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1. Role of Numerical Simulations

In this document, we deal with numerical simulations in Aeroelasticity and Aeroacoustics for Aerospace. We shall not go into details concerning the industrial role of Numerical Simulation. We just summarize it by two keywords: understanding and predicting.

Beside this, Numerical Simulations have an important impact for the progress of science and techniques and are at the center of many scientific publications. We would mention:

· Studying and improving Numerical Simulation methods is a first motivation. Accuracy, efficiency, robustness issues should be progressively approached in these investigations.

· Studying mathematical models is a second issue:  this is the goal, for example of mesh convergence studies that provide a good knowledge of the so-called continuous or mathematical solution. This knowledge is necessary for the validation and calibration of the model and is an important issue in the study of new turbulence models.

A particular case is Direct Numerical Simulation. In that case we get only a particular realization of the mathematical solution. We are in fact mainly interested by statistical properties. And the results play more or less the role of experimental results since they contribute to the validation and calibration.

Numerical simulations in multiphysics are the center of many publications and can deal either with academic cases (configurations, physical parameters) coming from academic measurements which were generally published separately. They can also deal with industrial cases and would typically involve their own industrial cases. Although the second case is a priori less favorable to “experience reproduction”, their publication is extremely useful and efforts for approaching reproducibility by making available publishable information and more complex data (geometries…) are mandatory.

The features describing a simulation involve the physical model, geometry, parameters, and the numerical method. 
2. Simulations in aeroelasticity

· Supersonic flow over a flat plate: An (unsteady, 2D) Euler flow model is coupled to a (1D) linear flat model. Instabilities arise when the far field Mach number is large enough. This case is a popular validation one and is useful for the dissemination of mathematical aspects of aeroelasticity studies. References concern an analytical theory and a typical computation:

I. Bisplinghoff, B., Ashley, H., and Halfman, R.L.: ”Aeroelasticity”. Addison-Wesly, Reading, MA, 1957

II. Piperno, S.: ”Two-dimensional Euler aeroelastic simulations with interface matching relaxation”, Num. Meth. In Engineering, 898-904, 1996

· Pitch and Plunge NACA0012:  This is a very classical and simple case involving a two degrees of freedom structural model and a 2D fluid model. Limit conditions such as high angle of attack or Mach number approaching unity produce challenging case to compute.

III. Farhat, C., Degand, C. Koobus, B. and Lesoinne, M.: ”Torsional Springs for two-dimensional dynamic unstructured fluid meshes”, Comp. Meth. in Applied Mech. and Engineer., 163:231-245, 1998

IV. McDewitt, J.B., and Okuno, A.F.: ”Static and dynamic pressure measurements on a NACA0012 airfoil in the Ames high Reynolds number facility”, NASA TP-2485, 1985

V. Rivera, J.A., Dansberry, B.E., and Sandford, M.S.: ”NACA0012 benchmark model experimental flutter results with unsteady pressure distribution”, AIAA paper 92-2396, 1992

· Shock-boundary later on a 18% circular arc airfoil: we recall this non-coupled fluid case because it is a useful one for studying the ability of a prediction tool for transonic shock buffetting, on the path of coupling shock buffeting and structures.

VI. Edwards, J.”Transonic shock oscillations and wing flutter calculated with an interactive boundary layer method” Proceeding of Euromech-colloquium 349, Simulation of Fluid-Structure Interation in Aeronautics, Gottingen, Germany, sept. 1996

· AGARD 445.6 wing flutter:  although the structural model is not well identifiable, this test case is frequently computed and has been chosen in many workshop and networks. It is a transonic flutter of a 3D swept wing that has been measured with a large collection of parameters. Replacing in viscid models by RANS ones show progressively significative improvements.

VII. Bennet, R.M., and Edwards, J., W.”An overview of recent developments in computational aeroelasticity”,  AIAA paper 98-2421

VIII. Yates, E. and Carson, Jr.”AGARD standard aeroelastic configurations for dynamic response I-Wing 445.6”, AGARD report 765, 1988

IX. Thiele, F., Rung, T., and Bunge, U., “the UNSI book, final report on Brite/Euram project BRPR-CT97-0583”, Notes on Numerical Fluisd Mechanics, 2001

X. “FLOWNET:  Flow library on Web Network, Test cases” 

XI. http://dataserv.inria.fr/flownet

· Limit Cycle oscillation is an important phenomenon to analyze. We refer to:

XII. Edwards, J.W., Schuster, D.M., Spain, C.V., Keller, D.F., and Moses, R.W.”MAVRIC flutter model transonic limit cycle oscillation test”, NASA/TM-2001-210877, 2001

· Vortex excitation as in the well known F18 aircraft case is progressively computed.

· Some pre-industrial computations can also be found in the special issue of Revue Europeenne des Elements Finis (9(6-7), Hermes-Paris: 2000, Kogan-London: 2003).

From a more general standpoint, aircraft applications challenges are described in:

XIII. Livne, E.”Future of airplane aeroelasticity”, AIAA Journal of Aircraft, 40(6):1066-1092, 2003.

Emerging subjects involve important activities in the simulation of the coupling of active structures with flow models, and the progressive application of unsteady turbulence models such as DES, LES, DNS.

3. Simulations in aeroacoustics

In a similar way to turbulence, acoustic propagation is well modeled by the full compressible Navier-Stokes model, but this model is too computationally expansive to apply today. Then using simplified models is the rule today.
Well established simplified models are based on a wave equation with a source term derived, by means of the Lighthill acoustic analogy, from data extracted from CFD calculations. Far-field popular models are based on the Kirchoff or Ffwocs Williams Hawking (FW-H) Green function solutions.

As for turbulence again, the frontiers separating with Direct Noise Calculation (DNC) are progressively pushed away, in particular with the linearized Euler equations and the Nonlinear Disturbance Equation (NLDE).  NLDE, in some basic formulation, is equivalent to DNS, but can importantly reduce round-off errors, see for example the analysis of:

XIV. Abalakin, I., Dervieux, A., Kozubskaya, T.: ”On accuracy of noise direct calculation based on Euler model”, I.J. of Aeroacoustics, 3(2):157-180, 2004

Both models need a very high accuracy and a careful treatment of non-reflecting boundary conditions. The acoustic model has still to be coupled with a CFD model with turbulence representation, such as RANS or LES, or even a blending of it such as DES.
Among the main aircraft industry contexts for CAA studies, we distinguish:

· Airframe noise [27]. This concerns any non-propulsive component of an aircraft. Geometry complexity combined with the need of unsteady LES-type flow render makes this topic a difficult one.

· Fan noise is a problem has well progressed in the last decade [12,15,33,34,35], in particular in combination with RANS models.

· Jet noise is more challenging. Many investigations concentrate on DNS and LES studies. This topic needs further throughputs [1-7,13,18,26,31,32],

· Helicopter rotor noise [8],

· Cavity tones [24,28]. The problem of the interface between RANS/LES and acoustics is an important one in this kind of geometry.

A methodology overview can be found in:

XV. Grace, S.M.: ”An overview of computational Aeroacoustics techniques applied to cavity noise prediction” AIAA paper 2001-0510, 2001.

An important dimension of CAA simulations is the parallel treatment of them, remember that 3D computations with N nodes in each direction would have a complexity of N power k, k being between 3 and 4. This means that with the Moore law, the gain in resolution by a factor 10 (passing from N to 10 times N) is not sure in the next 15 years. See the review [22].

We finally recommend to read the following recent reviews:

XVI. Kurbatskii, K.A., and Mankbadi, R.R.”:Review of computational aeroacoustics algorithms”, I. J. CFD, 18(6):553-546,2004

XVII. Tam, C.K.W. “Computational Aeroacoustics: An overview of computational challenges and applications”, I. J. CFD, 18(6): 547-567,2004

XVIII. Delfs, J. and Heller, H. (1995) “Aeroacoustics Research in Europe-1996 Highlights”, 

XIX. CEAS-ASC report, 1996

XX. Fisher, M.J. and Self, R.H. (2001) “Aeroacoustics Research in Europe-2001Highlights”, 

XXI. CEAS-ASC report, 2001

4.References for aeroacoustics

Since new methods are generally illustrated by interesting computations, we have gathered in the following list the references proposed for the methodological state of the art written by C. Hirsch.

[1] Bailly, C. and  Bogey, C.:” Contributions of computational Aeroacoustics  to jet noise ersearch and prediction”, I. J. CFD, 18(6): 481-492,2004
[2] Bogey, C., Bailly, C. and Juve, D. “Computation of flow noise using source terms in linearized Euler’s equations”, AIAA Journal, 40(2), 235-243.

[3] Bogey, C. and Bailly, C.: ”Three-dimensional non-reflective boundary conditions for acoustic simulations: far field formulation and validation test cases”, Acta Acustica, 88(4), 463-471.

[4] Bogey, C. and Bailly, C.:”Direct computation of the sound of a high Reynolds number subsonic jet”, CEAS workshop from CFD to CAA, 7-8 november, Athens, Greece, 1-21.

[5] Bogey, C. and Bailly, C. (2003a) LES of a high Reynolds high subsonic jet: effects of the inflow conditions on flow and noise, AIAA Paper 2003-3170, 9th AIAA/CEAS Aeroacoustics Conference.

[6] Bogey, C. and Bailly, C.:”LES of a high Reynolds high subsonic jet: effects of the subgrid scale modeling on flow and noise”, AIAA Paper 2003-3557, 16th AIAA Computational Fluid Dynamics Conference.

[7] Bogey, C. and Bailly, C.:”Investigation of subsonic jet noise using LES: Mach and Reynolds number effects”, AIAA Paper 2004-3023,2004

[8] Brentner, K. S., Farassat, F.:”“Modeling aerodynamically generated sound of helicopter rotors”, Progress in Aerospace Sciences 39, pp 83–120. 

[9] Dahl, M.D.:“Third Computational Aeroacoustics (CAA) Workshop on Benchmark Problems”, (editor), NASA/CP–2000-209790.
[10] Casalino D.,:“An advanced time approach for acoustic analogy predictions”. Journal of Sound and Vibration 261(2003) 583-612.

[11] Delfs, J.W.:“An Overlapped Grid Technique for High Resolution CAA Schemes for Complex Geometries”, AIAA Paper 2001-2199, 7th AIAA/CEAS Aeroacoustics Conference, Maastricht, Netherlands.

[12] Envia, E., Wilson, A.G., and Huff, D.L.:” Fan noise: a challenge for CAA”, I. J. CFD, 18(6): 471-480,2004

[13] Farassat, F., Doty, M.J., Hunter, C.A.:”The acoustic analogy – A powerful tool in Aeroacoustics with emphasis on jet noise prediction”,NASA-LARC Tech. Report NASA-97-53ahs-ksb, 1997

[14] Hardin, J.C., Ristorcelli, J.R. and Tam, C.K.W. (eds.) ICASE/LaRC Workshop on Benchmark Problems in Computational Aeroacoustics (CAA), NASA CP 3300.

[15] Hirsch Ch., Ghorbaniasl Gh., Ramboer J.:” Fan noise simulation in the time domain: Validation test cases”. Second international symposium on Fan Noise, Senlis (France), 2003.

[16] Hixon, R., Mankbadi, R. R., and Scott, J. R. :”Validation of a High-Order Prefactored Compact Code on Nonlinear Flows with Complex Geometries”, AIAA Paper 2001-1103, AIAA, 39th AIAA Aerospace Sciences Meeting and Exhibit, Reno, Nevada.

[17] Hu, F. Q., Hussaini, M. Y., and Manthey, J.:”Low-Dissipation and –Dispersion Runge-Kutta Schemes for Computational Aeroacoustics”, J. Comp. Physics, 124 177-191.

[18] Hunter, C.A., and Thomas, R.H.:”Developement of a jet noise prediction method for installed jet configurations”, AIAA paper 2003-3169, 2003

[19] Lele, S.K. :“Computational Aeroacoustics: A Review”, AIAA Paper 97-0018, 35th Aerospace Sciences Meeting and Exhibit, Reno, Nevada.

[20] Lighthill, M.J.:”On sound generated aerodynamically - I. General theory”, Proc. Roy. Soc. London, 211, Ser. A, 1107, 564-587.

[21] Lighthill, J.:”Early development of an “acoustic analogy, approach to aeroacoustic theory”, AIAA Journal, 20(4), 449-450.

[22] Long, L.N., Morris, P.J., and Agarwal, A.:”A review of parallel computing in computational Aeroacoustics”, I. J. CFD, 18(6): 493-502,2004

[23]Mendonca, F, Allen, R., de Charentenay, J., and Lewis, M.:”Towards understanding LES and DES for industrial Aeroacoustics predictions”, International Workshop on LES for Acoustics, DLR, Gottingen, Germany, oct.7-8, 2002

[24]Mendonca, F, Allen, R., de Charentenay, J., and Kirkham, D.:”CFD prediction of narrowband and broadband cavity acoustics at M=0.85 ”,  AIAA paper 2003-3303, 
[25] Mankbadi, R.R.:“Review of Computational Aeroacoustics in Propulsion Systems”, J. Propulsion and Power, 15(4) 504-512.

[26] Morris, P.J. and Farassat, F.:“Acoustic Analogy and Alternative Theories for Jet Noise Prediction”, AIAA J., 40(4) 671-680.

[27] Singer, B.A., and Guo, Y.:” Developement of computational Aeroacoustics tools for airframe noise calculations”, I. J. CFD, 18(6): 455-470,2004
[28] Takeda, K., and Shieh, C.M.:” Cavity tone by compurational Aeroacoustics”, I. J. CFD, 18(6): 439-454,2004

[29] Tam, C.K.W. (1995) “Computational Aeroacoustics: Issues and Methods”, AIAA Journal, 33(10), 1788-1796.

[30] Tam, C.K.W. and Hardin, J.C. :“Second Computational Aeroacoustics (CAA) Workshop on Benchmark Problems”, (editors), NASA CP–3352.

[31] Uzun, A., Blaisdell, G.A., and Lyrintzis, A.S:”Recent progress towards a large eddy simulation code for jet Aeroacosutics ”, AIAApaper 2002-2598, 2002

[32] Uzun, A., Blaisdell, G.A., and Lyrintzis, A.S.:”3-D Large eddy Simulation for jet Aeroacoustics”, AIAApaper 2003-3322, 2003

[33] Wilson, A.G.:“A Method for Deriving Tone Noise Information from CFD Calculations on the Aeroengine Fan Stage”, presented at the NATO RTO-AVT Symposium on Computational Aero- and Hydro-Acoustics, Manchester, U.K.

[34] Özyörük, Y., Ahuja, V. and Long, L.N. :“Time Domain Simulation of Radiation from Ducted Fans with Liners”, AIAA Paper 2001-2171, 7th AIAA/CEAS Aeroacoustics Conference, Maastricht, Netherlands.

[35] Özyörük, Y., Alpman, E., Ahuja, V., and Long, L.N.: “A Frequency Domain Numerical Method for Noise Radiation from Ducted Fans”, AIAA Paper 2002-2587, 8th AIAA/CEAS Aeroacoustics Conference, Breckenridge, Colorado.

