=0.9 and different Reynoldsbers. Snapshots of the vorticity norm in togfand
of the fluctuating pressure p' outside, in the plan0. The pressure color scale is p'=[-70, 70] Pa.

The acoustic field radiated in the sideline dirctappears to vanish progressively as the
Reynolds number is decreased, which can be diréiatked to the absence of fine scale
turbulence in the shear layers. Quantities sucin@an velocity, jet spreading, turbulence
intensity, integral length scales, spectra, acowstimuthal correlations and power laws have
also been investigated as a function of the obsenvgle for circular jets at Mach number 0.6
and 0.9, with Reynolds numbers varying from 1.7@3&5 in Bogey and Bailly [8, 9]. The
simulations suggest the presence of two sound ssura Reynolds-number-dependent



source, predominant for large radiation angles,neoted to the randomly-developing
turbulence, and a deterministic source, radiatimgvréstream, related to a mechanism
intrinsic to the jet geometry, which is still to bemprehensively described. This view agrees
well with the experimental results displaying twistthguishable components in turbulent
mixing noise.

Furthermore for the acoustic spectra of both corept®) a frequency scaling by a
Strouhal number, St = fDJuU being the frequency, D the jet diameter anthe jet velocity,
appears suitable. However, the evolution of thkpealearly different in the two directions,
namely in the sideline direction and in the doweestn direction. For observation angtes
90 deg., the spectral peak is Strouhal number degpgnand should be connected to the
turbulence development in the shear layers betwleemozzle and the end of the potential
core. This evolution is also clearly visible on gpectral shape. In the downstream direction,
the frequency peak is weakly dependent on the Régnmumber, with St 0.25, and this
radiation can be linked to the periodic intrusidrvaorticity at the end of the potential core.

The acoustic radiation by the turbulence developm¢he shear layers seems partially
understood, and active control or flow forcing Inypinging micro-jets could be applied to
achieve noise reduction. On the contrary, the nmieehanism at the end of the potential core
is not well explained with our current knowledggetfnoise. Frequency selection of a global
mode for subsonic cold jets is not predicted byitis¢ability theory for instance, and is still
to be clearly described. Based on this remarkjoukl be also underlined that there is still a
role for theory, in particular to support the iqtetation of these simulations.

Another possible way to establish direct links badw turbulent flow events and emitted
sound waves and to help towards the identificatibnoise-source mechanisms, is to apply a
causality method to LES data, as proposed in BagelyBailly [9]. For that, the normalized
cross-correlation between the jet turbulencéxat,) and the radiated pressure(ap,t, +t)

is introduced
(f(x.t)p' 0ty +1))

(F200, ) (P2 (0to))

where the quantity f is any relevant calculatedalde. Some results are reported in Figure 3
where f is the norm of the vorticity along the gadis. The particular role played by the flow
dynamic at the end of the potential core is aganpleasized for the noise radiated in the
downstream direction whatever the Reynolds numbay tre. This kind of investigation
clearly needs more work using advanced signal gsieg and alternative localization
techniques such as antenna or conditional statistic

Ch (vaz’t) =

M=0.9, Re=1.7e3 M=0.9, Re=4e5
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Figure 3: Correlations between the vorticity nomittng the jet axis at points + and the acoustid fi¢ point
Maoindicated bys. Time delay tiD versus location xéralong the jet axis, — time of propagation aldmey t
acoustic rays, ..... end of the potential core, catmle: [-0.14 0.14] (white: [-0.035 0.035]).



To conclude and to provide a critical review, euvérhigh-fidelity flow and noise
simulations are now performed, it remains someiatiffies such as the generation of
artificial turbulence at the inflow boundary conalits to mimic the turbulent boundary layer
or the thicker boundary layers used in numerigalutations, typicallyde/D ~ 1e-2 instead of
le-3 in experiments, leading to some potentiatskfth measurements for the potential core
length or spectral peaks in the initial shear-layer

4  SUPERSONIC JET NOISE

Additional noise components generated by supergets¢ and especially screech tones,
contribute significantly to acoustic fatigue of doat aircrafts. Shock-associated noise
radiates primarily in the upstream direction andssmuently increases also notably cabin
noise of modern commercial aircrafts. Noise of infgelly expanded supersonic jets has
been studied experimentally and theoretically ideorto identify the interactions between
turbulence and the quasi-periodic shock-cell stmgctThese interactions generate upstream-
propagating sound waves. A resonant loop is thetaimdd when acoustic waves are
diffracted by the nozzle lips and thus excite thi&al shear layers. However, predictions are
still qualitative and provide basically the fundarted frequency associated with the feedback
loop. Further details can be found in the reviewgraof Raman [10]. The determination of
the amplitude of the radiated acoustic field rermandifficult challenge, and is directly
connected to a clear understanding of the shodktex interactions, as proposed by Suzuki
and Lele [11] for the case of a planar shear layer.

This issue has been recently investigated by Beréaral. [12] with the compressible
large eddy simulation of screech tones generated abythree-dimensional planar
underexpanded jet. The jet operates at fully expdndlach number M= 1.55, with a
Reynolds number Re= 6e4 based on the jet exit velocityamd of the nozzle height h. The
ratio between the exit pressure and the ambiarsspre is gpamb = 2.09, corresponding to
maximum screech noise generated by a rectangutaenwith large aspect ratio, as shown
experimentally by Krothapalli et al. [13]. Numeligarameters and validations can be found
in the paper previously mentioned. The flow andeesdly the shock-cell structure are in
agreement with the literature. Furthermore the rnepst acoustic field exhibits harmonic
tones that compare correctly to screech tones wideon rectangular jets in terms of
frequency, amplitude and phase shift on both sidi¢ise jet.

As an Iillustration, Figure 4 displays a snapshottioé direct noise computation.
Compression shocks corresponding to high-denséglignts are seen inside the jet plume.

Figure 4: Computation of the generation of scraecks in an under-expanded supersonic jet, fulbassed
jet at Mach number 1.55, Reynolds number 6e4.Smapsthe density gradients, of the spanwise vitytiend
of the near-field pressure, in a plane perpendidoléhe spanwise direction. The nozzle lips arelack.



Upstream-propagating wave-fronts associated witeest tones radiation are clearly
visible on both sides of the jet. The Strouhal namiorresponding to the screech frequency
is equal to St =sh / y =~ 0.126. A further study of the simulation data pasmitted to locate
the screech source near the third shock-cell, isatbin the experiments of Krothapadtial.

[13] among others, and to provide evidences ofcihrenection between the shock-leakage
process, proposed by Suzuki and Lele [11] and émegtion of screech tones.

The far-field noise is extrapolated by using theedirized Euler equations in order to
compute acoustic spectra. Power spectral densititge pressure fluctuations are reported in
Figure 5 for different observation angleésvith respect to the downstream direction. Three
contributions can be found: screech noise, broadlsmock-associated noise and mixing
noise which has already been discussed in thequrs\dection devoted to subsonic jet noise.
For 6 = 155 deg., the spectrum is dominated by the foneadial screech tone and its
harmonics. For an observer in the sideline directio= 80 deg., the fundamental screech
tone is no longer visible whereas its first harncodominates the radiated field. Two
broadband peaks can also be noticed, a low-frequeniatribution at Stv 0.07 associated
with the mixing noise and a higher frequency cdmntiion over 0.1< St < 0.2. In the
downstream direction, 8t= 40 deg., the mixing noise becomes the prinaipée source.
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Figure 5: Computation of the generation of scraeaks in an under-expanded supersonic jet, fulhaased at
jet Mach number 1.55, Reynolds number 6e4. Fagd-8elund pressure spectra obtaine@latl55 deg. (A), 80
deg. (B) and 40 deg. (C) with respect to the flareation (D=10dB between two Y-ticks)

The present simulation is thus able to capturethinee noise sources and to correctly
reproduce broadband spectra as a function of tlsereér position, in agreement with the
literature, as summarized by Raman [10] or by Tad).[

5 CONCLUSIONS

Over the last years, significant progress has beae to improve the accuracy of Navier-
Stokes solvers to perform Direct Noise Computatiorterm of dissipation but also in term
of dispersion for time-dependent simulations. It ba also observed that it is often easier to
increase algorithm accuracy than the number of grmunts of the mesh. And this
recommendation also holds for commercial codes. D€ also contributed to emphasize
the role of silent boundary conditions combiningnieflecting outflow boundary conditions
and sponge layers.



Turbulence modelling in large-eddy simulations remea open key-issue for DNC, and
needs to be objectively examinated with the knogéedf the transfer function of the
numerical algorithm, as suggested by Domaradzki Adams [15]. Simulation of realistic
transitional shear layers at higher Reynolds numieestill problematic and often leads to
amplified local turbulence and noise sources. Thethodology to specify the inflow
boundary conditions of turbulent boundary layerghim framework of DNC likewise remains
a challenging task, the reader may refer to Xu Kladtin [16] for a recent discussion.
Finally, validation and analysis of unsteady resultonvergence of statistics for signal
processing or comparison with low-resolved PIV dagquire precaution. Moreover, two-
point space-time correlations are of particularani@nce for noise generation.

Among different topics in progress that can be moaetdd, numerical study of more
complex geometries involving high-Reynolds numbews$ requires the use of high-quality
block structured grids. Several research teamslaevsuch techniques with the aim of
aeroacoustic simulations, as in Sherer and Scdft [Efforts are also now provided to
develop unstructured approaches for realistic apfiins, even if accuracy and robustness
seem still difficult and costly to preserve. Acatyas also difficult to retain for transonic and
supersonic flows in the context of aeroacoustigdiegtions.
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