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5.3.9 Modeling of the characteristic turbulent flame time . . . . . . . . . . . . 243
5.3.10 Kolmogorov-Petrovski-Piskunov (KPP) analysis . . . . . . . . . . . . . 246
5.3.11 Flame stabilization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248

5.4 LES of turbulent premixed flames . . . . . . . . . . . . . . . . . . . . . . . . . . 252
5.4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 252
5.4.2 Extension of RANS models: the LES-EBU model . . . . . . . . . . . . . 253
5.4.3 Artificially thickened flames . . . . . . . . . . . . . . . . . . . . . . . . . 253
5.4.4 G-equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255
5.4.5 Flame surface density LES formulations . . . . . . . . . . . . . . . . . . 257
5.4.6 Scalar fluxes modeling in LES . . . . . . . . . . . . . . . . . . . . . . . . 258

5.5 DNS of turbulent premixed flames . . . . . . . . . . . . . . . . . . . . . . . . . 262
5.5.1 The role of DNS in turbulent combustion studies . . . . . . . . . . . . . 262
5.5.2 DNS database analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 263
5.5.3 Studies of local flame structures using DNS . . . . . . . . . . . . . . . . 267
5.5.4 Complex chemistry simulations . . . . . . . . . . . . . . . . . . . . . . . 273
5.5.5 Studying the global structure of turbulent flames with DNS . . . . . . . 276
5.5.6 DNS analysis for large eddy simulations . . . . . . . . . . . . . . . . . . 285

6 Turbulent non-premixed flames 287
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 287
6.2 Phenomenological description . . . . . . . . . . . . . . . . . . . . . . . . . . . . 288

6.2.1 Typical flame structure: jet flame . . . . . . . . . . . . . . . . . . . . . . 288
6.2.2 Specific features of turbulent non-premixed flames . . . . . . . . . . . . 288
6.2.3 Turbulent non-premixed flame stabilization . . . . . . . . . . . . . . . . 289
6.2.4 An example of turbulent non-premixed flame stabilization . . . . . . . . 297

6.3 Turbulent non-premixed combustion regimes . . . . . . . . . . . . . . . . . . . 300
6.3.1 Flame/vortex interactions in DNS . . . . . . . . . . . . . . . . . . . . . 301
6.3.2 Scales in turbulent non-premixed combustion . . . . . . . . . . . . . . . 306
6.3.3 Combustion regimes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 309

6.4 RANS of turbulent non-premixed flames . . . . . . . . . . . . . . . . . . . . . . 311



CONTENTS vii

6.4.1 Assumptions and averaged equations . . . . . . . . . . . . . . . . . . . . 311
6.4.2 Models for primitive variables with infinitely fast chemistry . . . . . . . 314
6.4.3 Mixture fraction variance and scalar dissipation rate . . . . . . . . . . . 317
6.4.4 Models for mean reaction rate with infinitely fast chemistry . . . . . . . 320
6.4.5 Models for primitive variables with finite rate chemistry . . . . . . . . . 321
6.4.6 Models for mean reaction rate with finite rate chemistry . . . . . . . . . 327

6.5 LES of turbulent non-premixed flames . . . . . . . . . . . . . . . . . . . . . . . 333
6.5.1 Linear Eddy Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 333
6.5.2 Infinitely fast chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . 334
6.5.3 Finite rate chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 335

6.6 DNS of turbulent non-premixed flames . . . . . . . . . . . . . . . . . . . . . . . 337
6.6.1 Studies of local flame structure . . . . . . . . . . . . . . . . . . . . . . . 337
6.6.2 Autoignition of a turbulent non-premixed flame . . . . . . . . . . . . . . 341
6.6.3 Studies of global flame structure . . . . . . . . . . . . . . . . . . . . . . 343
6.6.4 Three-dimensional turbulent hydrogen jet lifted flame with complex

chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 346

7 Flame/wall interactions 349
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 349
7.2 Flame–wall interaction in laminar flows . . . . . . . . . . . . . . . . . . . . . . 352

7.2.1 Phenomenological description . . . . . . . . . . . . . . . . . . . . . . . . 352
7.2.2 Simple chemistry flame/wall interaction . . . . . . . . . . . . . . . . . . 355
7.2.3 Computing complex chemistry flame/wall interaction . . . . . . . . . . . 356

7.3 Flame/wall interaction in turbulent flows . . . . . . . . . . . . . . . . . . . . . 359
7.3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 359
7.3.2 DNS of turbulent flame/wall interaction . . . . . . . . . . . . . . . . . . 360
7.3.3 Flame/wall interaction and turbulent combustion models . . . . . . . . 364
7.3.4 Flame/wall interaction and wall heat transfer models . . . . . . . . . . . 365

8 Flame/acoustics interactions 375
8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 375
8.2 Acoustics for non-reacting flows . . . . . . . . . . . . . . . . . . . . . . . . . . . 376

8.2.1 Fundamental equations . . . . . . . . . . . . . . . . . . . . . . . . . . . 376
8.2.2 Plane waves in one dimension . . . . . . . . . . . . . . . . . . . . . . . . 378
8.2.3 Harmonic waves and guided waves . . . . . . . . . . . . . . . . . . . . . 380
8.2.4 Longitudinal modes in constant cross section ducts . . . . . . . . . . . . 382
8.2.5 Longitudinal modes in variable cross section ducts . . . . . . . . . . . . 383
8.2.6 Longitudinal/transverse modes in rectangular ducts . . . . . . . . . . . 384
8.2.7 Longitudinal modes in a series of constant cross section ducts . . . . . . 387
8.2.8 The double duct and the Helmholtz resonator . . . . . . . . . . . . . . . 390
8.2.9 Multidimensional acoustic modes in cavities . . . . . . . . . . . . . . . . 393
8.2.10 Acoustic energy density and flux . . . . . . . . . . . . . . . . . . . . . . 395



viii CONTENTS

8.3 Acoustics for reacting flows . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 398
8.3.1 An equation for ln(P) in reacting flows . . . . . . . . . . . . . . . . . . 398
8.3.2 A wave equation in low Mach-number reacting flows . . . . . . . . . . . 399
8.3.3 Acoustic velocity and pressure in low-speed reacting flows . . . . . . . . 400
8.3.4 Acoustic jump conditions for thin flames . . . . . . . . . . . . . . . . . . 401
8.3.5 Longitudinal modes in a series of ducts with combustion . . . . . . . . . 403
8.3.6 Three-dimensional Helmholtz tools . . . . . . . . . . . . . . . . . . . . . 404
8.3.7 The acoustic energy balance in reacting flows . . . . . . . . . . . . . . . 407
8.3.8 About energies in reacting flows . . . . . . . . . . . . . . . . . . . . . . 410

8.4 Combustion instabilities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 413
8.4.1 Stable versus unstable combustion . . . . . . . . . . . . . . . . . . . . . 414
8.4.2 Interaction of longitudinal waves and thin flames . . . . . . . . . . . . . 415
8.4.3 The (n− τ) formulation for flame transfer function . . . . . . . . . . . . 416
8.4.4 Complete solution in a simplified case . . . . . . . . . . . . . . . . . . . 417
8.4.5 Vortices in combustion instabilities . . . . . . . . . . . . . . . . . . . . . 421

8.5 Large eddy simulations of combustion instabilities . . . . . . . . . . . . . . . . 424
8.5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 426
8.5.2 LES strategies to study combustion instabilities . . . . . . . . . . . . . . 428

9 Boundary conditions 431
9.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 431
9.2 Classification of compressible Navier-Stokes equations formulations . . . . . . . 433
9.3 Description of characteristic boundary conditions . . . . . . . . . . . . . . . . 434

9.3.1 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 434
9.3.2 Reacting Navier-Stokes equations near a boundary . . . . . . . . . . . . 436
9.3.3 The Local One Dimensional Inviscid (LODI) relations . . . . . . . . . . 440
9.3.4 The NSCBC strategy for the Euler equations . . . . . . . . . . . . . . . 442
9.3.5 The NSCBC strategy for Navier-Stokes equations . . . . . . . . . . . . . 444
9.3.6 Edges and corners . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 447

9.4 Examples of implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 447
9.4.1 A subsonic inflow with fixed velocities and temperature (SI-1) . . . . . . 448
9.4.2 A subsonic non-reflecting inflow (SI-4) . . . . . . . . . . . . . . . . . . . 449
9.4.3 Subsonic non-reflecting outflows (B2 and B3) . . . . . . . . . . . . . . . 449
9.4.4 A subsonic reflecting outflow (B4) . . . . . . . . . . . . . . . . . . . . . 451
9.4.5 An isothermal no-slip wall (NSW) . . . . . . . . . . . . . . . . . . . . . 451
9.4.6 An adiabatic slip wall (ASW) . . . . . . . . . . . . . . . . . . . . . . . . 452

9.5 Applications to steady non-reacting flows . . . . . . . . . . . . . . . . . . . . . 452
9.6 Applications to steady reacting flows . . . . . . . . . . . . . . . . . . . . . . . . 456
9.7 Unsteady flows and numerical waves control . . . . . . . . . . . . . . . . . . . . 459

9.7.1 Physical and numerical waves . . . . . . . . . . . . . . . . . . . . . . . . 459
9.7.2 Vortex/boundary interactions . . . . . . . . . . . . . . . . . . . . . . . . 463

9.8 Applications to low Reynolds number flows . . . . . . . . . . . . . . . . . . . . 466



CONTENTS ix

10 Examples of LES applications 473
10.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 473
10.2 Case 1: small scale gas turbine burner . . . . . . . . . . . . . . . . . . . . . . . 474

10.2.1 Configuration and boundary conditions . . . . . . . . . . . . . . . . . . 474
10.2.2 Non reacting flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 475
10.2.3 Stable reacting flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 480

10.3 Case 2: large-scale gas turbine burner . . . . . . . . . . . . . . . . . . . . . . . 484
10.3.1 Configuration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 484
10.3.2 Boundary conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 484
10.3.3 Comparison of cold and hot flow structures . . . . . . . . . . . . . . . . 485
10.3.4 A low-frequency forced mode . . . . . . . . . . . . . . . . . . . . . . . . 486
10.3.5 A high-frequency self-excited mode . . . . . . . . . . . . . . . . . . . . . 489

10.4 Case 3: self-excited laboratory-scale burner . . . . . . . . . . . . . . . . . . . . 491
10.4.1 Configuration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 491
10.4.2 Stable flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 492
10.4.3 Controlling oscillations through boundary conditions . . . . . . . . . . . 492

References 497

Index 519


