Contents

Part I Mesh Generation and Manipulation

Methods and Strategies for the Detection and Management of Grid

Induced Uncertainties in Numerical Aerodynamics ................... 3
E. Mazlum, R. Radespiel
1 Identification of Sources of Error Induced by Geometry and
Discretisation ............. ... 3
1.1 Numerical Method ............ ... . ... ... ..... 4
1.2 Analysisin2D .............. . oo o 4
1.3 Uncertainties Induced by Variation of the Trailing-Edge
GEOMEITY ... oottt e 5
1.4 Uncertainties Induced by the Grid Topology ........... 6
1.5 Effects of the Hybrid Border on the Flow Solution . . . . .. 8
2 Methods for the Detection of Improperly Discretised Grid
REgIONS ... i 12
2.1 Error Indicator Based on the Artificial Dissipation of
Central Convection Schemes ........................ 12
2.2 Application of the Error Indicator .. .................. 14
3 Grid Improvement Strategies and Techniques .................. 18
31 Enlargement of the Hexahedra Layer via Grid
Manipulation ........... . ... . L 18
3.2 Local Refinement of Hexahedra to Improve the Wake
DisCretisation ... ... 24
References . ... ... . 27

Quantification and Reduction of Numerical Uncertainties by

Improvement of the TAU Grid Adaptation Tool and Adjoint Methods ... 29
Matthias Orlt, Nicolas R. Gauger
1 INroduction .. .......ov i 29
2 Improvements Using the Decomposability of Elements.......... 31

Bibliografische Informationen digitalisiert durch I HLE
http://d-nb.info/1030083592 BLIOTHE


http://d-nb.info/1030083592

VII Contents
3 Modification of Adapted Grids on the Base
of a Geometrical Element Quality............................ 36
3.1 A Geometric Quality Measure for the Element Types of
TAU 36
32 Modification of Adapted Grids ...................... 40
33 Results on Modified Grids .......................... 42
4 Adjoint-Based Error Estimation and Functional Correction .. . ... 46
5 Error Indication Based on the Adjoint Solution ................ 48
6 Conclusions for the Application ............................. 51
References .. ... ... i 52
Application of Mesh Modifications and Adjeint Error Estimates . . . .. ... 55
S. Albensoeder
1 Introduction .. ... ... .. 55
2 Methods . ... 56
2.1 Adjoint Error Estimation Method .................... 56
2.2 Mesh Manipulation .. .................. ... ... 57
3 Results ... ... . 59
3.1 Adaptation by an Adjoint Error Estimate .............. 59
32 Mesh Manipulation .. .......... ... .. ... ... ..., 65
4 Conclusion. . ......ooi it 69
5 OuWtlooK ..o e 72
References . ... 72

Part II Turbulence Modeling

Minimization and Quantification of Errors and Uncertainties in RANS

Modeling .. ... 77
Tobias Schmidt, Charles Mockett, Frank Thiele

1 Introduction .. ... ... ... 77

2 Classification of Errors and Uncertainties ..................... 78

3 Developmentof the Sensors .............. ... ... ........... 79

31 Development of the Error Sensors. . .................. 79

3.2 Development of the Uncertainty Sensors .............. 84

4 Applicationof the Sensors . ... ....... ... ... ... L 92

4.1 Error Sensors .. .. ... 92

4.2 Uncertainty Sensors .................ooiiiiinnnn. 94

5 Applicabilityon Mixed Errors. . ......... ... ... ... . ... ... 96

6 Industrial Application............... ... .. it 97

7 Field of Application and Its Limits . . .. .................... ... 99

References .. ... 100



Contents

Sensor Controlled Zonal RANS-LESMethod . . ...................

Benedikt Roidl

1 Introduction .......... .. .. .. .
2 Numerical Methods ........... ... ... ... .. ... ........
2.1 Large-Eddy Simulation.........................

2.2 Sensor Development . ..........................

2.3 Synthetic Turbulence Generation Methods (STGM)
3 Results . ... o

3.1 Sensor Validation............... ... ... ...

32 Validation of STGM . ..........................
33 Oblique Shock on Flat Plate (SWBLI) ............
34 DRA2303 Transonic Profile . . . .. ................
4 ConcCluSION . . ... o
References .. ... ... ... .. . . .

Part III Numerical Methods

The Application of Iterated Defect Corrections Based on WENO

Reconstruction . ... ... ... ... ... . ... . ... .. ...
Alexander Filimon, Claus-Dieter Munz
1 Introduction.......... ... ... . ... .. ...
2 The Method of Iterated Defect Correction . ................
21 IDeC for Inhomogeneous Problems ..............
3 WENO Reconstruction on Unstructured Grids .............
4 Numerical Results. . .......... ... ... ... ... ..........
4.1 Convergence Studies . . .........................
42 Application Test Cases . ........................
43 Conclusion .. .......... .. ... .. . ..
References . ...... ... ... . . . .

Part IV Geometry and Deformation

Uncertainties of Numerical Structural Models in the Frame of

Aeroelasticity . . . ... ... .. L

P. Reich, A. Reim, M. Haupt, P. Horst
1 Finite Element Models and Analysis Methods Used for

Uncertainty Quantification. .....................couun.. ..

1.1 Parametric Finite Element Model .................
1.2 Quantification of Uncertainty. . ..................
2 Part I: Model Uncertainties . ............................
21 Introduction . ......... ... Lo
22 Design of the Wing Structure . ....................
23 Uncertainties due to Modeling Simplifications . ... ..
3 Part II: Stochastic Simulations ...........................

3.1 Introduction . .......... ... .



X Contents
32 First Order Reliability Method. . ..................... 172
3.3 Combination of the FORM-Routine with Fluid-

Structure Interaction Code Library ................ ... 173

34 Sensitivity Analysis by a Global Variation in Structural
Parameters ........ .. ... ... 174
3.5 Results of the FORM Analysis ...................... 177
3.6 Conclusions . . ...t 179
References . ... ... 180

A Comparison of Fluid/Structure Coupling Methods for Reduced
Structural Models . .. ... ... . ... . 181
Georg Wellmer, Lars Reimer, Horst Flister, Marek Behr, Josef Ballmann

1 Introduction .. ....... ... .. 181
2 Coupling Methodology . ....... ..o, 183
2.1 FlowSolver ....... ... ... .. . 185

22 Structural Solver . ........ ... 186

23 Flow Grid Deformation ............................ 186

3 Spatial Coupling . . .......ov i 187
3.1 Finite Interpolation Element Method ................. 188

32 Additional Interpolation Schemes for FIE ............. 190

33 Global Spline-Based Interpolation (GSB) ............. 192

34 Moving-Least-Squares Interpolation (MLS) ........... 194

3.5 Insertion of Additional Support Points ................ 195

4 Error Sources in Spatial Coupling. . ............. ... ... ....... 197
4.1 CFD Mesh Spacing and Load Distribution............. 197

4.2 Influence of Projection Parameters ................... 204

5 Coupled Simulations .......... ..., 212
6 Conclusion. .. .. ..o e 215
References .. ... .. . i 217
Improved Mesh Deformation. . .................................... 219

Holger Barnewitz, Bernd Stickan

1 Introduction ......... .. ... . 219
2 CFD Mesh DeformationModule ............................ 221
2.1 Radial Basis Functions in Mesh Deformation .......... 222

22 Algorithm ... ... .. ... ... ... . 224

3 Wall Distance Module ............. . ... .. ............... 227
4 Base Point Reduction Methods .............................. 228
4.1 Equidistant Reduction Method ...................... 229

4.2 Weighted Distances .. .............................. 229

43 Error Correction . ........... ..ot 232

5 Interpolation Quality Comparison............................ 234
6 ApPPliCAtionS . ... ... ... 237
6.1 Wing ShapeDesign................ ..o i 237

6.2 Multi-disciplinary Wing Optimization—-SFB-401-Wing . . 238
6.3 Application to Complex Configuration ................ 239



Contents X1
7 SUMMAry . ..o i 240
References . ..o e 242

Part V Stochastic Uncertainties

Statistical Analysis of Parameter Variations Using the Taguchi Method .. 247
A. Wolf, D. Henes, S. Bogdanski, Th. Lutz, E. Krdmer

1 INtroduction . . .. ... i e 247
2 The Taguchi-Method . ... ... ... .. ... .. ... .. ... ... ... 248
2.1 Orthogonal ArraysS. . ...t 249
22 ANOVA-Analysis ........ ... ... 249
2.3 Parameter Interaction ........... .. ... ... .. ... ... 252
2.4 Error Determination . ......... ... .. ... iuiii... 252
3 Simulation SetUP. . . ..ot 253
4 ReSUILS . ... 255
5 TAU Implementation . ........... ... ... iiiiiiiiianaonn 262
6 Summary and Conclusion ................... . .. i, 263
References .. ... 264

Numerical Methods for Uncertainty Quantification and Bayesian
Update in Aerodynamics ............. ... ... ... .. ... ... ... 265
Alexander Litvinenko, Hermann G. Matthies

1 Introduction ... ... ... o 265

2 Statistical Modelling of Uncertainties ........................ 266

2.1 Modelling of Uncertainties in Parameters ............. 267

2.2 Modelling of Uncertainties in the Airfoil Geometry . . ... 268

3 Discretisation Techniques .......... ... .. ... . ... .. ... 269

4 Low-Rank Response Surface............. ... ... ... ... 270
4.1 Update of the Low-Rank Response Surface via

Computing the Residual ............................ 273

5 Data COMPIresSION. . ..o o vttt e e 274

5.1 Concatenation of Two Low-Rank Matrices ............ 276

6 Bayesian Update of the Uncertain Airfoil Geometry ............ 276

7 NUIMETICS -« o oottt et e e e e e e et et e 277

References ... ..o 281

Efficient Quantification of Aerodynamic Uncertainties Using

Gradient-Employing Surrogate Methods . . . .. ............... ... ... .. 283
Dishi Liu

1 IntroduCtion .. ... ... .. ... e 283

2 Test Case . ..ot e e 285

3 Methods . ..o e 287

3.1 Quasi-Monte Carlo Quadrature ...................... 287

32 Gradient-Enhanced Radial Basis Functions ............ 288

33 Gradient-Enhanced Kriging Method .................. 289



Xl Contents

34 Gradient-Enhanced Point-Collocation Polynomial
ChaosMethod . ... ... .. . i i 290
4 Results and Discussion. . ...........c i, 291
5 SUMMALY ..o e e e 295
References .. oo e 295
Optimal Aerodynamic Design under Uncertainty .. ................... 297
Volker Schulz, Claudia Schillings
1 IntroducCtion .. ... ..ot e 298
2 Aleatory Uncertainties in Aerodynamic Design ................ 298
2.1 Mathematical Description of the Uncertainties ......... 299
2.2 Karhunen-Lo&ve-Expansion......................... 300
3 Robust Shape Optimization Problem ......................... 301
3.1 Min-Max Formulations .. .......... .. ... ... ........ 303
32 Semi-infinite Formulations . . ............... ... . .. 303
33 Chance Constraint Formulations . .................... 304
4 Reduction of the Dimension of the Probability Space Using a
Goal-Oriented Karhunen-Logve Basis ........................ 306
5 Adaptive Sparse Grid for High-Dimensional Integration ... ...... 307
5.1 Adaptive Sparse Grid ... ... L.l 309
6 One-Shot Aerodynamic Shape Optimization and Its Coupling to
Robust Design........ ... 314
7 Numerical Results. .. ... . .. 316
7.1 Numerical Comparison of the Introduced Robust
Formulations . .............cooiiiiiniiiiii . 316
7.2 Numerical Results Considering Geometrical
Uncertainties (Testcase RAE2822) ................... 319
7.3 Numerical Study of the Influence of Geometrical
Uncertainties (Testcase SFB-401) . ................... 330
8 CONCIUSIONS . . o\ttt e e 334
ReferencCes . .. ..o oot e 336

Author Index .. ....... .. .. . . e 339



