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Abstract

This thesis describes the application of first-order Conditional Moment Closure

(CMC) in Large Eddy Simulations (LES) of forced ignition in turbulent flows.

The first part of this thesis describes the numerical implementation of the CMC

method in LES and investigates a number of implementation issues which arise due

to the need to use meshes of different resolution to solve the LES and CMC equations.

This is because of the high dimensionality of the CMC equations and the stiffness

of the resulting system of differential equations which results in high computational

cost. It was found that, in general, during the exchange of information from one mesh

to the other, the modelling and volume-averaging procedures are inter-changeable

in the order in which they can be performed. The models for the scalar dissipation

rate and filtered density function are also validated against experimental data.

The second part of the thesis focuses on the application of the LES/CMC ap-

proach in forced ignition problems in laboratory-scale burners. Two burners of

different complexity are investigated and different parameters related to the spark,

the flow and the numerical setup are examined. The first burner involves a planar

shearless mixing layer between fuel and air. A TVD scheme was considered for the

discretisation of the convection term in the CMC equation and it was found to be

less diffusive and hence more accurate than a first-order upwind scheme, but at

a high computational cost. It was found that the resolution of the CMC mesh is

critical in capturing the correct flame expansion pattern in the spanwise direction

(across the flow) and that this expansion is dominated by the resolved velocity fluc-
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tuations. Furthermore, although flame expansion is captured, propagation against

the flow or flame extinction is not, which may be related to the first-order closure

assumption. The second configuration examined was a bluff-body stabilised flame.

The location and size of the spark determine the flame expansion pattern and suc-

cess of the spark event. Comparison between two chemical mechanisms of different

complexity (single-step and detailed) reveals that the correct trends could be cap-

tured by the single-step mechanism, but the expansion rate of the flame is predicted

more accurately when the detailed mechanism is used.

This thesis is essentially a feasibility and sensitivity analysis of the CMC method

in LES of forced ignition and is hopefully a step towards the predictive simulation

of ignition in aviation gas turbines.

vi



Contents

Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xii

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxi

1 Introduction 1

1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Ignition of turbulent non-premixed flames . . . . . . . . . . . . . . . 2

1.3 Large Eddy Simulations . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3.1 General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3.2 Combustion LES . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3.2.1 Chemical equilibrium . . . . . . . . . . . . . . . . . . 5

1.3.2.2 Laminar flamelets . . . . . . . . . . . . . . . . . . . 5

1.3.2.3 Progress variable approach . . . . . . . . . . . . . . . 6

1.3.2.4 Conditional Moment Closure . . . . . . . . . . . . . 7

1.3.2.5 Transported FDF . . . . . . . . . . . . . . . . . . . . 10

1.3.2.6 Complex geometries . . . . . . . . . . . . . . . . . . 10

1.4 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2 Conservation Equations and the Implementation of the Conditional

Moment Closure in Large Eddy Simulations 12

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2 Large Eddy Simulations . . . . . . . . . . . . . . . . . . . . . . . . . 13

vii



2.2.1 Filtering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2.2 Continuity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2.3 Momentum . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2.4 Mixture fraction . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2.5 Variance of mixture fraction . . . . . . . . . . . . . . . . . . . 16

2.3 Conditional Moment Closure . . . . . . . . . . . . . . . . . . . . . . . 18

2.3.1 Conditional filtering . . . . . . . . . . . . . . . . . . . . . . . 18

2.3.2 Conditionally filtered equation (CMC equation) . . . . . . . . 18

2.3.3 First order closure . . . . . . . . . . . . . . . . . . . . . . . . 19

2.3.4 Other unclosed terms . . . . . . . . . . . . . . . . . . . . . . . 20

2.3.4.1 Filtered Density Function . . . . . . . . . . . . . . . 20

2.3.4.2 Conditionally filtered velocity . . . . . . . . . . . . . 20

2.3.4.3 Conditionally filtered scalar dissipation rate . . . . . 21

2.3.4.4 Conditional flux . . . . . . . . . . . . . . . . . . . . 21

2.4 Implementation of the CMC model . . . . . . . . . . . . . . . . . . . 22

2.4.1 Coupling of the CMC and CFD codes . . . . . . . . . . . . . . 22

2.4.2 Modelling of the chemical source term . . . . . . . . . . . . . 23

2.4.3 Numerical aspects . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.4.3.1 Integrated conditionally filtered equations . . . . . . 25

2.4.3.2 Integrated mixture fraction and its variance . . . . . 26

2.4.3.3 Integrated FDF . . . . . . . . . . . . . . . . . . . . . 26

2.4.3.4 Integrated conditionally filtered velocity . . . . . . . 27

2.4.3.5 Integrated conditionally filtered scalar dissipation rate 27

2.4.3.6 Integrated turbulent diffusivity . . . . . . . . . . . . 28

2.4.3.7 Summary of options . . . . . . . . . . . . . . . . . . 30

2.4.4 Experimental Data Processing . . . . . . . . . . . . . . . . . . 30

2.4.4.1 Experimental setup and filtering parameters . . . . . 32

2.4.4.2 Effect of the LES resolution . . . . . . . . . . . . . . 35

2.4.4.3 Effect of the CMC resolution . . . . . . . . . . . . . 44

viii



2.5 Models and sub-models used . . . . . . . . . . . . . . . . . . . . . . . 56

2.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3 Numerical Methods and Chemical Mechanisms 59

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.2 The CFD solver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.2.1 General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.2.2 Further validation of the code . . . . . . . . . . . . . . . . . . 61

3.3 The CMC solver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.3.1 Discretisation schemes . . . . . . . . . . . . . . . . . . . . . . 66

3.3.2 Time integration . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.3.3 Parallelisation . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

3.3.4 Spark representation and boundary conditions . . . . . . . . . 72

3.4 Chemical mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4 Ignition of a Shearless Mixing Layer 80

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.2 Configuration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.3 Computational mesh and boundary conditions . . . . . . . . . . . . . 82

4.4 Inert flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.4.1 Velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.4.2 Mixture fraction . . . . . . . . . . . . . . . . . . . . . . . . . 86

4.5 Spark ignition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.5.1 Effect of mesh resolution . . . . . . . . . . . . . . . . . . . . . 90

4.5.2 Effect of convection scheme . . . . . . . . . . . . . . . . . . . 95

4.5.3 Effect of turbulent diffusion . . . . . . . . . . . . . . . . . . . 98

4.5.4 Effect of bulk velocity . . . . . . . . . . . . . . . . . . . . . . 103

4.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

ix



5 Ignition of a Bluff-Body Stabilised Methane Flame 107

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

5.2 Configuration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

5.3 Computational meshes . . . . . . . . . . . . . . . . . . . . . . . . . . 110

5.4 Inert flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

5.4.1 Velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.4.2 Mixture fraction . . . . . . . . . . . . . . . . . . . . . . . . . 115

5.4.3 Flammability Factor . . . . . . . . . . . . . . . . . . . . . . . 117

5.5 Preliminary flame results . . . . . . . . . . . . . . . . . . . . . . . . . 119

5.6 Ignition transient . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

5.6.1 CMC mesh . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

5.6.2 Parametric studies and computational time . . . . . . . . . . . 127

5.6.3 Effect of chemical mechanism . . . . . . . . . . . . . . . . . . 129

5.6.3.1 Spark in the shear layer (RS1 and RD1) . . . . . . . 129

5.6.3.2 Spark in the CRZ (RS2 and RD2) . . . . . . . . . . 132

5.6.4 Effect of spark location (RD1 and RD2) . . . . . . . . . . . . 132

5.6.5 Flame expansion (RD1) . . . . . . . . . . . . . . . . . . . . . 137

5.6.6 Global heat release rate . . . . . . . . . . . . . . . . . . . . . 139

5.6.7 Effect of spark size . . . . . . . . . . . . . . . . . . . . . . . . 144

5.7 Flame stabilisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

5.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

6 Conclusions 157

6.1 Ignition of a flame in a shearless turbulent mixing layer . . . . . . . . 158

6.2 Ignition of a bluff-body stabilised flame . . . . . . . . . . . . . . . . . 160

6.3 Suggestions for future work . . . . . . . . . . . . . . . . . . . . . . . 161

A Calculation of variance-2 164

x



B Upwind and TVD discretisation schemes for the convection term

in the CMC equation 166

C Derivation of the transport equation for the sub-grid scale variance168

Bibliography 170

xi



List of Figures

2.1 Schematic showing the coupling of the CFD and CMC solvers. . . . 23

2.2 Experimental set-up showing the fuel injection point, the co-flow of

air and the laser sheet. . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.3 Schematic showing the different filtering grids that were used. . . . . 35

2.4 Experimental data, mixture fraction. Image shown is 18 × 60 mm.

The flow comes from below. . . . . . . . . . . . . . . . . . . . . . . . 36

2.5 Experimental data, scalar dissipation rate [s−1]. Image shown is 18×

60 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.6 Resolved mixture fraction, image-1; (a) axial decay, (b) radial profile,

z = 5 mm, (c) radial profile, z = 15 mm, (d) radial profile, z = 30 mm. 37

2.7 Radial profiles of resolved mixture fraction at z = 15 mm; (a) image-1,

(b) image-2, (c) image-3, (d) image-4. . . . . . . . . . . . . . . . . . . 38

2.8 Radial profiles of the sub-grid scale variance, image-1; (a) z = 5 mm,

(b) z = 15 mm, (c) z = 30 mm. . . . . . . . . . . . . . . . . . . . . . . 39

2.9 Radial profiles of parameter CV from Eq. (2.15), image-1; (a) z =

5 mm, (b) z = 15 mm, (c) z = 30 mm; × : DLES/Dexp = 4, ∗ :

DLES/Dexp = 8, + : DLES/Dexp = 16. . . . . . . . . . . . . . . . . . . 40

2.10 Radial profiles of parameter CV from Eq. (2.15) at z = 15 mm; (a)

image-1, (b) image-2, (c) image-3, (d) image-4; × : DLES/Dexp = 4,

∗ : DLES/Dexp = 8, + : DLES/Dexp = 16. . . . . . . . . . . . . . . . . 41

xii



2.11 Radial profiles of the contribution of the sub-grid scale scalar dissipa-

tion rate to the total, image-1; (a) z = 5 mm, (b) z = 15 mm, (c) z =

30 mm; × : DLES/Dexp = 4, ∗ : DLES/Dexp = 8, + : DLES/Dexp = 16. 42

2.12 Radial profiles of the contribution of sub-grid scale scalar dissipa-

tion rate to the total at z = 15 mm; (a) image-1, (b) image-2, (c)

image-3, (d) image-4; × : DLES/Dexp = 4, ∗ : DLES/Dexp = 8,

+ : DLES/Dexp = 16. . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

2.13 Integrated mixture fraction for DLES/Dexp = 4, image-1; (a) axial

decay, (b) radial profile, z = 5 mm, (c) radial profile, z = 15 mm, (d)

radial profile, z = 30 mm. . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.14 Radial profiles of integrated sub-grid scale mixture fraction variance

for DLES/Dexp = 16, DCMC/DLES = 1, image-1; (a) z = 5 mm (b)

z = 15 mm, (c) z = 30 mm. . . . . . . . . . . . . . . . . . . . . . . . . 46

2.15 Radial profiles of integrated sub-grid scale mixture fraction variance

forDLES/Dexp = 16, DCMC/DLES = 2.5, image-1; (a) z = 5 mm (b)

z = 15 mm, (c) z = 30 mm. . . . . . . . . . . . . . . . . . . . . . . . . 47

2.16 Radial profiles of integrated sub-grid scale mixture fraction variance

for DLES/Dexp = 16, DCMC/DLES = 5, image-1; (a) z = 5 mm (b)

z = 15 mm, (c) z = 30 mm. . . . . . . . . . . . . . . . . . . . . . . . . 48

2.17 Integrated FDF at z = 5 mm for DLES/Dexp = 16, image-1; (a)

DCMC/DLES = 1, (b) DCMC/DLES = 2.5, (c) DCMC/DLES = 5. . . . 49

2.18 Integrated FDF for DLES/Dexp = 16, DCMC/DLES = 2.5; (a) z =

2.5 mm, (b) z = 5 mm, (c) z = 7.5 mm, (d) z = 10 mm, (e) z =

12.5 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.19 Integrated FDF at z = 5 mm for DLES/Dexp = 16 and DCMC/DLES =

2.5; (a) image-1, (b) image-2, (c) image-3, (d) image-4. . . . . . . . . 52

2.20 Integrated conditionally filtered scalar dissipation rate at z = 5 mm

for DLES/Dexp = 16, image-1; (a) DCMC/DLES = 1, (b) DCMC/DLES =

2.5, (c) DCMC/DLES = 5. . . . . . . . . . . . . . . . . . . . . . . . . 53

xiii



2.21 Integrated conditionally filtered scalar dissipation rate for DLES/Dexp =

16 and DCMC/DLES = 2.5; (a) z = 2.5 mm, (b) z = 5 mm, (c)

z = 7.5 mm, (d) z = 10 mm, (e) z = 12.5 mm. . . . . . . . . . . . . . 54

2.22 Integrated conditionally filtered scalar dissipation rate at z = 5 mm

for DLES/Dexp = 16 and DCMC/DLES = 2.5; (a) image-1, (b) image-

2, (c) image-3, (d) image-4. . . . . . . . . . . . . . . . . . . . . . . . 55

3.1 Computational mesh for LES of the jet. . . . . . . . . . . . . . . . . 61

3.2 Instantaneous snapshot and time-averaged axial velocity velocity field

[m/s]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

3.3 Mean axial velocity along the centreline. . . . . . . . . . . . . . . . . 63

3.4 Radial profiles of a) mean and b) RMS of axial velocity. . . . . . . . 63

3.5 Instantaneous snapshot and time-averaged mixture fraction field. . . 64

3.6 Mean mixture fraction along the centreline. . . . . . . . . . . . . . . 65

3.7 Radial profiles of a) mean and b) RMS of mixture fraction. . . . . . 65

3.8 Initial condition for the numerical test. . . . . . . . . . . . . . . . . 67

3.9 Comparison of the first-order upwind and TVD schemes, a) CFL =

0.025, b) CFL = 0.05, c) CFL = 0.5. . . . . . . . . . . . . . . . . . 68

3.10 Required CPU time per timestep for the first-order upwind and TVD

schemes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.11 Maximum temperature of the steady flame for different values of N0

(see Eq. (2.39)), using three different chemical mechanisms. . . . . . 75

3.12 Profiles of conditional temperature for N0 equal to one half of the

corresponding extinction value. a) Non-premixed flame; b) partially

premixed flame (80% volume air). . . . . . . . . . . . . . . . . . . . . 76

3.13 Profiles of YCH4
(solid lines) and YO2

(dashed lines) for N0 equal

to one half of the corresponding extinction value. Black lines: single

step chemistry [7], blue lines: 16-species chemistry [8], red lines: GRI-

Mech 3.0 [9]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

xiv



3.14 Profiles of YH2O (solid lines) and YCO2
(dashed lines) for N0 equal

to one half of the corresponding extinction value. Black lines: single

step chemistry [7], blue lines: 16-species chemistry [8], red lines: GRI-

Mech 3.0 [9]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

3.15 Profiles of YOH and YCH2O for N0 equal to one half of the correspond-

ing extinction value. Blue lines: 16-species chemistry [8], red lines:

GRI-Mech 3.0 [9]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.1 Schematic of the mixing layer burner, showing the inlet of air and

fuel, the splitter plate between them and the turbulence-generating

perforated plates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.2 Computational mesh on z = 0 (top) and y = 0 (bottom) planes. . . . 82

4.3 a) Time series of the streamwise velocity u (t = 0 here corresponds

to an arbitrary time), b) the corresponding energy spectrum of the

fluctuations and c) the corresponding autocorrelation function. . . . 83

4.4 a) Instantaneous and b) time averaged contours of the streamwise

velocity u [m/s]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.5 Mean streamwise velocity u and RMS of its fluctuations along the

transverse direction y at different streamwise and spanwise locations.

Lines: LES, symbols: experimental data [10]. Red lines and +: z =

−15 mm, green lines and ×: z = −5 mm, blue lines and ∗: z = 0,

magenta lines and ⊡: z = 5 mm, orange lines and ⊙: z = 15 mm. . . 87

4.6 a) Instantaneous and b) time averaged contours of the mixture frac-

tion field. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.7 Mean mixture fraction and RMS of its fluctuations from the LES

(solid lines) and the experiment (symbols, Ref. [10]) along the trans-

verse direction y at different streamwise and spanwise locations. Red

lines: z = −15 mm, green lines: z = −5 mm, blue lines: z = 0,

magenta lines: z = 5 mm, black lines: z = 15 mm. . . . . . . . . . . . 89

xv



4.8 Instantaneous isosurfaces of stoichiometric mixture fraction, coloured

by temperature [K] at different times from the moment of ignition,

case CS1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.9 Instantaneous isosurfaces of stoichiometric mixture fraction, coloured

by temperature [K] at different times from the moment of ignition,

case FS1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

4.10 Flame location in the streamwise (left) and spanwise (right) direc-

tions, cases CS1 and FS1, see Fig. 4.8 for definition of front, rear,

top and bottom branch of the flame. . . . . . . . . . . . . . . . . . . 94

4.11 Evolution in time of the velocity, the FDF of the mixture fraction, the

conditional scalar dissipation rate and the conditional temperature

and concentrations of CH4, O2, CO2 and H2O at point A (see Fig.

4.9) over 1 ms of simulated time, case FS1. . . . . . . . . . . . . . . 96

4.12 Conditional temperature at the stoichiometric mixture fraction ( ˜T |η = ξst)

along the streamwise direction, at y = 0 and z = 0 for different times

from the moment of ignition, for the upwind (case CS1) and the TVD

scheme (case CS2). . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

4.13 Instantaneous isosurfaces of stoichiometric mixture fraction, coloured

by temperature [K] at different times from the moment of ignition

without diffusion, case FS2. . . . . . . . . . . . . . . . . . . . . . . . 99

4.14 Flame location in the streamwise (left) and spanwise (right) direc-

tions, cases FS1 and FS2, see Fig. 4.8 for definition of front, rear, top

and bottom branch of the flame. . . . . . . . . . . . . . . . . . . . . 100

4.15 Conditional temperature at x = 40 mm at different times on the y = 0

plane with (case FS1) and without (case FS2) term T4 in Eq. (2.28). 100

4.16 As in Fig. 4.15, but at x = 44.75 mm. . . . . . . . . . . . . . . . . . 101

4.17 As in Fig. 4.15, but at x = 49.75 mm. . . . . . . . . . . . . . . . . . 101

4.18 As in Fig. 4.15, but at x = 56.125 mm. . . . . . . . . . . . . . . . . 102

4.19 As in Fig. 4.15, but at x = 65.875 mm. . . . . . . . . . . . . . . . . 102

xvi



4.20 Instantaneous isosurfaces of stoichiometric mixture fraction, coloured

by temperature [K] at different times from the moment of ignition,

case FS3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

4.21 Flame location in the streamwise direction, case FS3, see Fig. 4.8 for

definition of front, rear, top and bottom branch of the flame. . . . . 105

5.1 Schematic of the bluff-body burner. . . . . . . . . . . . . . . . . . . 109

5.2 Meshes of different resolutions, z = 0 plane, a) coarse mesh, b) normal

mesh, c) fine mesh. . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

5.3 Meshes of different resolutions, z = 0 plane. Detail, corner of bluff

body, a) coarse mesh, b) normal mesh, c) fine mesh. . . . . . . . . . 112

5.4 Coarse mesh, y = 20 mm-plane. . . . . . . . . . . . . . . . . . . . . . 112

5.5 Instantaneous contours of the mixture fraction. Left: experiment [11],

right: LES (case I4). Image size is 40 × 40 mm. . . . . . . . . . . . . 114

5.6 Mean axial velocity in m/s (left) and mixture fraction field (right)

from LES (case I4). Image size is 50 × 50 mm. . . . . . . . . . . . . 114

5.7 Radial profiles of a) the mean axial, b) the RMS of the axial, c)

the mean radial and d) the RMS of the radial velocity at different

distances from the bluff body. Symbols: experimental data [11], black

lines: case I1 (coarse mesh), red lines: case I2 (normal mesh). . . . . 116

5.8 Radial profiles of a) the mean and b) the RMS of the mixture fraction

at different distances from the bluff body. Symbols: experimental

data [11], red lines: case I3 (normal mesh), blue lines: case I4 (fine

mesh). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.9 Contours of the flammability factor F (see eq. (5.1)). Left: experi-

ment [11], right: LES (case I4). Image size is 40 × 40 mm. . . . . . . 118

5.10 Instantaneous contours of the mixture fraction, temperature, heat

release rate and mass fractions of species of the bluff-body stabilised

flame. Image shown is 70 × 85 mm, normal mesh. . . . . . . . . . . . 121

xvii



5.11 As in Fig. 5.10, but at a different time instant. . . . . . . . . . . . . 122

5.12 Contours of the time-averaged mixture fraction, temperature, heat

release rate and mass fractions of species of the bluff-body stabilised

flame. Size of each image shown is 35 × 80 mm, normal mesh. . . . . 123

5.13 As in Fig. 5.12, but Dt1 (Eq. (2.63)) is used instead of Dt2 (Eq.

(2.64)). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

5.14 Line contours of the time averaged mass fraction of OH using a) Dt1

(Eq. (2.63)) and b) Dt2 (Eq. (2.64)). Image shown (excluding the

sketch of the bluff-body) is 30 × 35 mm, normal mesh. . . . . . . . . 125

5.15 CMC mesh used in the ignition simulations. Area shown is 50 ×

50 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

5.16 Iso-surfaces of heat release rate Q = Qm = 65 MJm−3s−1, cases RS1

(top) and RD1 (bottom). . . . . . . . . . . . . . . . . . . . . . . . . 130

5.17 Conditional temperature at Point 1 (x = 13.16 mm, y = 12.85 mm,

z = 0, see Fig. 5.16) at time t = 25 ms for case RS1 and t = 35 ms

for case RD1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

5.18 Iso-surfaces of heat release rate Q = Qm = 65 MJm−3s−1, cases RS2

(top) and RD2 (bottom). . . . . . . . . . . . . . . . . . . . . . . . . 133

5.19 Contours of temperature (top left), ỸOH (top right), ỸCH4
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5.23 Line contours of ỸOH using Dt2 (Eq. (2.64)) (red lines), using Dt1

(Eq. (2.63)) (blue lines) and without the effect of diffusion (term T4

in Eq. (2.28)) (green lines), case RD1. The solid black lines represent

the CMC grid. Image shown is equal to the white square on the top

left image of Fig. 5.22. . . . . . . . . . . . . . . . . . . . . . . . . . 140

5.24 Total heat release rate for the different ignition cases and experimen-

tal data for OH∗ emission when the spark is located in the shear

layer; data from Ref. [12]. Straight dashed line is the total chemical

enthalpy flow rate at the inlet (Qtotal = ṁf × LCV ). . . . . . . . . . 141
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Chapter 1

Introduction

1.1 Motivation

Combustion of fossil fuels propelled the industrial revolution in the late 18th and

early 19th century and has since been an integral part of industrial growth. The

transformation of the chemical energy stored in fossil fuels to heat and subsequently

mechanical or electrical energy is done in most cases through a flame. A flame can

be initiated either by forced or auto- ignition. It is therefore of fundamental interest

to investigate closely the processes during ignition and flame expansion. Ignition

(both forced and auto-) is interesting also for practical engineering applications.

Spark ignition engines and relight of an aviation jet engine are examples of forced

ignition, while diesel engines and the scram-jet are examples of auto-ignition [13]. In

most cases the ignited flow is turbulent. There is, therefore, the need to understand

and possibly be able to predict ignition in turbulent flows.

This thesis investigates the feasibility of using a model that describes mathemat-

ically the processes involved in turbulent combustion in forced ignition problems.

The mathematical model is applied in geometries of different complexity and it

is tested in the context of revealing which of the characteristics already observed

in similar experimental studies can be reproduced. The final goal, towards which
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this thesis is hopefully a step, is to have a predictive tool that could be used even

in complex gas turbine geometries, to assess the reliability and robustness of the

combustor, in terms of ignition success.

1.2 Ignition of turbulent non-premixed flames

Ignition of a flammable mixture can be roughly divided into two categories: forced

(or spark-) ignition occurs when an external source of heat (and/or species) induces

the transition from an initially unreacting state to a fully burning state, while auto-

ignition occurs when no external source is needed for this transition to take place.

The fundamentals of ignition are reviewed in chapter 7 of Ref. [14], while a recent

review of ignition can be found in Ref. [13]. This thesis focuses on forced ignition,

and more specifically in non-premixed gaseous configurations.

There are many different ways to initiate combustion of a flammable gaseous

mixture; the most common is an electric spark, but also laser [15], plasma jet [16]

and ignition by a jet flame have also been suggested [17]. The way the spark has

been created may be considered to be irrelevant for the subsequent flame expansion

and stabilisation. What is of major importance for practical applications is the

notion of a minimum ignition energy [14] for initiating a self-sustaining front. If the

deposited energy is too low, then the flame kernel will decay rapidly due to the high

diffusion rates of heat and radicals, compared to their production rates [13].

Ignition simulations of laminar non-premixed counterflow methane flames using

detailed chemistry [18] have shown that the location of the spark and the local strain

rate determine the success or failure of a spark event. A spark can fail even if placed

around stoichiometric, due to the high strain rate at that location.

The introduction of turbulence in a flow adds to the complexity of the problem.

In addition to what has been mentioned about laminar flame ignition, the higher

strain rates associated with turbulent flows necessitate extra spark energy and a

degree of stochasticity is expected due to the fluctuations of the velocity and the
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strain rate [13]. Spark ignition experiments of turbulent jets using different fuels

[19–21] revealed that the region where the probability of finding a kernel is greater

than zero after the spark extends further than the lean and rich flammability limits,

implying that the fluctuations of the mixture fraction play an important role in the

kernel creation. Along the centreline, the probability to find a kernel was found

to be almost equal to the probability of finding flammable mixture (flammability

factor). Furthermore, the probability of having ignition (creation of kernel and

successful flame propagation) is different from the probability of finding a kernel.

It has also been observed experimentally that the ignition probability decreases

with increasing jet velocity, because the flame would have to propagate ‘against’ a

higher velocity [22]. Experiments in a counterflow configuration [23] have shown that

ignition probability decreases with increasing bulk velocity due to the increase of

the strain rate. An experimental study of a bluff-body methane flame [11] revealed

clearly three modes of failed ignition: failure to create a kernel, creation of a kernel

that is convected away and a more complicated but rarer mode where the flame grew,

filling a significant part of the combustor, but not achieving overall stabilisation.

Few simulations of forced ignition of turbulent flames have been performed so far.

The upstream propagation of jet flames and their lift-off height have been studied

and reproduced well [24, 25]. Models from premixed combustion have been modified

to be used in ignition problems (a review can be found in Ref. [13]). Recently there

has been an effort to model ignition of a bluff-body stabilised flame [26], while a

very impressive simulation of ignition sequence of a gas turbine combustor has also

been performed [27]. These simulations give hope that further developments of

the current combustion models may lead to good predictions of ignition. However,

many ingredients of these models and their detailed behaviour remain untested. The

present thesis discusses in depth one such model and offers some detailed validation

against experimental data.
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1.3 Large Eddy Simulations

1.3.1 General

Large Eddy Simulations (LES) are based on the energy-cascade hypothesis, accord-

ing to which turbulence can be considered to be composed of eddies of different sizes

and therefore different characteristic velocities and timescales. The larger of these

eddies are unstable and break up, transferring their energy to smaller eddies [28].

This process, which is called energy cascade, continues until the eddies are small

enough so that their kinetic energy can be dissipated by molecular viscosity.

In LES, the larger, three dimensional scales are directly resolved, while the effect

of the smaller scales is modelled [28]. This is done by applying a spatial filtering

operation to the instantaneous flow field, thus removing the motions of lengthscales

smaller than the filter size ∆ [29]. The effect of those scales needs then to be mod-

elled. The fact that the smaller scales tend to be more homogeneous and universal

implies that simpler models will be able to be used with relative success [30]. Despite

all the advantages of LES, the fact that combustion takes place mostly on a sub-grid

scale level underlines the need for a turbulent combustion model. Turbulence en-

hances mixing, but only molecular diffusion forms a mixture that enables chemical

reactions to occur [29]. More information on LES can be found in textbooks [28, 31]

and review papers [29, 30, 32].

1.3.2 Combustion LES

In non-premixed combustion, which is the focus of this thesis, fuel and oxidiser en-

ter separately the combustion chamber where they mix and burn during continuous

interdiffusion [33]. Using the so-called coupling functions, the rate of mixing of fuel

and oxidiser can be described by a conserved scalar, the mixture fraction ξ [34]. It

takes the value of unity in the fuel stream and zero in the oxidiser stream. The

mixture fraction may be physically interpreted as the mass fraction of material that
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originated in the fuel stream. The introduction of ξ leads to the conserved scalar

methods that form the basis for most of the models used in non-premixed turbulent

combustion. In the conserved scalar method, the species mass fractions and tem-

perature (or enthalpy) are considered to be functions of the mixture fraction only.

The aim of the different models is to calculate these functions. Most of the models

were developed for and used in RANS (Reynolds Averaged Navier-Stokes) calcula-

tions and were then modified or further developed to be applicable in LES. Mixture

fraction based approaches and the transported Probability Density Function, PDF,

(or filtered density function, FDF, in an LES context) method are discussed below.

1.3.2.1 Chemical equilibrium

To calculate the functions mentioned above, the assumption of chemical equilibrium

can be made. In the context of this assumption, the chemical reactions are infinitely

fast, but reversible and therefore all the species are in equilibrium at each value of the

mixture fraction [35]. This model has been used in LES of a hydrogen jet diffusion

flame burning in a co-flowing stream of air [36]. The simplicity of the configuration,

the low turbulence levels in the jet and the co-flow, as well as the choice of fuel (the

authors note that the assumption of chemical equilibrium for hydrogen/air com-

bustion provides acceptable state relationships between ξ and the thermo-chemical

variables) resulted in reasonably good predictions of the temperature and species.

1.3.2.2 Laminar flamelets

Chemical equilibrium does not take into account effects of finite-rate chemistry and

this motivates the development of more complicated models. In flamelet models

[37], the basic assumption is that the chemical timescales are short enough so that

reactions occur in a thin layer around stoichiometric mixture fraction on a scale

smaller than the small scales of turbulence and thus the structure of the reaction

zone remains laminar [29]. The species and temperature transport equations can
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then be transformed to a system where the mixture fraction appears as an inde-

pendent variable (flamelet equations). In the limit of the steady laminar flamelet,

the chemical source term and the mixing term (where the scalar dissipation rate

appears) are in balance. The solution is then only a function of the scalar dissipa-

tion rate and the boundary conditions and can be pre-computed and tabulated [38].

This model has been applied to LES of a turbulent hydrogen jet flame, close to the

blow-off limit where a significant amount of non-equilibrium chemistry takes place

[39]. The predictions were found to agree well with the experimental data, as well as

with RANS simulations using a more complicated turbulent combustion model (the

PDF model). It has also been applied to a bluff-body stabilised flame [40], where it

was found that inaccuracies in the predictions of scalars were related to inaccuracies

in the predictions of the mixture fraction.

An extension of the steady laminar flamelet model is the unsteady flamelet model.

The introduction of time dependence makes the use of pre-computed tables impossi-

ble and transport equations must be solved for the flamelets. This method has been

applied to LES of a piloted methane diffusion flame (Sandia flame D), which has

a partially premixed fuel stream [41]. The agreement with the experimental data

was found to be good, even for CO and NO. Some discrepancies between the LES

predictions and the experimental data were found, especially in the rich branch of

the flame, which may be attributed to the inability to account for experimental data

points corresponding to an extinguished flame [41].

1.3.2.3 Progress variable approach

The progress variable approach is similar to the steady flamelet approach, especially

in its implementation. In this approach, the profiles of the species and temperatures

are pre-computed and tabulated in terms of the mixture fraction and a progress

variable [42]. The progress variable must be a non-conserved scalar and is usually

assumed to be independent of the mixture fraction. The problem that arises in this
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approach is the evaluation of the FDF of the progress variable, which needs to be

further researched [42]. This method has been applied to LES of a co-axial methane

jet combustor [42]. The agreement with the experimental data was good, especially

compared with that of a fast chemistry model and a steady flamelet model. A similar

approach was used in LES of Sandia Flames D and E [43]. The agreement of the

mean quantities was good, with some inaccuracies in the rich branch of the flame.

1.3.2.4 Conditional Moment Closure

In the Conditional Moment Closure (CMC), transport equations are solved for the

conditional averages of the reacting scalars, the conditioning being on the mixture

fraction. The equations and the implementation in LES are discussed in chapter 2.

The CMC was developed independently by Klimenko and Bilger and a comprehen-

sive review can be found in Ref. [44]. It has also been recently formulated for LES,

where it was found that the CMC equation has the same form as in RANS [45].

The unconditional averages of the reacting scalars can be found by integrating the

conditional averages over the filtered density function (FDF) (or PDF in a RANS

context) of the mixture fraction. By nature, the CMC approach includes unsteady

effects, which makes it an ideal candidate for the study of transient problems, such

as ignition. The explicit presence of the scalar dissipation rate (see section 2.3.2)

enables it to capture the effects of small scale mixing [13], while the fact that convec-

tion and turbulent diffusion terms appear in the CMC equation (see section 2.3.2,

eq. (2.28)) suggests that the physical processes involved in the flame propagation

phase are also included.

If the fluctuations of the conditional averages are considered to be small (and

therefore neglected), first-order closure can be provided for the chemical source

term in terms of conditional averages. The fluctuations of the conditional averages

may be taken into account in what can be considered higher order closure, where

equations are solved for the variances and co-variances (and in theory even higher

7



1. Introduction

order moments) of the conditional reacting scalars.

CMC for RANS

In a RANS context, first-order CMC has been used in two-dimensional studies of

spray auto-ignition [46, 47], but also in three-dimensional simulations of diesel en-

gines [48]. The results were overall good, despite the fact that the conditional

fluctuations were neglected. This may be attributed to the relatively low scalar

conditional dissipation rate, compared to the extinction value, making the effect of

the conditional fluctuations minor [13].

First-order CMC has also been applied to studies of Sandia Flame D (piloted

methane flame) [49], where discrepancies in the predictions of species (especially on

the rich side) were attributed to the chemical mechanism (it involved 19 species and

36 reactions) or to the first-order closure assumption. A study of a hydrogen jet

flame [50] revealed that good predictions were produced using three different mech-

anisms and that the discrepancies may be attributed to the cross-stream averaging

process. A comprehensive assessment of the ability of first-order CMC to predict

a range of turbulent flames (Sandia flames A to F) [51] showed reliable predictions

for flames that have little or no extinction, with the exception of NO levels, while

when local extinction is present, the predictions deteriorate. The introduction of

second-order CMC [52] improved the predictions, especially for the minor species.

Simulations of a lifted hydrogen jet flame [53, 54] have shown good agreement with

experimental data, in terms of lift-off height and it was demonstrated that the cor-

rect stabilisation mechanism was reproduced (heat release rate and axial diffusion

balance axial convection and scalar dissipation rate).

Recirculating flows have also been investigated with first-order CMC [55], where

reasonable agreement with experimental measurements was achieved, with some dis-

crepancies in the concentration of OH , which was attributed to the over-prediction

of the scalar dissipation from the CFD solver and discrepancies for CO and H2,

the sources of which are unclear. Furthermore, simulations of a counterflow flame
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have also been performed [56]. The agreement with the experimental observations

was good and it was found that the flame would extinguish if the bulk velocity was

increased, albeit at a value higher than the experiment. Finally, soot formation in

methane, propane and ethylene has been investigated with first-order CMC [57, 58]

and it was found that reasonable agreement with experimental data was achieved,

with some of the discrepancies attributed to the soot model.

CMC for LES

As mentioned before, the CMC equation has recently been formulated for LES

[45] and an a priori analysis using results from Direct Numerical Simulations (DNS)

of reacting mixing layers [59] has shown that first-order closure may be adequate for

regions far away from extinction. Near extinction, the conditional fluctuations may

be large and should not be neglected. The LES/CMC approach has been used to

study Sandia Flame D [45], a bluff-body flame [60] and a lifted flame, sustained by

auto-ignition [61]. Overall, the agreement with the experimental data is reasonably

good, and indeed improved if compared to RANS/CMC calculations. This may be

attributed to the capability of LES to account for temporal and azimuthal variations

of the scalar dissipation rate.

So far, the CMC has been mostly applied in an integrated form, where simplifying

hypotheses (based on the nature of the studied flame) reduce the dimensionality of

the CMC equation, transforming it into a one- [60] or two-dimensional [61] equation

in space, or a three-dimensional equation with reduced resolution in two of the

directions [45].

The CMC model is very similar to the Eulerian flamelet model (EFM) [62] which

has been applied to Sandia Flame D, where good agreement with the experimental

data was achieved. The EFM model has also been applied to a bluff-body stabilised

flame [63] where good agreement with the experimental measurements was achieved,

with some discrepancies in the concentration of NO, CO and OH , which may be

partly attributed to the cross averaging that was performed.

9
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1.3.2.5 Transported FDF

The transported joint scalar and joint scalar/velocity PDF method [64] is applicable

to all turbulent reacting flows. Its main attraction is the fact that the chemical source

term appears in closed form. However, the molecular mixing term is unclosed and

requires modelling. The PDF method has been applied to flame simulations using

RANS [65–72] with great success. It has been extended to LES using the notion of

the Filtered Density Function (FDF) [73]. The transported FDF has been further

extended and applied to a mixing layer and a jet simulation [74, 75], where the

predictions were compared to DNS results and good agreement was found, albeit

at a high computational cost. The method has also been used in LES of a non-

premixed turbulent bluff-body stabilised flame [76]. The predictions were found

to agree with the experimental data, but they were also found to be sensitive to

modelling parameters, related to the molecular mixing term. Recently, this method

was applied to auto-ignition problems [77, 78], and it was found that good agreement

with the experimental data could be achieved [77] and the complicated regimes

observed in the experiment were reproduced [78].

1.3.2.6 Complex geometries

Current facilities of High Performance Computing (HPC) provide enough computa-

tional power to demonstrate the capacity of LES in addressing complex industrial

configurations [79]. LES of a sector of an annular combustor burning gaseous n-

decane [80], of a model can-type combustion chamber [81], of a realistic gas turbine

combustor [82], of ignition of a rocket-like configuration [83] and of an ignition se-

quence in a gas turbine engine [27] demonstrate the capabilities of this method and

the challenges, in terms of modelling, computational resources, management of data

and post-processing, that need to be dealt with in such large simulations. Never-

theless, they show that this method can be applied to very complex problems and

give insight into areas never researched before.
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1.4 Objectives

The objective of this work is to investigate the feasibility of using first-order CMC

in LES of forced ignition in laboratory-scale combustors. The sensitivity of the

predictions to both numerical and modelling parameters is examined and the focus

is on determining which of the characteristics already observed in experiments can

be reproduced by the simulations.

There have been only a few forced ignition simulations (Ref. [27, 83]) and only in

complicated geometries. Detailed validation of the different combustion models for

ignition problems has not been done yet. There is hope that the CMC model will be

suitable for ignition problems. The fact that it is by nature a transient model and

that it includes all the physical processes involved in combustion makes it a good

candidate for such problems.

The governing equations for LES and CMC, as well as some implementation issues

concerning the coupling of the two methods are discussed in chapter 2, while the

numerical methods and chemical mechanisms are presented in chapter 3. Ignition

simulations of a turbulent shearless mixing layer are presented in chapter 4 and the

sensitivity of the predictions to the CMC mesh resolution, the convection scheme, the

flow bulk velocity, as well as the effect of turbulent diffusion in the flame expansion

process are examined. In chapter 5, simulations of ignition of a bluff-body stabilised

methane flame are discussed, with emphasis being given to the spark parameters

(location, size), as well as to the chemical mechanism used. The overall pattern and

speed of flame expansion is revealed and the compared in detail with experimental

data. Finally, the main conclusions of this thesis are summarised in chapter 6 and

recommendations for future work are made.
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Chapter 2

Conservation Equations and the

Implementation of the Conditional

Moment Closure in Large Eddy

Simulations

2.1 Introduction

The aim of this chapter is to present the governing equations for LES and CMC, as

well as the models used for the unclosed terms. Some of the models are validated

by comparison with experimental data. The derivation of the CMC equation is well

documented (for example Ref. [44, 45]) and therefore not presented here. The im-

plementation of the CMC method in LES is discussed and special attention is given

to the issues that arise in practical LES/CMC applications, where a coarser CMC

mesh is used alongside a finer LES mesh. This necessitates the transfer of informa-

tion regarding the flow field (for example the filtered density function) from a fine

mesh to a coarser mesh. Different methods of transferring this kind of information

are presented and their accuracy is assessed by analysing detailed measurements of

12
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the mixture fraction in a turbulent plume, in the context of filtering at different

resolutions.

2.2 Large Eddy Simulations

The presentation of the governing equations for LES is based on [28, 31] and the

reader is encouraged to consult these references for more details.

2.2.1 Filtering

The general filtering process is defined as:

f(x) =

∫
f(x)G(x − x

′) dx
′ (2.1)

where f(x) is the non-filtered quantity, f(x) is the filtered (resolved in the context

of LES) quantity, x is the spatial coordinate and G is the specified filter that has

to satisfy the normalisation condition:
∫

G(x − x
′) dx

′ = 1 (2.2)

For variable density ρ, a mass weighted (Favre) filtering can be introduced:

ρf̃(x) =

∫
ρf(x′)G(x − x

′) dx
′ (2.3)

where ρ is the filtered (resolved) density.

Applying the filtering operation to the instantaneous balance equations results

in the filtered balance equations, presented in sections 2.2.2 to 2.2.5.

2.2.2 Continuity

The filtered continuity equation is:

∂ρ

∂t
+

∂(ρũi)

∂xi
= 0 (2.4)

where ũi is the resolved velocity in the i direction.

13
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2.2.3 Momentum

The filtered momentum equation is:

∂(ρũj)

∂t
+

∂(ρũiũj)

∂xi

= −
∂p

∂xj

+
∂τ̃ij

∂xi

−
∂(ρτ r

ij)

∂xi

(2.5)

where p is the resolved pressure and τ̃ij is the resolved anisotropic stress tensor:

τ̃ij = 2µ

[
S̃ij −

δij

3

∂ũk

∂xk

]
(2.6)

where S̃ij is the filtered rate-of-strain tensor:

S̃ij =
1

2

(
∂ũi

∂xj
+

∂ũj

∂xi

)
(2.7)

The last term on the right-hand-side (r.h.s) of Eq. 2.5 is the residual stress tensor:

τ r
ij = ũiuj − ũiũj (2.8)

This term appears in unclosed form and needs to be modelled. The dynamic

Smagorinsky model, which can be viewed in two parts, is used here. First, τ r
ij

is related to the filtered rate-of-strain tensor through a linear eddy viscosity model:

τ r
ij −

δij

3
τ r
kk = −2νtS̃ij (2.9)

where νt is the sub-grid scale viscosity. Next, νt is modelled as:

νt = (CS∆)2 S̃ (2.10)

where CS is the Smagorinsky parameter, ∆ is the filter width (equal to the size of

the LES cell) and S̃ is the characteristic filtered rate of strain:

S̃ =
(
2S̃ijS̃ij

)1/2

(2.11)

The Smagorinsky model implies that the small scales are in equilibrium, so that

production and dissipation are in balance. The parameter CS can either be con-

stant in what is the standard Smagorinsky model, or can be calculated dynamically
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(dynamic Smagorinsky model [84]) using a scale similarity approach between the

smaller of the resolved and the larger of the sub-grid scales. The latter is used in

this work.

Until now, the Smagorinsky model has been the only model used in combustion

LES to close the momentum equation. Both the standard [27, 60, 81] and the

dynamic model [85] have been used in flame simulations. A comparison of the two

models has also been made [36] and it was found that the dynamic model predicted

higher levels of fluctuations than the standard model, implying that the latter is too

dissipative. Despite the fact than the mean values of CS using the dynamic model

were higher than when using the standard model, the intermittency in the nature

of CS left regions with low dissipation for considerable lengths of time.

2.2.4 Mixture fraction

A transport equation for an additional, conserved scalar (the mixture fraction ξ) is

also solved:
∂(ρξ̃)

∂t
+

(ρξ̃ũi)

∂xi

=
∂

∂xi

(
ρD

∂ξ̃

∂xi

)
−

∂(ρJr
i )

∂xi

(2.12)

where ξ̃ is the resolved mixture fraction and Jr
i represents scalar transport due to

sub-grid scale fluctuations:

Jr
i = ũiξ − ũiξ̃ (2.13)

Fick’s diffusion law has been considered and the diffusivity is D = ν/Sc, where a

constant Schmidt number Sc = 0.7 has been considered. The term Jr
i is unclosed.

It is modelled similarly to the term τ r
ij in the momentum equation, i.e. by assuming

that the sub-grid scale flux is proportional to the resolved gradient:

ũiξ − ũiξ̃ = −Dt
∂ξ̃

∂xi
(2.14)

where Dt = νt/Sct is the turbulent diffusivity, and Sct = 0.7 is the turbulent Schmidt

number. Different values have been used for Sct, ranging from Sct = 0.4 in the case

of a piloted methane/air diffusion flame [41] to Sct = 0.7, used in LES of a turbulent
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hydrogen diffusion flame [36], in the case of an opposed-flame methane/air burner

[86], as well as in LES of a model gas turbine [81]. It is also possible to use a

dynamic procedure, similar to that for CS for the calculation of Sct. However, it

has been found that such an approach would have little effect on the predictions of

the mixture fraction [36]. Following [36, 81], a constant value of Sct = 0.7 has been

used throughout this work.

2.2.5 Variance of mixture fraction

Apart from the resolved mixture fraction, it is also important to obtain its sub-grid

scale variance ξ̃′′2. One model that has been used in the past is a gradient type

model [87]:

ξ̃′′2 = CV ∆2 ∂ξ̃

∂xi

∂ξ̃

∂xi
(2.15)

where CV is a coefficient which may have a constant value [88] or may be calculated

dynamically using a scale similarity approach [89]. The constant CV is calculated

from experimental data later in this chapter.

In the LES presented in this work, a transport equation for the square of the

mixture fraction is solved and then the variance is calculated as

ξ̃′′2 = ξ̃2 − ξ̃ 2 (2.16)

The equation for ξ̃2 is [90]:

∂(ρξ̃2)

∂t
+

∂(ρũiξ̃2)

∂xi
=

∂

∂xi

(
ρ(D + Dt)

∂ξ̃2

∂xi

)
− 2ρÑ (2.17)

where Ñ is the scalar dissipation rate:

Ñ = D

(̃
∂ξ

∂xi

)2

(2.18)

A gradient model has been used for the sub-grid scale flux of ξ̃2:

ũiξ2 − ũiξ̃2 = −Dt
∂ξ̃2

∂xi

(2.19)
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For completeness, the filtered transport equation for ξ̃′′2 is also presented (the

derivation can be found in Appendix C):

∂(ρξ̃′′2)

∂t
+

∂(ρũiξ̃
′′2)

∂xi

=
∂

∂xi

(
ρ(D + Dt)

∂ξ̃′′2

∂xi

)
− 2ρÑ + 2ρ(D + Dt)

∂ξ̃

∂xi

∂ξ̃

∂xi

(2.20)

The scalar dissipation rate Ñ is the sum of a resolved and a sub-grid scale part

[90]:

Ñ = Ñres + Ñsgs (2.21)

where Ñres is the resolved scalar dissipation rate:

Ñres = D
∂ξ̃

∂xi

∂ξ̃

∂xi
(2.22)

and Ñsgs the sub-grid scale part. A gradient model has been suggested to model

this term [87, 91]:

Ñsgs = Dt
∂ξ̃

∂xi

∂ξ̃

∂xi

(2.23)

This model is based on the assumption that the large and the sub-grid scales are

in equilibrium and therefore the dissipation rate and the production rate of the

variance will be in balance. It cannot be used when a transport equation is solved

for the variance of the mixture fraction, because if the dissipation and production

rates in Eq. (2.20) are equal, then the variance equation will become a convection-

diffusion equation which would imply that it is a conserved scalar, which does not

correspond to the real behaviour of this quantity. In this case, modelling in terms

of a characteristic time-scale is made [90, 92]:

Ñsgs =
νt

∆2
ξ̃′′2 . (2.24)

This is the model that is used in all the simulations presented in this thesis.
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2.3 Conditional Moment Closure

2.3.1 Conditional filtering

In the context of LES, the density-weighted conditionally filtered average of a ran-

dom variable f is defined as [74]:

f̃ |η(η, x, t) =

∫ +∞

−∞
ρ(x′, t)f(x′, t)δ[ξ(x′, t) − η]G(x − x

′) dx
′

∫ +∞

−∞
ρ(x′, t)δ[ξ(x′, t) − η]G(x − x

′) dx
′

(2.25)

where G(x − x
′) is a filtering function of specified width ∆ and η is the sample

space variable for ξ. The function P = δ[ξ(x′, t) − η] is the fine-grained density

[93], which is defined so that Pdη is the probability that at x and t, ξ will be in

the range η < ξ(x, t) < η + dη. The density-weighted Filtered probability Density

Function (FDF) can be defined as [74]:

P̃(η; x, t) =
1

ρ(x, t)

∫ +∞

−∞

ρ(x′, t)δ[ξ(x′, t) − η]G(x − x
′) dx

′ (2.26)

The filtered value of the variable f can then be obtained by integration over η-space:

f̃ =

∫ 1

0

f̃ |η P̃(η) dη (2.27)

2.3.2 Conditionally filtered equation (CMC equation)

The CMC equation can be derived by filtering the transport equations for the mass

fractions of species Yα, α = 1, n, where n is the number of species [45]. Using the

primary closure hypothesis [44, 45], the CMC equation can be written as:

∂Qα

∂t︸︷︷︸
+ ũi|η

∂Qα

∂xi︸ ︷︷ ︸
= Ñ |η

∂2Qα

∂η2

︸ ︷︷ ︸
+ ω̃α|η︸︷︷︸+ ef︸︷︷︸

Unst. T1 T2 T3 T4

term

(2.28)

where Qα = Ỹα|η is the conditionally filtered mass fraction, ũi|η is the conditionally

filtered velocity, Ñ |η is the conditionally filtered scalar dissipation rate, ω̃α|η is the
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conditionally filtered reaction rate, while the term

ef = −
1

ρ P̃(η)

∂

∂xi

[
ρP̃(η)

(
ũiYα|η − ũi|ηQα

)]
(2.29)

is the sub-grid scale conditional flux and accounts for conditional transport in phys-

ical space. Equal diffusivities for all the species have been considered.

An equation can also be derived for the conditional enthalpy Qh = h̃|η:

∂Qh

∂t
+ ũi|η

∂Qh

∂xi
= Ñ |η

∂2Qh

∂η2
− w̃R|η + efh (2.30)

where w̃R|η is the heat loss due to radiation and efh is the sub-grid scale conditional

flux of enthalpy:

ef = −
1

ρ P̃(η)

∂

∂xi

[
ρP̃(η)

(
ũih|η − ũi|ηQh

)]
(2.31)

In this thesis, the radiation term w̃R|η will not be taken into account.

2.3.3 First order closure

The CMC is based on the concept that the fluctuations of the scalars of interest can

be correlated with the fluctuations of only one scalar [44]. This appears to be the case

in the case of non-premixed flames where it has been observed that the fluctuations

of the reacting scalars are correlated with the fluctuations of the mixture fraction

[94]. This leads to the notion of first-order closure for the chemical source term

in terms of conditional averages; since the fluctuations of the conditional reacting

scalars are small, they may be neglected and the conditional chemical source term

may be calculated based on the conditional averages of the scalars:

ω̃α|η = ωα (Q1, Q2, ..., Qn, Qh) (2.32)

where n is the number of species. This may not be accurate in the case of localised

extinction/re-ignition, where the conditional variances and co-variances may play

an important role and therefore may have to be taken into account [59]. This would

lead to second-order closure [95–97]. Second-order closure has not yet been applied

to LES. First-order closure will be used throughout this thesis.
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2.3.4 Other unclosed terms

2.3.4.1 Filtered Density Function

The usual practice in mixture fraction based approaches for non-premixed combus-

tion is to presume a shape for the FDF of the mixture fraction. The presumed shape

is normally a beta function [89], which necessitates knowledge of the mean and the

variance of the mixture fraction. The filtered probability density function is thus

assumed to be:

P̃(η) =
ηα−1(1 − η)β−1

B(α, β)
(2.33)

where

B(α, β) =
Γ(α)Γ(β)

Γ(α + β)
(2.34)

is the beta-function and Γ(x) is the Gamma function. The parameters

α = ξ̃

(
ξ̃(1 − ξ̃)

ξ̃′′2
− 1

)
(2.35)

and

β =
α(1 − ξ̃)

ξ̃
(2.36)

depend only on the resolved mixture fraction ξ̃ and its sub-grid variance ξ̃′′2, for

which transport equations are solved (see sections 2.2.4 and 2.2.5). Further valida-

tion of the use of a beta function is given in this chapter.

2.3.4.2 Conditionally filtered velocity

In Reynolds-Averaged Navier Stokes models, the usual approach for the conditional

velocity is to use the linear model [44]:

〈ui|η〉 = ui +
〈u′

iξ
′〉

〈ξ′′2〉
(η − 〈ξ〉) (2.37)

where the brackets 〈〉 denote ensemble averaging and 〈u′
iξ

′〉 is the turbulent flux in

the i direction. This model has not yet been validated for LES and the use of a
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constant value has been proposed instead [45, 63]:

ũi|η = ũi (2.38)

where ui is the resolved velocity. This model will be used throughout this work.

2.3.4.3 Conditionally filtered scalar dissipation rate

The Amplitude Mapping Closure (AMC) [98] is used here to model the conditionally

filtered scalar dissipation rate [63]:

Ñ |η = N0G(η) (2.39)

where

G(η) = exp(−2[erf−1(2η − 1)]2) (2.40)

and

N0 =
Ñ∫ 1

0
P̃(η)G(η) dη

(2.41)

where Ñ is the filtered scalar dissipation rate (resolved and sub-grid scale). In

the AMC model, the conditional scalar dissipation rate is considered to have a

given shape (function G(η)) and it is scaled according to the value of the local

unconditional scalar dissipation rate Ñ . It has also been proposed that a constant

value is used for the conditionally filtered scalar dissipation rate [45], but this is not

used here.

2.3.4.4 Conditional flux

The sub-grid scale conditional flux (terms ef in Eq. (2.28) and efh in Eq. (2.30))

accounts for the conditional transport in physical space. A gradient model is mostly

used to model it [44, 45, 63]:

ũiYα|η − ũi|ηQα = −Dt
∂Qα

∂xi

(2.42)

ũih|η − ũi|ηQh = −Dt
∂Qh

∂xi

(2.43)
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Note the presence of the turbulent diffusivity Dt, considered to be equal for all

the species. In RANS, this is usually taken as the eddy diffusivity associated with

the gradient transport model commonly used in the mean mixture fraction equation.

In LES, this diffusivity must be equivalent to the sub-grid scale diffusivity used in

the filtered equation for the mixture fraction.

2.4 Implementation of the CMC model

The release of heat and the change in composition related with the combustion

phenomena investigated in this work may greatly affect the flow. This necessitates

the coupling of the flow solver (momentum, mass, mixture fraction and square of

mixture fraction) with the CMC solver (conditional species and enthalpy). The two

solvers are presented in detail in chapter 3. Here, the focus is on some special issues

concerning the communication between the two codes.

2.4.1 Coupling of the CMC and CFD codes

The equations of mass, momentum, mixture fraction and square of mixture fraction

are solved by the Rolls Royce Group plc. corporate code PRECISE, analysed in more

detail in chapter 3. The CMC equations are solved in an independently defined

structured cartesian grid. A schematic of the way the two solvers are coupled is

shown in Fig. 2.1.

The information about the velocity field, the mixture fraction field, the turbulent

diffusivity and the resolved and sub-grid scale scalar dissipation rate are passed

on from the CFD solver to the CMC code. Volume averaging is then performed

(detailed in section 2.4.3) which results in the flow field in the CMC resolution.

The system of CMC equations is then solved resulting in the conditionally filtered

species mass fractions and enthalpy, based on which the conditional temperature

and density are calculated. Integration with the FDF over η-space (Eq. (2.27))
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PRECISE

beta−pdf

CMC grid

CMC in CMC grid

Flow−field

Flow−field

ũi, ξ̃, ξ̃
′′2, Dt, Ñ

ũ∗
i , ξ̃∗, ξ̃

′′2
∗
, D∗

t , Ñ∗

Solve equations for conditionally
filtered species mass fractions and enthalpy

1
ρ =

∫ 1
0

1
ρ|η

P̃(η) dη

T̃ =
∫ 1
0 T̃ |η P̃(η) dη ξ̃, ξ̃

′′2

Based on composition
and enthalpy calculate
conditional density ρ|η

and temperature T̃ |η

Unconditional density ρ

and temperature T̃

Solve mass, momentum, mixture fraction

and square of mixture fraction equations

Figure 2.1: Schematic showing the coupling of the CFD and CMC solvers.

yields the unconditional density and temperature which are returned to the CFD

solver. This sequence takes place at every timestep of the simulation.

2.4.2 Modelling of the chemical source term

Estimating the chemical source term accurately is essential for any combustion sim-

ulation. Chemical mechanisms of varying complexity have been developed for many

hydrocarbon fuels. These mechanisms consist of a system of Arrhenius-type reac-

tions between the fuel, oxygen and potentially a number of intermediate species. In

principle, the CMC model can operate with chemical mechanisms of any level of

detail. The CPU time, however, in the case of very large mechanisms reduces the

efficiency of the simulation. The CPU time required does not increase linearly with

the number of species of a mechanism, since it depends greatly on the numerical

stiffness of the reaction set. The presence of a wide range of characteristic chemical

time-scales will have a negative effect on the CPU time. The chemical mechanism

that will be chosen for a specific simulation must be the result of a compromise

between the necessary accuracy and the speed of the simulation. The mechanisms
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used in this thesis are presented in chapter 3.

2.4.3 Numerical aspects

The dimensionality of the CMC domain and the resolution of the mesh depends on

the problem considered. Simplifying hypotheses can be made for turbulent shear

flows for which the gradients of the conditional scalars in space are not as steep as the

gradients of the unconditional scalars [99]. The conditional averages have a different

dependence in space than the unconditional ones because the micro-mixing effect

is resolved in mixture fraction space and not in physical space. Such hypotheses

may lead to the reduction of the dimensionality of the CMC domain (1D or 2D

formulation) and/or to coarser CMC grids. Assuming that the CMC equation (Eq.

2.28) will be solved on a grid of resolution ∆CMC , coarser than the grid of resolution

∆LES where the LES is performed, it is evident that information concerning the flow

must be transferred from a mesh of resolution ∆LES to one of resolution ∆CMC : the

conditional velocity, the conditional turbulent flux, the conditional scalar dissipation

and the mixture fraction FDF have to be provided.

These quantities are affected by two separate modelling levels. First, they depend

on the model used to transform the unconditional quantities, as supplied from the

LES solver, to conditional ones; such models were discussed in section 2.3.4. Second,

the quantities appearing in the CMC equation depend on how the LES information,

which is available at the resolution ∆LES, is supplied to the CMC solver at resolution

∆CMC . This is discussed in this section.

The different options for transferring the necessary information from the fine LES

mesh to the coarser CMC mesh is still an unexplored territory. At the moment, apart

from this work, there have been very few LES/CMC calculations [45, 60, 61] and

the implementation issues of CMC in LES have not been dealt with in the way they

have been in RANS/CMC calculations. The objective of this section is to shed more

light into some of these issues themselves, as well as into methods of resolving them.
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2.4.3.1 Integrated conditionally filtered equations

Integrating the conditionally filtered average of the random variable f over the

volume VCMC of a CMC cell yields:

f̃ |η
∗

=

∫
VCMC

ρf̃ |ηP̃(η) dV ′

∫
VCMC

ρP̃(η) dV ′
(2.44)

which may then be integrated over η-space to obtain the filtered value of f :

f̃ =

∫ 1

0

f̃ |η
∗
P̃(η) dη (2.45)

All the volume integrals are integrals over a CMC cell. Note that f̃ |η
∗

is to be

calculated by the CMC code at the CMC resolution, while f̃ and P̃(η) are available

at the LES resolution. Volume averaging of an unconditional quantity f̃ will be:

f̃ ∗ =

∫
VCMC

ρf̃ dV ′

∫
VCMC

ρ dV ′
(2.46)

The CMC equation for the integrated conditionally filtered species mass fractions

Q∗
α will be:

∂Q∗
α

∂t
+ ũi|η

∗∂Q∗
α

∂xi
= Ñ |η

∗∂2Q∗
α

∂η2
+ ω̃α|η

∗
+ e∗f (2.47)

where e∗f can be modelled as [44]:

e∗f =
1

ρ∗ P̃∗(η)

∂

∂xi

(
ρ∗P̃∗(η) D∗

t

∂Q∗
α

∂xi

)
(2.48)

in symmetry to the model used in RANS-CMC implementations. The corresponding

equations for the integrated conditional enthalpy Q∗
h will be:

∂Q∗
h

∂t
+ ũi|η

∗∂Q∗
h

∂xi

= Ñ |η
∗∂2Q∗

h

∂η2
+ e∗fh (2.49)

where the radiation term has been omitted for brevity and the term e∗fh can be

modelled as:

e∗fh =
1

ρ∗ P̃∗(η)

∂

∂xi

(
ρ∗P̃∗(η) D∗

t

∂Q∗
h

∂xi

)
(2.50)
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2.4.3.2 Integrated mixture fraction and its variance

The resolved mixture fraction can be integrated over the volume of each CMC cell

to yield the integrated resolved mixture fraction:

ξ̃∗ =

∫
VCMC

ρξ̃ dV ′

∫
VCMC

ρ dV ′
(2.51)

where ξ̃ is the resolved mixture fraction.

The evaluation of the integrated sub-grid scale mixture fraction variance is less

trivial. The same volume averaging procedure could be used:

ξ̃′′2
∗

=

∫
VCMC

ρξ̃′′2 dV ′

∫
VCMC

ρ dV ′
(2.52)

This variance will be referred to later on as ‘variance-1’. In this case the variations

of the resolved mixture fraction inside every CMC cell are ignored. These variations

may be important, especially in the case of a large ∆CMC/∆LES ratio. They can

be included in the calculation of the integrated sub-grid scale mixture fraction by

using the following equation, the derivation of which is included in Appendix A:

ξ̃′′2
∗

2 = ξ̃ 2∗ + ξ̃′′2 ∗ − ξ̃∗2 (2.53)

where

ξ̃2∗ =

∫
V

ρξ̃ 2 dV ′

∫
V

ρ dV ′
(2.54)

This variance will be referred to as ‘variance-2’.

2.4.3.3 Integrated FDF

The volume averaging that has been used to calculate the integrated resolved mix-

ture fraction could be used to calculate the integrated FDF:

P̃∗(η) =

∫
VCMC

ρP̃(η) dV ′

∫
VCMC

ρ dV ′
(2.55)

This FDF will be referred to as Pav−CMC .
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An alternative to averaging the sub-grid scale FDFs is to use a presumed shape

for the integrated FDF in the CMC resolution. P̃∗(η) may be assumed to have the

shape of a beta function (Eq. (2.33) to (2.36)). In this case, an integrated resolved

mixture fraction and an integrated sub-grid scale variance have to be provided. Eq.

(2.51) can be used to provide the integrated mixture fraction, while ‘variance-1’ or

‘variance 2’ can be used to provide the integrated sub-grid scale variance, which will

result in P1−CMC and P2−CMC respectively.

2.4.3.4 Integrated conditionally filtered velocity

The conditionally filtered velocity may be integrated over each CMC cell to provide

the integrated conditionally filtered velocity:

ũi|η
∗

=

∫
VCMC

ρP̃(η) ũi|η dV ′

∫
VCMC

ρP̃(η) dV ′
(2.56)

If the velocity is considered to be constant in η-space, the integrated velocity will

be [63]:

ũi|η
∗

=

∫
VCMC

ρP̃(η) ũi dV ′

∫
VCMC

ρP̃(η) dV ′
(2.57)

It has also been suggested that the resolved velocity is conditionally averaged

over each CMC cell [45]. This will produce instantaneous profiles of the conditional

velocity, which can then be smoothed to provide the final conditional velocity. This

is tantamount to neglecting sub-grid velocity fluctuations, which is equivalent to

neglecting the sub-grid scalar flux of the mixture fraction, if the linear model of Eq.

2.37 is used as an LES sub-grid model.

2.4.3.5 Integrated conditionally filtered scalar dissipation rate

Conditional averaging over a CMC cell has been suggested for the conditional scalar

dissipation rate [45]. This model is very similar to the one applied by the same

authors for the conditional velocity.
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Alternatively, the conditionally filtered scalar dissipation rate can be integrated

over each CMC cell to yield the integrated conditionally filtered scalar dissipation

rate:

Ñ |η
∗

=

∫
VCMC

ρP̃(η) Ñ |η dV ′

∫
VCMC

ρP̃(η) dV ′
(2.58)

where Ñ |η can, for example, be provided by the AMC model (Eq. (2.39)-(2.41)).

This scalar dissipation rate will be referred to as Nav.

Alternatively, the AMC model can be applied directly to the CMC cells:

Ñ |η
∗

= N∗
0 G(η) (2.59)

and

N∗
0 =

Ñ∗

∫ 1

0
P̃∗(η)G(η) dη

(2.60)

where Ñ∗ is the integrated filtered scalar dissipation rate:

Ñ∗ =

∫
VCMC

ρÑ dV ′

∫
VCMC

ρ dV ′
(2.61)

The function G(η) is given by Eq. (2.40). In this case, either Pav−CMC or P2−CMC

will be used for P̃∗(η), which will result in N1 and N2 respectively.

2.4.3.6 Integrated turbulent diffusivity

The integrated turbulent diffusivity appears in the CMC equation when a gradient

model is used for the sub-grid scale conditional flux (Eq. (2.48) and (2.50)). This

term represents transport via diffusion in space and may therefore be important in

cases where there are strong gradients of conditional reacting scalars.

FDF-weighted averaging of the diffusivity has been used in a simulation of a non-

premixed bluff-body stabilised jet diffusion flame, thus introducing a dependence on

the mixture fraction [63]:

D∗
t (η) =

∫
VCMC

ρP̃(η) Dt dV ′

∫
VCMC

ρP̃(η) dV ′
(2.62)
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In this case the volume averaging was performed over planes of constant axial dis-

tance. This type of averaging procedure implies that information about the tur-

bulence on a small scale (LES resolution) can be extrapolated directly to a larger

scale (CMC resolution). For simplicity, in this work, the diffusivity is assumed to

be constant in η-space and therefore P̃(η) is omitted:

D∗
t =

∫
VCMC

ρ Dt dV ′

∫
VCMC

ρ dV ′
(2.63)

This diffusivity will be referred to as Dt1 . An alternative approach to averaging

the diffusivity is also proposed here. It is suggested that the integrated turbulent

diffusivity is

D∗
t = ν∗

t,CMC/Sct (2.64)

where ν∗
t,CMC is the ‘CMC level’ viscosity, calculated using the Smagorinsky model

in the CMC resolution:

ν∗
t,CMC = (CS∆CMC)2 S

∗
(2.65)

where CS is the Smagorinsky constant and ∆CMC is the filter width of the CMC

grid. The integrated characteristic strain rate is

S
∗

=
(
2S̃∗

ijS̃
∗
ij

)1/2

(2.66)

where

S̃∗
ij =

1

2

(
∂ũ∗

i

∂xj

+
∂ũ∗

j

∂xi

)
(2.67)

is the integrated filtered rate-of-strain tensor, calculated at the CMC resolution

using the integrated velocity field:

ũ∗
i =

∫
VCMC

ρũi dV ′

∫
VCMC

ρ dV ′
(2.68)

This diffusivity will be referred to as Dt2 and takes account of the fact that the sub-

grid diffusivity depends on the scale of the diffusion process that is to be modelled.
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2.4.3.7 Summary of options

The different options for the integrated quantities used in the CMC equation, and

how these are extracted from the LES, are summarised in Table 2.1. Some of these

options are tested against experimental data in Sect. 2.4.4, while some are tested

through examining the sensitivity of LES-CMC predictions of statistically-steady

non-premixed flames in chapter 5.

In more detail, experimental measurements of mixture fraction will be filtered at

different levels to assess how well the gradient model of Eq. (2.15) can predict the

sub-grid scale variance and to investigate the relative importance of the sub-grid

scalar dissipation. Filtering at another level (using a coarser filter grid) will also be

performed to examine the different ways of passing information from one resolution

to the other and their sensitivity to the different resolutions. More specifically, for

the integrated sub-grid scale variance, ‘variance-1’ and ‘variance-2’ will be assessed.

For the integrated FDF, the suitability of Pav−CMC , P1−CMC and P2−CMC will be

examined. Moreover, it will be investigated whether Nav, N1 and N2 can be used to

provide the integrated conditionally filtered scalar dissipation rate.

2.4.4 Experimental Data Processing

In order to investigate further the different methods of extracting information from

a fine grid to a coarser grid, experimental measurements of mixture fraction in

an inert mixing flow are analysed in the context of filtering at various resolutions.

This provides a guidance on the accuracy expected for the information transfer

between LES and CMC grids. The objective of this analysis is to perform filtering

of measurements of mixture fraction in a non-reacting flow at various levels in the

context of the Filtered Density Function (FDF) and the conditionally filtered scalar

dissipation rate, which are quantities that appear explicitly in the CMC equation.
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Table 2.1: Summary of different options for integrated quantities

Quantity Name Options

Mixture fraction ξ̃∗ ξ̃∗ =

R
VCMC

ρeξ dV ′

R
VCMC

ρ dV ′

Mixture fraction vari-

ance

Variance-1 ξ̃′′2
∗

=

R
VCMC

ρgξ′′2 dV ′

R
VCMC

ρ dV ′

Variance-2 ξ̃′′2
∗

2 = ξ̃ 2∗ + ξ̃′′2 ∗ − ξ̃∗2

Filtered Density Func-

tion

Pav−CMC P̃∗(η) =

R
VCMC

ρ eP(η) dV ′

R
VCMC

ρ dV ′

P1−CMC Presumed beta-shape using ξ̃∗

and variance-1

P2−CMC Presumed beta-shape using ξ̃∗

and variance-2

Scalar dissipation rate Ñ∗

Ñ∗ =

R
VCMC

ρ eN dV ′

R
VCMC

ρ dV ′

Conditional scalar dis-

sipation rate

Nav Ñ |η
∗

=

R
VCMC

ρ eP(η) gN |η dV ′

R
VCMC

ρ eP(η) dV ′

N1 AMC model using Ñ∗ and

Pav−CMC

N2 AMC model using Ñ∗ and

P2−CMC

Diffusivity Dt1 D∗
t =

R
VCMC

ρ Dt dV ′

R
VCMC

ρ dV ′

Dt2 D∗
t = ν∗

t /Sct, ν∗
t =

(CS∆CMC)2 S
∗
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2.4.4.1 Experimental setup and filtering parameters

The experimental results from a previous study of a turbulent axisymmetric plume

[100, 101] are analysed. The experimental apparatus (Fig. 2.2) consists of an op-

tically polished quartz tube of D = 34.0 mm inner diameter confining the co-flow

of air. Turbulence in the co-flow was generated by a grid with M = 3.0 mm di-

ameter holes and 44% solidity, positioned 63 mm upstream of the nozzle to allow

the turbulence to develop. The injected stream consisted of a mixture of nitrogen

(N2) and acetylene (C2H2), with the mass fraction of acetylene being YC2H2
= 0.73.

The acetylene was injected through a tube of inner diameter d = 2.24 mm and

outer diameter do = 2.96 mm. The co-flow velocity was equal to 3.09 m/s, while the

acetylene velocity was equal to 2.91 m/s. The air stream was pre-heated to 473 K,

while the acetylene stream was pre-heated to 438 K. This experimental set-up had

previously been used also for autoignition investigations [102].

Co−flow Air

Perforated plate

Laser sheetFuel

Quartz tube

z r

Figure 2.2: Experimental set-up showing the fuel injection point, the co-flow of air

and the laser sheet.

PLIF images were used for measuring concentrations. The volume fraction-based

mixture fraction was then calculated according to the following definition:

ξn(r, z) =
nfuel(r, z)

nfuel(r = 0, z = 0)
(2.69)
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where r and z are the radial and axial direction respectively and nfuel(r, z) are molar

concentrations, which can be converted into a mass fraction-based mixture fraction

by ξ = [1 − (1 − ξ−1
n )δ−1

inj ]
−1 where δinj is the injection to co-flow density ratio. The

acetylene was injected at (r = 0, z = 0). The two-dimensional scalar dissipation

rate was also evaluated from the measurements of ξ:

N = D

[(
∂ξ

∂r

)2

+

(
∂ξ

∂z

)2
]

(2.70)

where D is the molecular diffusivity. Extensive description of the experimental

set-up and the measuring techniques can be found in Ref. [100]. The signal-to-

noise ratio, the filtering procedure and the effects of the latter on the estimation of

the mixture fraction gradients, are discussed at length in Ref. [100]. In short, the

scalar dissipation is considered to be adequately resolved, as found by performing an

independent overall balance of the scalar energy, following the suggestion by Bilger

[103].

This study focuses on the investigation of individual images from the experiment

in a ‘LES/CMC context’. The domain for which data is available is 17.75 mm ×

59.23 mm and the original resolution is 301 × 1002 pixels, in the radial and axial

direction respectively, resulting in a spatial pixel resolution of p = 0.06 mm/pixel.

Considering the combined effect of the collection optics pixel resolution and the

sheet-making optics effectiveness, the overall spatial resolution was estimated to be

equal to Dexp = 0.09 mm [100]. The Kolmogorov lengthscale has been evaluated to

be equal to ηK = 0.25 mm [100]. The integral lengthscale L at the exit of the jet

is approximately 3.5 mm increasing by about 1 mm in the first 42 mm downstream

[101]. The ratio of the fluctuation of the local axial velocity over the mean decreases

from approximately 0.15 at the exit of the nozzle to 0.1 at 42 mm downstream,

giving a turbulent Reynolds number Returb = 48 [101].

A schematic showing all the filtering processes that were performed is shown

in Fig. 2.3. The grid that was used for the filtering is what will be called the

‘LES grid’ and its filter size ranges from DLES/Dexp = 4 (DLES/ηK = 1.44) to
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DLES/Dexp = 16 (DLES/ηK = 5.76). This resolution would correspond to an LES,

since the filter size is in the inertial range (ηK < DLES < L). However, due to the

low Returb, DLES is not much larger than ηK , as it would be in a flow with higher

turbulence levels. Nevertheless, the investigation of these data gives insight into the

information transferring process between the meshes.

The original experimental data were filtered to generate what will be referred to

as the ‘resolved’ mixture fraction:

ξ̃ =

∫
VLES

ξ dV ′

∫
VLES

dV ′
(2.71)

where ξ is the measured mixture fraction. A sub-grid scale variance was also calcu-

lated:

ξ̃′′2 =

∫
VLES

(ξ − ξ̃)2 dV ′

∫
VLES

dV ′
(2.72)

The scalar dissipation was averaged in the same way as the mixture fraction, result-

ing in the filtered scalar dissipation field:

Ñ =

∫
VLES

N dV ′

∫
VLES

dV ′
(2.73)

where N is the experimental scalar dissipation rate. A resolved scalar dissipation

was also calculated based on the gradients of the resolved mixture fraction:

Ñres = D



(

∂ξ̃

∂z

)2

+

(
∂ξ̃

∂r

)2

 (2.74)

Subtracting the resolved scalar dissipation rate from the filtered results in the sub-

grid scale scalar dissipation rate:

Ñsgs = Ñ − Ñres (2.75)

A second filtering grid (‘CMC grid’) was then applied to the experimental data

to calculate the experimental FDF and conditional scalar dissipation rate. The size

of this filter ranges from DCMC/DLES = 1 to DCMC/DLES = 5. The same grid

was applied to the resolved flow field to represent what happens normally where a
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’CMC’ cell

’LES’ cell

resolution of experiment

Figure 2.3: Schematic showing the different filtering grids that were used.

CMC grid is used together with an LES grid. The integrated mixture fraction, its

sub-grid scale variance, FDF and conditionally filtered scalar dissipation rate were

then calculated. To assess how consistent the results are, four different images were

analysed.

It is noted that a top-hat filter is used, meaning that the values of all the filtered

quantities are considered to remain constant in the cell.

2.4.4.2 Effect of the LES resolution

Resolved mixture fraction The contours of the mixture fraction and scalar

dissipation rate fields from the original experimental data are shown in Fig. 2.4

and 2.5, respectively. The instantaneous image that will be examined most closely

is image-1. By definition the mixture fraction is equal to unity at the exit of the

fuel and zero at the co-flow. There seems to be a potential core in the jet which is

about four jet diameters long, which then starts breaking up until complete mixing

is achieved. The regions of high scalar dissipation are thin layer-like structures.

The axial decay of the mixture fraction, as well as the instantaneous radial profiles

at different axial positions of the mixture fraction for the different ‘LES resolutions’,
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Figure 2.4: Experimental data, mixture fraction. Image shown is 18 × 60 mm. The

flow comes from below.

Figure 2.5: Experimental data, scalar dissipation rate [s−1]. Image shown is 18 ×

60 mm.
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i.e. filtering using different filter sizes, can be found in Fig. 2.6. The results from the

three different ‘LES resolutions’ seem to agree reasonably well with the experimental

data. Only in the case where the ‘LES grid’ is coarse (DLES/Dexp = 16) some

discrepancy can be seen between the experimental value and the resolved mixture

fraction. This is confirmed in Fig. 2.7 where the instantaneous radial profiles of

the mixture fraction at a certain axial position (z = 15 mm) are plotted for the four

different images.
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Figure 2.6: Resolved mixture fraction, image-1; (a) axial decay, (b) radial profile,

z = 5 mm, (c) radial profile, z = 15 mm, (d) radial profile, z = 30 mm.

Sub-grid scale variance The instantaneous radial profiles of the sub-grid scale

variance of the mixture fraction are plotted in Fig. 2.8 for three different axial

positions, for the three ‘LES resolutions’. As is expected, the sub-grid scale variance

decreases along the axis as mixing takes place and the mixture fraction field becomes

more homogeneous. The value of the sub-grid scale variance increases as the ‘LES

37



2. Conservation Equations and the Implementation of the

Conditional Moment Closure in Large Eddy Simulations

 0

 0.1

 0.2

 0.3

-5 -2.5  0  2.5  5

M
ix

tu
re

 fr
ac

tio
n 

[-
]

Radial distance (mm)

exp
DLES/Dexp=4
DLES/Dexp=8

DLES/Dexp=16

 0

 0.25

 0.5

-2.5  0  2.5

M
ix

tu
re

 fr
ac

tio
n 

[-
]

Radial distance (mm)

exp
DLES/Dexp=4
DLES/Dexp=8

DLES/Dexp=16

 0

 0.1

 0.2

-2.5  0  2.5

M
ix

tu
re

 fr
ac

tio
n 

[-
]

Radial distance (mm)

exp
DLES/Dexp=4
DLES/Dexp=8

DLES/Dexp=16

 0

 0.25

 0.5

-5 -2.5  0  2.5  5

M
ix

tu
re

 fr
ac

tio
n 

[-
]

Radial distance (mm)

exp
DLES/Dexp=4
DLES/Dexp=8

DLES/Dexp=16

(b)(a)

(c) (d)

Figure 2.7: Radial profiles of resolved mixture fraction at z = 15 mm; (a) image-1,

(b) image-2, (c) image-3, (d) image-4.
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grid’ becomes coarser. The sub-grid scale variance when DLES/Dexp = 16 is almost

one order of magnitude higher than when DLES/Dexp = 4. As the resolution becomes

poorer, more scales become sub-grid and there is more mixing taking place in a sub-

grid scale level, which is quantified by an increase of the sub-grid scale variance.

The shape of the profile remains the same for the different resolutions, but some of

the details are lost in the coarser grid.
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Figure 2.8: Radial profiles of the sub-grid scale variance, image-1; (a) z = 5 mm,

(b) z = 15 mm, (c) z = 30 mm.

The parameter CV from Eq. (2.15) is plotted in Fig. 2.9 in three different axial

positions for the three ‘LES resolutions’. Most of the points are clustered around

a constant value of CV = 0.1, but there seems to be a certain level of scattering,

especially in the position which is furthest downstream (z = 30 mm). The fact
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that all the points are clustered around a value is confirmed in Fig. 2.10 where the

parameter CV is plotted in a certain axial position for the four instantaneous images.

In every case, the points are clustered around the value of about CV = 0.1. This

value for CV has been used in LES of non-reacting [88] and reacting [36] turbulent

jets. Our data further validate the choice of this value.
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Figure 2.9: Radial profiles of parameter CV from Eq. (2.15), image-1; (a) z =

5 mm, (b) z = 15 mm, (c) z = 30 mm; × : DLES/Dexp = 4, ∗ : DLES/Dexp = 8,

+ : DLES/Dexp = 16.

Sub-grid scale scalar dissipation rate The contribution of the sub-grid scales

to the total scalar dissipation rate for different values of DLES/Dexp is plotted in

Fig. 2.11. In the initial stage of the jet break-up (z = 5 mm), the contribution

of the sub-grid scales seems to be around 25% of the total scalar dissipation rate,

40



2. Conservation Equations and the Implementation of the

Conditional Moment Closure in Large Eddy Simulations

 0

 0.1

 0.2

 0.3

 0.4

-2.5  0  2.5

C
v 

[-
]

Radial distance (mm)

 0

 0.1

 0.2

 0.3

 0.4

-5 -2.5  0  2.5  5

C
v 

[-
]

Radial distance (mm)

 0

 0.1

 0.2

 0.3

 0.4

-5 -2.5  0  2.5  5

C
v 

[-]

Radial distance (mm)

 0

 0.1

 0.2

 0.3

 0.4

-5 -2.5  0  2.5  5

C
v 

[-]

Radial distance (mm)

(b)(a)

(c) (d)

Figure 2.10: Radial profiles of parameter CV from Eq. (2.15) at z = 15 mm;

(a) image-1, (b) image-2, (c) image-3, (d) image-4; × : DLES/Dexp = 4, ∗ :

DLES/Dexp = 8, + : DLES/Dexp = 16.
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reaching around 50% when the grid is coarser. Further downstream (z = 15 mm),

the contribution of the sub-grid scales ranges from 10% up to almost 100% for the

coarser grid. In the last axial position, the contribution of the sub-grid scales seems

to be somewhat independent of the grid and ranges from 10% to approximately

75%. Similar conclusions may be drawn by Fig. 2.12 where the contribution of

the sub-grid scales to the total scalar dissipation rate in a certain axial position is

plotted for four different images. It is evident that, depending on the location in

the flow and the LES resolution relative to the Batchelor scale, the sub-grid scale

scalar dissipation cannot be neglected.
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Figure 2.12: Radial profiles of the contribution of sub-grid scale scalar dissipation

rate to the total at z = 15 mm; (a) image-1, (b) image-2, (c) image-3, (d) image-4;

× : DLES/Dexp = 4, ∗ : DLES/Dexp = 8, + : DLES/Dexp = 16.
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2.4.4.3 Effect of the CMC resolution

Integrated mixture fraction In Fig. 2.13, the axial decay and the instantaneous

radial profiles of the integrated mixture fraction for the three ‘CMC resolutions’ are

compared with the experimental data. Due to the two filtering procedures (‘LES’

and ‘CMC’ filters) some of the initial information regarding the gradients of the

mixture fraction has been lost and the profiles are smoother than in the experimental

data.
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Figure 2.13: Integrated mixture fraction for DLES/Dexp = 4, image-1; (a) axial
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z = 30 mm.
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Integrated sub-grid scale variance In Fig. 2.14, 2.15 and 2.16 the instanta-

neous radial profiles of the sub-grid scale variance of the mixture fraction are shown,

for one ‘LES resolution’ (DLES/Dexp = 16) and for all the ‘CMC resolutions’. When

DCMC/DLES = 1 the three different sub-grid scale variances give identical results,

which is expected since the CMC grid and the LES grid are identical. When the

‘CMC grid’ is coarser than the ‘LES grid’, it can be seen that variance-1 is almost

one order of magnitude smaller than the filtered sub-grid scale variance, whereas

variance-2 gives results which are much closer to the real value. This shows that

when calculating a sub-grid scale variance on a coarser grid based on information

on a finer grid, the major contribution comes from the variation of the resolved field

within a cell of the coarser grid and not from the individual sub-grid scale variances

of the cells of the finer grid.

Integrated FDF In Fig. 2.17, the FDF in a point which is located along the

axis, 5 mm after the injector is shown, evaluated in four different ways (directly

from the experimental data and three methods mentioned in Table 2.1), for the

three ‘CMC resolutions’ respectively. In the case when the LES and CMC grids are

identical, the three methods collapse onto the same line and the comparison with

the experimental FDF gives an estimate of how well it can be represented by a beta-

FDF. The suitability of this model has been confirmed in the past by comparison

with results from DNS [104]. Fig. 2.17 confirms these results, as the presumed-shape

FDF is close to the experimental FDF.

The other two cases lead to the conclusion that the best representation of the

FDF (experimental FDF) comes from the volume average of the individual FDFs

in a CMC cell (Pav−CMC). It seems, however, that a presumed shape in the ‘CMC

resolution’ can also be used, if the correct variance is used. Using variance-1 results

in a very narrow FDF (P1−CMC), while using variance-2 results in a FDF (P2−CMC)

which approximates the experimental FDF reasonably well. Due to the nature of

the beta-function, P2−CMC always predicts a wider and smoother FDF, losing the
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Figure 2.14: Radial profiles of integrated sub-grid scale mixture fraction variance

for DLES/Dexp = 16, DCMC/DLES = 1, image-1; (a) z = 5 mm (b) z = 15 mm, (c)

z = 30 mm.
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Figure 2.15: Radial profiles of integrated sub-grid scale mixture fraction variance

forDLES/Dexp = 16, DCMC/DLES = 2.5, image-1; (a) z = 5 mm (b) z = 15 mm, (c)

z = 30 mm.
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Figure 2.16: Radial profiles of integrated sub-grid scale mixture fraction variance

for DLES/Dexp = 16, DCMC/DLES = 5, image-1; (a) z = 5 mm (b) z = 15 mm, (c)

z = 30 mm.

48



2. Conservation Equations and the Implementation of the

Conditional Moment Closure in Large Eddy Simulations

 0

 2

 4

 6

 0  0.25  0.5  0.75  1

F
D

F

Mixture fraction [-]

exp
Pav-CMC
P1-CMC
P2-CMC

 0

 2

 4

 0  0.25  0.5  0.75  1

F
D

F

Mixture fraction [-]

exp
Pav-CMC
P1-CMC
P2-CMC

 0

 2

 4

 6

 0  0.25  0.5  0.75  1

F
D

F

Mixture fraction [-]

exp
Pav-CMC
P1-CMC
P2-CMC

(a) (b)

(c)
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details of multiple peaks and steep gradients in mixture fraction space. This may

result to a FDF very different to the experimental one (e.g. Fig. 2.17b) or not (e.g.

Fig. 2.17c) depending on the variation of the mixture fraction inside a CMC cell.

In order to assess how consistent these results are, the FDF was evaluated for

one ‘CMC resolution’ (DCMC/DLES = 2.5) for five locations along the axis (Fig.

2.18) and for one location (z = 5 mm), but for four instantaneous images (Fig.

2.19). These figures confirm the conclusion that while the most accurate FDF is the

averaged FDF from all the individual FDFs in the CMC cell, a presumed shape can

also be used, as long as a realistic variance, such as ‘variance 2’, is used.

Integrated conditionally filtered scalar dissipation rate In Fig. 2.20, the

different options for the integrated conditionally filtered scalar dissipation rate are

plotted, for the three ‘CMC resolutions’, for one location along the axis (z = 5 mm),

compared with the experimental data. N1 and N2 predict the trend and the magni-

tude reasonably well in all cases, while Nav seems to over-predict the scalar dissipa-

tion rate in some cases (Fig. 2.20c and 2.21d and 2.21e). The AMC model is unable

to capture multiple peaks, always predicting a bell-shaped curve, which covers all

mixture fractions, but overall it seems to capture the correct trend.

The consistency of these results was tested by examining five locations along the

axis of the jet (Fig. 2.21) and four images for one ‘CMC resolution’ (DCMC/DLES =

2.5) (Fig. 2.22). These figures can confirm the conclusion that N1 and N2 give very

similar results and that either of them may be used. Some differences between the

results of the models is noticed in some graphs, but the trend is always the same

and the magnitude is very similar, especially where the FDF is finite and therefore

the notion of a conditional scalar dissipation rate is valid.

50



2. Conservation Equations and the Implementation of the

Conditional Moment Closure in Large Eddy Simulations

 0

 5

 10

 15

 0.7  0.8  0.9  1

F
D

F

Mixture fraction [-]

exp
Pav-CMC
P1-CMC
P2-CMC

 0

 2

 4

 0  0.25  0.5  0.75  1

F
D

F
Mixture fraction [-]

exp
Pav-CMC
P1-CMC
P2-CMC

 0

 10

 20

 30

 40

 50

 0.1  0.2  0.3

F
D

F

Mixture fraction [-]

exp
Pav-CMC
P1-CMC
P2-CMC

 0

 2

 4

 0  0.25  0.5  0.75  1

F
D

F

Mixture fraction [-]

exp
Pav-CMC
P1-CMC
P2-CMC

 0

 10

 20

 30

 0.1  0.2  0.3

F
D

F

Mixture fraction [-]

exp
Pav-CMC
P1-CMC
P2-CMC

(a) (b)

(e)

(d)(c)

Figure 2.18: Integrated FDF for DLES/Dexp = 16, DCMC/DLES = 2.5; (a) z =

2.5 mm, (b) z = 5 mm, (c) z = 7.5 mm, (d) z = 10 mm, (e) z = 12.5 mm.
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Figure 2.19: Integrated FDF at z = 5 mm for DLES/Dexp = 16 and DCMC/DLES =

2.5; (a) image-1, (b) image-2, (c) image-3, (d) image-4.
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Figure 2.20: Integrated conditionally filtered scalar dissipation rate at z = 5 mm

for DLES/Dexp = 16, image-1; (a) DCMC/DLES = 1, (b) DCMC/DLES = 2.5, (c)

DCMC/DLES = 5.
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Figure 2.21: Integrated conditionally filtered scalar dissipation rate for DLES/Dexp =

16 and DCMC/DLES = 2.5; (a) z = 2.5 mm, (b) z = 5 mm, (c) z = 7.5 mm, (d)

z = 10 mm, (e) z = 12.5 mm.
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Figure 2.22: Integrated conditionally filtered scalar dissipation rate at z = 5 mm for

DLES/Dexp = 16 and DCMC/DLES = 2.5; (a) image-1, (b) image-2, (c) image-3, (d)

image-4.
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2.5 Models and sub-models used

All the LES and CMC models that are used in the simulations presented in this

thesis (unless stated otherwise) are summarised in table 2.2.

2.6 Conclusions

The governing equations for LES and CMC have been presented in this chapter. The

different sub-models were discussed and the implementation of the CMC method

in LES was also presented. The two methods are fully coupled to allow for the

simulations of transient phenomena (more details about the computational codes

are included in chapter 3). Special attention was given to the fact that in practical

applications of the CMC in LES, a coarser mesh than the LES is used to solve the

CMC equations. Information concerning the flow must be transferred from the LES

to the CMC mesh.

In order to evaluate the accuracy of the different options of transferring data from

one mesh to the other, high resolution experimental data of mixture fraction were

filtered. In particular, they were used to assess a model for the sub-grid scale variance

of the mixture fraction, the contribution of the sub-grid scale scalar dissipation rate

and different ways of transferring the sub-grid scale mixture fraction variance, the

FDF and the scalar dissipation rate from a fine ‘LES grid’ to a coarser ‘CMC grid’.

The gradient model may be used for the sub-grid scale mixture fraction variance

using a constant parameter, as long as the LES grid is not very coarse, in which

case the parameter might have to be dynamically calculated. The contribution of

the sub-grid scales to the total scalar dissipation rate seems to be small at the initial

stage of the break-up of the jet where the mixing is controlled by the larger scales,

but becomes more significant further downstream.

When transferring data from a fine LES grid to a coarser CMC grid, the variation

of the resolved mixture fraction inside a CMC cell must be included in the calculation

56



2. Conservation Equations and the Implementation of the

Conditional Moment Closure in Large Eddy Simulations

Table 2.2: Models used in this thesis (unless stated otherwise).

Quantity Model

LES models

Residual stress tensor τ r
ij = ũiuj − ũiũj Dynamic Smagorinsky model, Eq.

(2.9)-(2.11), [84].

Sub-grid scale mixture fraction flux

Jr
i = ũiξ − ũiξ̃

Gradient model, Eq. (2.14), Sct = 0.7.

Sub-grid scale mixture fraction vari-

ance ξ̃′′2

Transport equation, Eq. (2.16), (2.17).

Sub-grid scale scalar dissipation rate

Ñsgs

νt/∆2 ξ̃′′2, [90, 92].

CMC models

Filtered Density Function (FDF) P̃(η) Beta-function, Eq. (2.33)-(2.36), [89].

Conditional velocity ũi|η ũi|η = ũi, [45, 63].

Conditional scalar dissipation rate Ñ |η AMC model, Eq. (2.39)-(2.41), [98].

Conditional fluxes ũiYα|η − ũi|ηQα,

ũih|η − ũi|ηQh

Gradient model, Eq. (2.42), (2.43), [44,

45, 63].

Integrated quantities

Integrated mixture fraction Eq. (2.51).

Integrated mixture fraction variance Eq. (2.53), (2.54).

Integrated FDF P2−CMC .

Integrated conditional velocity Eq. (2.57), [63].

Integrated conditional scalar dissipa-

tion rate

N2, Eq. (2.59)-(2.61).

Integrated turbulent diffusivity Dt2 , Eq. (2.64)-(2.68).
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of the sub-grid scale variance. An averaged FDF may be used as the integrated

FDF, although a presumed beta-FDF may also be used, as long as the integrated

variance has the correct value. A model for the conditional scalar dissipation rate

may be either calculated at the ‘LES resolution’ and then averaged to give the

integrated conditionally filtered scalar dissipation rate, or it can be applied at the

‘CMC resolution’ directly using the integrated scalar dissipation rate.
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Chapter 3

Numerical Methods and Chemical

Mechanisms

3.1 Introduction

The purpose of this chapter is to present the solvers used in the simulations discussed

in this thesis. The implementation of the CMC model in LES has already been

described in chapter 2. Two solvers are essentially used; the CFD solver solves

the mass, momentum, mixture fraction and variance equations, while the CMC

solver solves the equations for the conditional species and enthalpy. Since changes

in density may cause changes in the velocity and mixture fraction fields, the two

solvers are fully coupled. First, the CFD solver PRECISE is introduced and further

validated in an inert jet case. Second, the CMC solver is presented. The CMC

equations are five-dimensional equations in space, time and mixture fraction space.

In addition, the system of equations may be stiff, due to the large variety of different

time-scales appearing in the chemical mechanism. In this chapter, the discretisation

schemes are presented with special care being given to the convection scheme and

to the time-integration method. Finally, the parallelisation of the CMC solver, the

boundary and initial conditions, as well as the chemical mechanisms used throughout
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this thesis are presented.

3.2 The CFD solver

3.2.1 General

All the simulations presented in this work were performed using the code PRECISE.

PRECISE is the Rolls-Royce corporate combustion CFD code. It is a finite-volume

code, which uses the low-Mach number formulation (there can be no density changes

due to compression). The pressure-correction equation is solved using the SIMPLE

algorithm [105].

Convective transport is discretised using a central differencing scheme. Due to

the instability of this scheme for high Peclet numbers, it must be ensured that the

timestep is small and that large changes in grid spacing are avoided. A central differ-

ence scheme is used to solve the pressure-correction equation, while time derivatives

are discretized using a second order backward difference scheme and integration in

time is done using the explicit Adams-Bashforth method. There is no implicit con-

trol of the timestep during the simulation. The user is informed of the maximum

CFL number in the flow at every timestep and must explicitly adjust the timestep

to ensure that CFL < 1. At the outlet of the domain, it is assumed that no changes

occur in the direction of the flow and hence the gradients of all the variables are

zero.

PRECISE has been used in LES to assess its suitability for simulations of com-

bustion in gas turbines [106] and in LES of non-premixed flames (Sandia flame

D and Sandia/Sydney swirl burners) using the filtered density function turbulent

combustion model [107].
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3.2.2 Further validation of the code

In order to further validate PRECISE, simulations of an inert jet were performed.

This configuration has been used in the past to study forced ignition [22], but only

the inert flow will be considered here. The diameter of the jet is dj = 5 mm and the

jet exit velocity is Vj = 25.5 m/s, resulting to a jet Reynolds number of Rej = 8325.

A laminar co-flow of velocity Vc = 0.1 m/s surrounds the jet. The computational

mesh was composed of approximately 1 million cells (Fig. 3.1). The computational

domain extends to 300 mm (60dj) in the axial direction y and 100 mm (20dj) in

the radial direction r. The timestep was chosen to be dt = 5 × 10−6 s, resulting in

a maximum CFL number in the flow less than 0.2. A top-hat profile was used at

the inlet of the jet and white noise was superimposed. The lack of turbulent inlet

conditions may lead to inaccuracies in the near-nozzle region [108].

Figure 3.1: Computational mesh for LES of the jet.
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An instantaneous snapshot and a time-averaged slice of the axial velocity field

are shown in Fig. 3.2.

(a) (b)

Figure 3.2: Instantaneous snapshot and time-averaged axial velocity velocity field

[m/s].

The velocity measurements were taken with air in the jet and were found to agree

very well with the following empirical fit [109], which will be used to validate the

LES results [22]:

V

Vj
= 11.8

(
ρj

ρ

)1/2(
dj

2y

)
exp

[
−93.7

(r

z

)2
]

(3.1)

where V is the mean axial velocity, ρj and ρ are the densities of the jet fluid and

the ambient air respectively, y is the axial distance from the exit of the jet and r is

the radial distance from the centreline.

The initial stage where the velocity remains almost constant (potential core) is

not predicted very accurately (Fig. 3.3), which may be attributed to the lack of
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realistic fluctuations at the inlet plane. After about 10dj, however, when the self-

similarity region begins, the LES results agree very well with the empirical fit. This

can also be seen in Fig. 3.4 where radial profiles of the mean and the Root Mean

Square (RMS) of the axial velocity are plotted. The LES provides a self-similar

solution, slightly over-predicting the magnitude of the velocity. The magnitude of

the fluctuations is also predicted accurately. The comparison in the case of the

fluctuations is made with the actual experimental data.
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Figure 3.3: Mean axial velocity along the centreline.
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Figure 3.4: Radial profiles of a) mean and b) RMS of axial velocity.

The distribution of the mixture fraction was also considered. The fuel was diluted

methane (70% methane, 30% air by volume). An instantaneous snapshot and a

time-averaged slice of the mixture fraction field are shown in Fig. 3.5.
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(a) (b)

Figure 3.5: Instantaneous snapshot and time-averaged mixture fraction field.

Due to the unavailability of measurements of the mixture fraction, an empirical

fit for the mean and the RMS of the mixture fraction is used [110]:

ξ(y, η) =
9.52rǫ

y − y0Y

exp(−59η2) (3.2)

ξrms(y, η) =
9.52rǫ

y − y0Y
[0.23 + 0.35η + 9.09η2 − 116.48η3 + 240.81η4] (3.3)

where ξ is the mean mixture fraction, y is the axial distance from the exit of the

jet, rǫ = (ρj/ρ)1/2dj/2, yOY is the virtual origin taken to be equal to 3.6dj, η =

r/(y − yOY ), r is the radial distance from the centreline and ξrms is the rms of the

fluctuations of the mixture fraction.

As was the case with the decay of the axial velocity at the centreline, the LES

prediction is very good after about 10dj and throughout the self-similar region (Fig.

3.6). This is also shown in Fig. 3.7a where the radial profiles of the mixture fraction

are shown for different distances from the exit of the jet. In all cases, the LES
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predictions agree reasonably well with the empirical fit. In Fig. 3.7b radial profiles

of the RMS of the fluctuations of the mixture fraction are shown, for different

distances from the exit of the jet. For the first position (y = 10dj) the LES seems

to underpredict the level of the fluctuations. This may be attributed to the inlet

boundary conditions. In all the other locations, however, the agreement with the

empirical fit is good.
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Figure 3.6: Mean mixture fraction along the centreline.
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Figure 3.7: Radial profiles of a) mean and b) RMS of mixture fraction.

The comparison of the results from the LES of an inert jet with experimental and

empirical data show that PRECISE can predict the velocity and mixing field in this

simple jet with reasonable accuracy. The lack of realistic turbulent conditions in the
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inlet plane causes some inaccuracies, but in the self-similar region the agreement

of both the mean and the fluctuations of the velocity and mixing field with the

available data is excellent. This simple validation exercise proves that for simple

shear flows, PRECISE may be considered to be reliable.

3.3 The CMC solver

The code that solves the transport equations for the conditional averages of species

and enthalpy has been developed in the Hopkinson Laboratory, Department of En-

gineering, University of Cambridge. It has been used in two-dimensional studies of

a lifted [54] and an opposed flame [56], but also in auto-ignition problems [46, 111],

as well as in diesel engine simulations [48]. Some improvements to the discretisation

schemes are presented here, together with a description of operational parameters

for the coupled LES/CMC code.

3.3.1 Discretisation schemes

The computational domain consists of a three-dimensional structured grid in physi-

cal space and a one-dimensional grid in η-space. It is noted that the CMC equation

is a five-dimensional PDE in physical space, time and mixture fraction space (η-

space). The CMC transport equations (Eq. (2.28) and (2.30)) have been discretised

using a finite difference approach. The diffusion terms (both in physical and mix-

ture fraction space) are discretised using a second-order accurate central difference

scheme.

For the discretisation of the convection term, two different schemes are considered:

a first-order upwind scheme and a second-order accurate total variation diminishing

(TVD) scheme [112]. These schemes are well known and well documented (for

example [113]) and therefore do not need to be reproduced here. They are, however,

included in Appendix B for the reader’s convenience.
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In order to assess the accuracy and stability of these schemes, a numerical test was

performed. A one-dimensional problem was considered where a hypothetical scalar

y follows the distribution shown in figure 3.8. A pure convection process, without

physical diffusion, was applied to this profile with a positive velocity u = 5 m/s.

The x-direction is discretised using 1000 nodes and the spacing is kept constant and

equal to δx = 0.002 m. The choice of timestep will specify the CFL number. Since

there is no diffusion in this problem, the shape of the initial condition should not

change and any smoothing of the profile will be the result of numerical diffusion.
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Figure 3.8: Initial condition for the numerical test.

The resulting profiles after 0.3 s using the two different schemes for three CFL

numbers are shown in Fig. 3.9. The results do not appear to be sensitive to the

CFL number. Due to its low order of accuracy, the first order upwind scheme always

introduces relatively large amounts of numerical diffusion. This, however, makes it

very stable. The TVD scheme considered here performs very well since it keeps

the profile bounded at its original values and introduces only a small amount of

numerical diffusion, compared to the first order upwind scheme. This accuracy,

however, comes at a high computational cost. Due to its nature, an implicit imple-

mentation of the scheme leads to a set of non-linear equations which would have

to solved at every timestep [114]. This is shown in Fig. 3.10, where the CPU time

per timestep is shown for the two discretisation schemes. The time increases with
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the CFL number because the timestep becomes larger. For small CFL numbers the

TVD scheme is approximately 5 times more expensive than the first-order upwind

scheme, while for higher CFL numbers (that are closer to the CFL numbers in the

LES presented in this thesis) it is approximately 50 times more expensive. In the

simulations presented in this thesis, the first-order upwind scheme has been used,

unless stated otherwise, due to its low computational cost and lack of over-shoots

and under-shoots. A comparison between simulations using this simple scheme and

the TVD scheme will be presented in chapter 4.
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Figure 3.9: Comparison of the first-order upwind and TVD schemes, a) CFL =

0.025, b) CFL = 0.05, c) CFL = 0.5.
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schemes.

3.3.2 Time integration

The possibility of using complex chemical mechanisms leads to the increase of the

number of ODEs that have to be solved simultaneously, but it also introduces stiff-

ness to the system. This is due to the fact that the time-scale associated with

different species may span several orders of magnitude. Because of the stiffness, an

ODE solver with adaptive timestep is used to perform the time-integration VODPK.

VODPK [115–117] is based on a linear multi-step method using the backward dif-

ferentiation formula. It is implicit with good stability properties and can be used

for stiff and non-stiff problems with large numbers of ODEs [118].

The fact that the CMC equation is a five-dimensional equation, leads to very

large number of ODEs that have to solved simultaneously. To reduce this number,

and thus to reduce the computational load, an Operator Splitting (OS) method

is used for the time integration of the CMC equation. In the OS method applied

throughout this thesis, the CMC equation is solved in three steps:
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• Step 1: Solve transport in physical space (terms T1 and T4 in Eq. (2.28)):

∂Qα

∂t
= −ũi|η

∂Qα

∂xi
+

1

ρ P̃(η)

∂

∂xi

[
ρP̃(η) Dt

∂Qα

∂xi

]

t ∈ [t0, t0 + ∆tCMC ]

(3.4)

where t0 is the time at the start of the CMC timestep and ∆tCMC is the

CMC timestep. Eq. (3.4), after it has been discretised, is solved by the solver

VODPK operated in non-stiff mode for every scalar α and for every node in

mixture fraction space using the method of lines.

• Step 2: Solve transport in mixture fraction space (term T2 in Eq. (2.28)):

∂Qα

∂t
= Ñ |η

∂2Qα

∂η2

t ∈ [t0, t0 + ∆tCMC ]

(3.5)

Eq. (3.5) is solved for every scalar α and for every node in physical space by

the solver VODPK operated in non-stiff mode.

• Step 3: Solve chemical source term (term T3 in Eq. (2.28)):

∂Qα

∂t
= ω̃α|η

t ∈ [t0, t0 + ∆tCMC ]

(3.6)

Eq. (3.6) is solved for every node in physical and mixture fraction space by

the solver VODPK operated in stiff mode.

The estimated local error in Qα is

ERRα = RTOL× abs(Qα) + ATOL (3.7)

where RTOL is the relative tolerance and ATOL is the absolute tolerance. These

tolerances are parameters that are explicitly defined by the user before the compu-

tation begins (as an input to VODPK). Throughout this thesis the tolerances have
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been kept constant (they remain the same for every fractional step):

RTOL = 10−6 (3.8)

ATOL = 10−14 (species) (3.9)

ATOL = 10−6 (enthalpy) (3.10)

These values have proven to be sufficient both in terms of stability and accuracy

[118].

In every step the Qα used are the latest available. For example the Qα used in step

2 are the ones after step 1 has been performed. The use of the OS method introduces

an error because phenomena that are coupled in nature are solved sequentially. This

error could be bigger for species with small time-scales [48] and it will decrease as

the timestep becomes smaller. More details about the procedure of the splitting and

the errors associated with it can be found in Ref. [48, 118]. A typical ∆tCMC used

in this work is equal to 2 × 10−6 s.

3.3.3 Parallelisation

Because of the large number of ODEs that have to be resolved, the use of a single

workstation is not possible. The CMC equation must be solved in parallel on several

machines. The parallelisation method depends on the step in the OS method. In the

first step (transport in space, terms T1 and T4 in Eq. (2.28)), the nodes in η-space

are distributed among the processors. At the end of the step, all the information is

collected and broadcasted, so that all the processors have access to the most updated

solution. In the next two steps (micromixing and chemical reaction, terms T2 and

T3, respectively), the cells in physical space are distributed among the processors.

At the end of each step, the information is again collected and broadcasted to all the

processors. This straightforward method of distributing the computational load has

the benefit of being very simple to implement and does not require communication

between the processors during the time-integration, which would be time-consuming.
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3.3.4 Spark representation and boundary conditions

The spark is considered to be a region of hot combustion gases; at a time instant

(considered to be t = 0 for the ignition simulations) it is assumed that in a location

in the flow, the distribution of Qα corresponds to a fully burning condition (see Figs

3.12 to 3.15). This location is considered to be the spark location. In all the other

CMC cells, a ‘frozen’ Qα distribution is imposed initially (room temperature, no

combustion products and straight lines for fuel, O2 and N2). This spark representa-

tion will induce ignition by spatial convection and diffusion of heat and radicals from

the CMC cells with a burning Qα distribution to the neighbouring CMC cells that

have a ‘frozen’ Qα distribution. The size of the spark was similar to the size of the

flame kernel observed experimentally (3−4 mm) at the end of the energy deposition

process; this lasted 0.5 ms in the experiment, which is very short compared to the

subsequent overall flame ignition process that lasted tens of milliseconds. Represen-

tations in terms of a source term in the energy equation [83] but also in terms of hot

jets [27] have also been used in LES of ignition. In this work, however, emphasis is

given to the flame expansion process and the deposition of energy and initial kernel

growth are not considered.

Since the CMC equation is a five-dimensional equation, initial and boundary

conditions must be provided. At the walls, adiabatic boundary conditions are used.

This formulation does not allow quenching of the flame at the walls. At the inlet of

the CMC domain, a ‘frozen’ Qα distribution is imposed, while at the exit, a zero-

gradient boundary condition is used. In η-space, a Dirichlet boundary condition is

used at η = 0 and η = 1 and the values of Qα and Qh remain there unchanged.

3.4 Chemical mechanisms

In the simulations presented in this work, two mechanisms of different complexity

for methane were used. The first is a global single-step mechanism, developed re-
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cently for non-premixed and partially premixed methane combustion [7], where the

activation temperature Ta and the heat release rate q are functions of the equiva-

lence ratio φ. By expressing the heat release and the activation energy as functions

of the equivalence ratio, the model is able to reproduce the correct premixed flame

speeds for the entire range of flammable mixtures [7].

Secondly, a detailed chemical mechanism for methane consisting of 16 species and

25 reactions is used [8]. This mechanism has been used in simulations of turbulent

non-premixed methane jet flames [119]. This mechanism is simpler than the full

methane oxidation mechanism and it is expected to provide accurate results for lean

to stoichiometric flames, in terms of adiabatic flame temperatures and laminar flame

speeds [8]. However, the lack of C2-hydrocarbons may lead to errors in regions of

rich combustion.

To further validate the accuracy of the mechanisms, zero-dimensional CMC (0D-

CMC) calculations of a non-premixed and a partially premixed flame are performed

using the single step chemistry model and the afore-mentioned 16-species mech-

anism. The predictions are compared to results with the detailed GRI-Mech 3.0

chemistry mechanism, consisting of 53 species and 325 chemical reactions [9]. In

the 0D-CMC calculations, only the micromixing and chemical reaction terms are

considered:
∂Qα

∂t
= N |η

∂2Qα

∂η2
+ ωα|η (3.11)

The AMC model is used for the conditional scalar dissipation rate (Eq. (2.39),

where N0 is kept at a prescribed value). At the limit where heat is diffused more

quickly than it is produced, the flame is considered to have been extinguished.

Eq. (3.11) is a one-dimensional equation in η-space. Dirichlet boundary conditions

are used at η = 0 and η = 1. The grid consists of 51 nodes, clustered around

stoichiometric mixture fraction. Eq. (3.11) is solved as an unsteady equation which

eventually converges to a steady solution. The timestep used is kept constant at

δt = 10−5 s. Two flames are considered here. First, the purely non-premixed case (a
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Table 3.1: Flames used in this thesis. Pressure p = 1 bar throughout.

Flame A (used in chapter 5) Flame B (used in chapter 4)

ξ = 0 YCH4
0 0

(Air YO2
0.233 0.233

Stream) YN2
0.767 0.767

T 300 K 300 K

ξ = 1 YCH4
1 0.1218

(Fuel YO2
0 0.2046

Stream) YN2
0 0.6736

T 300 K 300 K

non-premixed flame will be discussed in chapter 5) and secondly a partially premixed

flame with 80% by volume air (one such flame will be discussed in chapter 4). The

details about these flames are summarised in Table 3.1.

The maximum temperature of the flame for different values of N0 for both the

non-premixed and the partially premixed case is shown in Fig. 3.11, while the

values of the extinction scalar dissipation rate are shown in Table 3.2. The results

from the 16-species mechanism are similar to the results using the GRI mechanism

for both cases. The difference in maximum temperature of the flame does not

exceed 20 K and the difference in the extinction scalar dissipation rate is very small

(less than 2% for flame A and approximately 3% in flame B). The global single-

step mechanism over-predicts the maximum temperature of the non-premixed flame

by approximately 100 K and the extinction scalar dissipation rate by about 25%.

In the case of the partially premixed flame, it over-predicts the temperature by

approximately 250 K and the extinction scalar dissipation rate by approximately a

factor of two. The single-step chemistry model does not take into account the effect

of dissociation, which may reduce the temperature, and therefore requires higher

rates of dissipation for extinction.

Profiles of the temperature for the three mechanisms for both flames for a value
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Figure 3.11: Maximum temperature of the steady flame for different values of N0

(see Eq. (2.39)), using three different chemical mechanisms.

Table 3.2: Extinction scalar dissipation rate (N0 in Eq. (2.39)) [1/s] for the three

chemical mechanisms for flames A and B.

Flame A Flame B

GRI-Mech 3.0 [9] 178 365

16-species [8] 175 376

One-step [7] 223 648.5

of N0 equal to half the extinction value are shown in Fig. 3.12. For flame A, the

16-species mechanism and GRI-Mech 3.0 give almost identical results, while the

single-step mechanism over-predicts the temperature by about 50 K. For flame B,

both the single-step and the 16-species mechanisms over-predict the temperature by

about 100K.

In order to gain more insight into the structure of the flames, the profiles of

several species are plotted for all the mechanisms, again for half the extinction

scalar dissipation rate. The mass fractions of CH4 and O2 are shown in Fig. 3.13,

of H2O and CO2 are shown in Fig. 3.14 and of OH and CH2O are shown in Fig.

3.15. For flame A, the single-step chemistry over-predicts the consumption of fuel,

resulting to higher levels of CO2 and H2O. This is consistent with Fig. 3.12 where
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Figure 3.12: Profiles of conditional temperature for N0 equal to one half of the

corresponding extinction value. a) Non-premixed flame; b) partially premixed flame

(80% volume air).

the temperature is over-predicted (due to the over-prediction of the fuel consumption

and hence the release of heat, the temperature is over-predicted). The 16-species

mechanism is in very good agreement with GRI-Mech 3.0 for all major species (Figs

3.13a and 3.14a). There is also very good agreement in the levels of OH , but there

is significant discrepancy in the levels of CH2O. For flame B, the predictions from

the single-step chemistry become poorer, but the trends are the same as in the non-

premixed flame. The predictions from the 16-species mechanism are not as good as

in flame A. There are significant differences compared with the GRI mechanism in

the levels of H2O and CO2 and despite the fact that OH is predicted accurately,

the inaccuracy in the levels of CH2O remains. This may be attributed to the lack

of C2-hydrocarbons in the 16-species mechanism, which would appear in the regions

of rich combustion.

The conclusion from this investigation is that the 16-species mechanism can pre-

dict with reasonable accuracy the extinction scalar dissipation rate and the profiles

in η-space of temperature and the main reactants and products, especially in the case

of the purely non-premixed flame. The lack of C2-hydrocarbons, however, causes

some inaccuracies in regions of rich combustion. The single-step mechanism predicts
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Figure 3.13: Profiles of YCH4
(solid lines) and YO2

(dashed lines) for N0 equal to one

half of the corresponding extinction value. Black lines: single step chemistry [7],

blue lines: 16-species chemistry [8], red lines: GRI-Mech 3.0 [9].
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Figure 3.14: Profiles of YH2O (solid lines) and YCO2
(dashed lines) for N0 equal to

one half of the corresponding extinction value. Black lines: single step chemistry
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the trends reasonably well, but it overpredicts both the flame temperature and the

extinction scalar dissipation rate. This over-prediction is more pronounced in the

case of the partially premixed flame.

3.5 Conclusions

The numerical codes used in this thesis have been presented in this chapter. The

CFD solver PRECISE has been validated for a simple free shear flow (a turbulent

jet) and it was found that good agreement with empirical laws and experimental

data was achieved.

The numerical code that solves the CMC equation has also been presented. Due to

the size and the stiffness of the system of ODEs that needs to be solved, an Operator

Splitting (OS) procedure was used. The OS consists of the sequential integration of

the different terms of the equation. First transport in physical space is integrated,

then transport in mixture fraction space and finally the chemical source term. This

reduces the requirement in memory usage, thus reducing computational time. It

does, however, introduce a numerical error as phenomena that are coupled in nature

are solved sequentially. This error depends on the timestep of the simulation. The
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splitting method allows for very simple and straightforward parallelisation of the

code. In the first step (transport in space) the nodes in mixture fraction space are

distributed among the processors, while in the second and third step (transport in

mixture fraction space and chemistry, respectively), the cells in physical space are

divided among the processors. At the end of every step the information for all the

processors are gathered and broadcasted so that each processor ‘sees’ the most up

to date arrays. Results using this code are presented in chapters 4 and 5.

Both codes are fully parallelised for higher efficiency in terms of computational

time. The spark is represented as a region of hot combustion gases and ignition will

be induced by transport of heat and species to the initially inert neighbouring loca-

tions. Comparison of a single step chemical mechanism and a detailed 16-species/25

reactions mechanism with a detailed 53 species/325 reactions showed that the flame

temperature, extinction scalar dissipation rate and major species mass fractions were

predicted accurately by the 16-species mechanism. The lack of C2-hydrocarbons,

however, caused some discrepancies in some minor species mass fractions, especially

in regions of rich combustion. With the single step mechanism, the temperature

of the flame was overpredicted by approximately 100 K and the extinction scalar

dissipation rate by almost a factor of two.
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Chapter 4

Ignition of a Shearless Mixing

Layer

4.1 Introduction

The purpose of this chapter is to investigate numerically the ignition process in a

simple geometry by performing LES/CMC calculations. The geometry consists of

two turbulent streams (one carrying fuel and one carrying air) which form a mixing

layer. The two streams enter the burner at the same velocity and hence there is

no shear. The mixture fraction will take values from zero to one moving through

the mixing layer. The simplicity of this configuration makes it a good platform

to test and evaluate the importance of different parameters in the solution. Such

parameters are the resolution of the CMC mesh, the discretisation of the convective

scheme and the effect of turbulent diffusion. There is availability of experimental

data which will help to assess the accuracy of both the inert flow simulations and

the flame expansion process.

80



4. Ignition of a Shearless Mixing Layer

4.2 Configuration

A schematic of the burner is shown in Fig. 4.1. It consists of two rectangular

channels of width W = 46 mm and height H = 20.5 mm. The two channels are

attached and their common wall has a slope of 2.5 degrees, resulting in what is

essentially a splitter plate separating them. At the exit of the channels the plate

has a thickness of 0.3 mm. The length of the burner is L = 112 mm. To generate

turbulence, perforated plates were placed 50 mm upstream of the exit of the channels.

One stream carries air, while the other carries methane mixed with 80% by volume

air. Both streams enter the burner at room temperature and pressure. For this air

premixedness, the stoichiometric mixture fraction is ξst = 0.452, while the lean and

rich flammability limits are ξlean = 0.233 and ξrich = 0.732, respectively [10].

In the experiments [10], an electric spark was placed at (x, y, z) = (40, 0, 0) (see

Fig. 4.1 for definition of x, y, z). Due to the high streamwise velocity, the flame did

not anchor at the splitter plate, but was convected away. By fast cinematography,

the flame edge in the streamwise (x) and spanwise (z) directions was measured as

a function of time. This can serve as a validation test case for LES/CMC, in the

context of examining if flame growth in mixing layers can be captured.

Figure 4.1: Schematic of the mixing layer burner, showing the inlet of air and fuel,

the splitter plate between them and the turbulence-generating perforated plates.
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4. Ignition of a Shearless Mixing Layer

4.3 Computational mesh and boundary conditions

The computational domain extends 50 mm upstream of the end of the splitter plate.

It covers the entire length of the burner and extends 25 mm downstream of the end

of the channels. In the y and z directions, it covers the whole width and height

of the burner. All the distances in the streamwise direction are measured from the

end of the splitter plate (x = 0 at this location). The y = 0 plane is located at

the splitter plate, while the z = 0 plane is located at the centre of the channel.

In the main condition investigated here, the bulk streamwise velocity is equal to

ub = 3 m/s. Another condition was also investigated where ub = 8 m/s. During the

analysis of the data, it will be assumed that ub = 3 m/s, unless stated otherwise. A

characteristic ‘flow-through’ time can be defined as τf = L/ub = 37.3 ms.

The computational mesh, shown in Fig. 4.2, consists of approximately 680k cells,

with 60 cells along the y and z directions and approximately 180 cells in the x

direction, 70 of which are between the grid-generating plates and the end of the

splitter plate. The distribution in the y and z directions is uniform, while in the x

direction it has been refined at the end of the splitter plate to capture the initial

mixing of the two streams.

46 mm

Air H=20.5 mm

H=20.5 mmFuel

z=0

x=0

L=112 mm50 mm

W=46 mm

y=0

Figure 4.2: Computational mesh on z = 0 (top) and y = 0 (bottom) planes.
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In order to generate turbulence in the two channel flows, the flow through a per-

forated plate was simulated. This is identical to the turbulence-generating method

in the experiment. This method has been used in LES in the past, predicting rea-

sonably accurate velocity fields [86]. The time series of the streamwise velocity for a

window in time (t = 0 here corresponds to an arbitrary time) at x = 0, y = 12.5 mm,

z = 0, which is located at the exit plane of one of the channels (in the air stream)

is shown in Fig. 4.3a.
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Figure 4.3: a) Time series of the streamwise velocity u (t = 0 here corresponds to

an arbitrary time), b) the corresponding energy spectrum of the fluctuations and c)

the corresponding autocorrelation function.

The presence of fluctuations around the time-averaged velocity is evident from

Fig. 4.3a. In order to establish whether the u velocity field resembles a turbulent
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4. Ignition of a Shearless Mixing Layer

field, its power spectrum was calculated and the slope was compared to the well-

known value of −5/3 which corresponds to the inertial subrange, Fig. 4.3b. Taking

into account that the sample used here is small (there are 2048 data points in a

2 ms time interval) and that the Reynolds number is small (Re = ub ×W/ν = 4070

and Ret ≈ 153 from the experiment), the agreement with the −5/3 slope can be

considered to be reasonable, which suggests that the velocity field predicted from

the LES does indeed resemble a turbulent flow field. The autocorrelation function

ρ(s) is shown in Fig. 4.3c, where ρ(s) is:

ρ(s) =
〈u′(t)u′(t + s)〉

〈u′(t)2〉
(4.1)

where 〈u〉 is the time-averaged streamwise velocity and u′(t) = u(t) − 〈u〉 is the

fluctuation. The brackets 〈〉 denote time-averaging. As it is expected, for small

values of s, ρ(s) ≈ 1, while for larger values of s, ρ(s) ≈ 0. The fact that ρ(s) does

not decrease smoothly from 1 to 0 may be attributed to the small sample of the

time series which is used for its calculation. The integral

τ =

∫ ∞

0

ρ(s) ds (4.2)

returns the integral time-scale [28], which in this case is τ = 1.45 ms. Making the

Taylor assumption, an integral lengthscale may be calculated as

L = τ〈u〉 (4.3)

which returns a value of L = 4.35 mm. In the experimental study, it was reported

that at x = 3 mm, the integral lengthscale was approximately 3 mm, which means

that L is slightly over-predicted by the LES. Nevertheless, the presence of autocor-

relation and its shape (Fig. 4.3c) and the accurate prediction of the −5/3 slope

confirms that the turbulence generation method is reasonably accurate.

The mesh in η-space consists of 51 cells, clustered around the stoichiometric

mixture fraction (ξst = 0.452). Details about the spark representation and the

boundary conditions for the CMC equations can be found in section 3.3.4. The
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4. Ignition of a Shearless Mixing Layer

spark size was in all cases 1.5 × 3 × 3 mm and it was located at x = 40 mm, y = 0,

z = 0.

4.4 Inert flow

4.4.1 Velocity

Instantaneous and time averaged contours of the streamwise velocity u across the

z = 0 plane are shown in Fig. 4.4. The high velocity jets in the grid-generating

perforated plate break up and mix before the end of the splitter plate causing the

velocity in the burner to be relatively uniform. This is more clearly shown in the

instantaneous contour.

a)

b)

Figure 4.4: a) Instantaneous and b) time averaged contours of the streamwise ve-

locity u [m/s].

Profiles of the time-averaged streamwise velocity u and the RMS of its fluctua-

tions along the transverse direction for different spanwise and streamwise positions,

compared with hot-wire measurements [10] are shown in Fig. 4.5. The averages were

composed over a simulated time of 160 ms which corresponds to 4.3 flow-through

times and 110 integral timescales (τ = 1.45 ms), which allows for sufficient statistical
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4. Ignition of a Shearless Mixing Layer

convergence.

In the location nearest to the splitter plate (x = 3 mm), a thin wake appears (dip

in the mean velocity profile). Further along the x direction, the profiles becomes

more uniform both in the y and in the z direction. The velocity field predicted by

the LES exhibits a small non-uniformity in the y direction, which does not appear

in the experimental data. This may be due to the fact that there is not enough

resolution near the walls to resolve the boundary layer and this may have an effect

in the velocity field towards the centre of the flow. Moreover, the LES predicts a

‘shorter’ wake; for x = 43 mm the wake seems to have disappeared in the LES but it

still exists in the experimental measurements. The RMS of the streamwise velocity

uRMS is predicted reasonably well. The decay of the fluctuations (uRMS ≈ 0.6 m/s

at x = 3 mm decays to uRMS ≈ 0.2 m/s at x = 83 mm) and the uniformity in the y

and z directions are captured with reasonable accuracy.

4.4.2 Mixture fraction

Instantaneous and time averaged contours of the mixture fraction across the z = 0

plane are shown in Fig. 4.6. The mixing of the two streams (fuel at the bottom and

air on the top) begins just after the splitter plate and is enhanced by turbulence.

Large and small eddies that contribute to the mixing of the streams are clearly

shown in Fig. 4.6a. The mixing layer grows sharply after the splitter plate for the

first 60 mm, after which it grows at a more moderate rate.

Profiles of the time-averaged mixture fraction and the RMS of its fluctuations

along the transverse direction for different spanwise and streamwise positions are

shown in Fig. 4.7. These averages were composed over a simulated time of 440 ms

which corresponds to 11.8 flow-through times and 303 integral timescales. The

experimental data are plotted for z = 0. No experimental data are shown for x <

43 mm because the fact that the mixing layer is thin and that the spatial resolution

of the sampling probe was approximately 2 mm [10] leads to large uncertainties
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Figure 4.5: Mean streamwise velocity u and RMS of its fluctuations along the trans-

verse direction y at different streamwise and spanwise locations. Lines: LES, sym-

bols: experimental data [10]. Red lines and +: z = −15 mm, green lines and ×:

z = −5 mm, blue lines and ∗: z = 0, magenta lines and ⊡: z = 5 mm, orange lines

and ⊙: z = 15 mm.
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a)

b)

Figure 4.6: a) Instantaneous and b) time averaged contours of the mixture fraction

field.

regarding the data. No experimental data for the RMS of the mixture fraction are

available.

Near the splitter plate (x = 3 mm), the gradient of ξ is very sharp and uniform in

the z direction. Further along the streamwise direction, the two streams mix and the

mixing layer becomes wider; the width of the mixing layer grows from approximately

10 mm at x = 23 mm to 10 mm at x = 63 mm and 20 mm at x = 83 mm. At the

same time some non-uniformity appears in the z direction. The RMS of the mixture

fraction follows the pattern of the width of the mixing layer. The narrow profile at

x = 3 mm expands further down the x direction. Overall, the agreement with the

available experimental data is very good.

4.5 Spark ignition

The ignition simulations are summarised in Table 4.1. The simulation parameters

are different for each simulation. Different CMC mesh resolutions, bulk velocities

and convection schemes are used. In addition, the influence of the term T4 in eq.

(2.28) is investigated.
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Table 4.1: Parameters of the ignition simulations.

Case CMC Mesh size Bulk ve-

locity

Convection

scheme

Term T4? Chemical Mech-

anism

CS1 29 × 13 × 35 3 m/s Upwind Yes Single step [7]

CS2 29 × 13 × 35 3 m/s TVD Yes Single step [7]

FS1 45 × 35 × 35 3 m/s Upwind Yes Single step [7]

FS2 45 × 35 × 35 3 m/s Upwind No Single step [7]

FS3 45 × 35 × 35 8 m/s Upwind Yes Single step [7]

As has already been mentioned, the spark in all cases was located at x = 40 mm,

y = 0, z = 0 and its size was 1.5 × 3 × 3 mm. The one-step mechanism (see also

section 3.4) [7] has been used in all simulations. In cases CS1 and CS2 a relatively

coarse CMC mesh was used (total of 13, 195, 29×13×35, cells), but the convection

scheme used was different (upwind and TVD, respectively). In cases FS1, FS2 and

FS3 a finer CMC mesh is used (55, 125, 45 × 35 × 35, cells). The resolution of the

mesh is the only difference between cases CS1 and FS1. In FS2, the term T4 in

Eq. (2.28) (turbulent diffusion) has been omitted, while in case FS3 a higher bulk

velocity is used (ub = 8 m/s).

4.5.1 Effect of mesh resolution

Cases CS1 and FS1 are compared in this section and the effect of the mesh resolution

in the solution is investigated. A coarse CMC mesh is used in CS1 while a fine one is

used in FS1 with the initial conditions being identical in both cases. Instantaneous

isosurfaces of stoichiometric mixture fraction (ξst = 0.452), coloured by temperature,

at different times from the moment of ignition for cases CS1 and FS1 are shown in

Fig. 4.8 and 4.9, respectively. In both cases, the flame expands in the streamwise

direction, driven by the bulk velocity. In case CS1, the flame does not expand

significantly in the z direction, while in FS1 it does, under the effect of turbulent
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4. Ignition of a Shearless Mixing Layer

diffusion and convection. Despite the fact that the mesh has not been refined in the

z direction (35 cells were used in both cases), the refinement in the other directions

has produced a more realistic solution.

The flame edge position as a function of time in the streamwise and spanwise di-

rections, compared with experimental data is shown in Fig. 4.10. The experimental

line is based on a linear curve fit, while the LES results are based on a temperature

threshold; T̃ = 1500 K was used to determine the location of the flame. In addition,

the experimental curve is based on 50 separate ignition events, whereas the LES

curve is based on a single calculation. The evolution of the location of the front

branch of the flame is captured reasonably well by CS1 and very well by FS1. The

front branch moves in the x direction under the effect of the streamwise velocity and

the expansion of the hot gases, which causes an acceleration of the front branch of

the flame. The current LES/CMC formulation is capable of predicting the correct

flame speed both in the streamwise (where the flame expansion is assisted by the

mean flow velocity) and in the spanwise direction (where the the mean flow velocity

is zero). It is worth noting, however, that the expansion of the rear branch of the

flame is not predicted well. In both CS1 and FS1, the flame remains ‘anchored’ at

the spark location and does not move under the effect of the mean flow velocity.

For the spanwise direction, the flame expansion in case CS1 is very different to the

experimental data. The width of the flame does not change significantly with time

and this behaviour is unrealistic. Case FS1 predicts a reasonable flame expansion.

The rate of expansion (gradient of the curve) is reasonably well reproduced, but the

width of the flame is slightly under-predicted. Qualitatively, the expansion pattern

in the z direction is captured with reasonable accuracy.

When a condition with a lower bulk velocity (a velocity equal to half the bulk

velocity here) was investigated experimentally, it was observed that the flame would

indeed remain ‘anchored’ at the spark location for a considerable length of time and

then expand upstream via the boundary layer which is formed in the wall. This

kind of behaviour cannot be predicted here, because the LES resolution is not high
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Figure 4.8: Instantaneous isosurfaces of stoichiometric mixture fraction, coloured by

temperature [K] at different times from the moment of ignition, case CS1.
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temperature [K] at different times from the moment of ignition, case FS1.
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cases CS1 and FS1, see Fig. 4.8 for definition of front, rear, top and bottom branch

of the flame.

enough near the wall to resolve the boundary layer. The reason for which the flame

remains anchored at a velocity higher than in the experiment could be related to the

gradient model used for the sub-grid scale conditional flux (see Eq. (2.42)). DNS

studies for low turbulence levels (u′/SL = 4) have shown counter-gradient diffusion

[120], which, in the context of this study, would assist to ’de-anchor’ the flame. The

levels of turbulence here are low (u′/SL ≈ 0.3/0.4 = 0.7) and it is possible that

counter-gradient diffusion is present.

In order to investigate how fluctuations of the velocity field affect the CMC solu-

tion, the evolution of the velocity, the FDF of the mixture fraction, the conditional

scalar dissipation rate and the conditional temperature and concentrations of CH4,

O2, CO2 and H2O were monitored at close intervals for a period of 1 ms at the

location of point A (see Fig. 4.9 for location of A). The results are shown in Fig.

4.11. All three components of the velocity fluctuate significantly and this causes

the FDF of the mixture fraction to fluctuate too, both in terms of the mean value

and its sub-grid scale variance, since both the location and the width of the FDF

changes. The conditional scalar dissipation rate also fluctuates during this time.

The fluctuations of the velocity, mixture fraction and scalar dissipation rate seem to
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have little effect on the conditional temperature and species mass fractions. They

remain almost unchanged implying that the timescale over which they change is

larger than the timescale of the flow. The expansion in η-space is a relatively slow

process, compared to the flame expansion in physical space.

4.5.2 Effect of convection scheme

In chapter 3 the upwind and a TVD scheme (for the discretisation of the convection

term in the CMC equation) were compared in terms of accuracy and computational

time for a simplified one-dimensional problem. In this section, the two convection

schemes are applied to a real three-dimensional ignition problem and their perfor-

mance is assessed. The conditional temperature at ξ = ξst along the x direction at

different times from the moment of ignition using the upwind (case CS1) and the

TVD scheme (case CS2) is shown in Fig. 4.12. The TVD scheme is clearly shown

to be less diffusive and maintains the sharp temperature gradient at the flame front.

In terms of computational time, using the TVD scheme resulted in an increase of

the computational time of the order of 50%. Taking Fig. 3.10 under consideration,

this increase in computational time appears to be reasonable; for low CFL numbers

(as is the case here) the TVD scheme would be almost two times more expensive

than the upwind scheme. Taking into account that solving the convection-diffusion

equation is only part of the CMC/LES calculation, the 50% increase in computa-

tional time is reasonable.

Despite the fact that when using the TVD scheme, the sharp gradient are retained

and the solution is in principle more accurate, the flame ‘anchoring’ observed in

section 4.5.1 remains, which implies that it is not a ‘numerical’ problem but rather

a more conceptual problem. The ‘anchoring’ is due to the fact that there is no

extinction of the flamelets that were originally located in the spark. It is possible

that close to extinction, the fluctuations of the conditional averages are important

and this additional mixing process leads eventually to extinction. Therefore, first-
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Figure 4.11: Evolution in time of the velocity, the FDF of the mixture fraction, the

conditional scalar dissipation rate and the conditional temperature and concentra-

tions of CH4, O2, CO2 and H2O at point A (see Fig. 4.9) over 1 ms of simulated

time, case FS1.
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Figure 4.12: Conditional temperature at the stoichiometric mixture fraction

( ˜T |η = ξst) along the streamwise direction, at y = 0 and z = 0 for different times

from the moment of ignition, for the upwind (case CS1) and the TVD scheme (case

CS2).
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order closure may be inappropriate for this type of problems and the variances and

co-variances of the conditional averages might have to be taken into account, leading

to a second-order closure formulation.

4.5.3 Effect of turbulent diffusion

In order to assess the importance of turbulent diffusion (term T4 in (2.28)) in the

flame expansion process, a simulation was performed without that term (case FS2)

and compared with case FS1. By directly comparing the results from the two sim-

ulations, the relative importance of the resolved and sub-grid scale fluctuations of

the velocity will be revealed.

Instantaneous isosurfaces of stoichiometric mixture fraction, coloured by temper-

ature at different times from the moment of ignition for cases FS1 and FS2 are shown

in Fig. 4.9 and 4.13 respectively. The two figures look very similar, which suggests

that turbulent diffusion has little effect to flame expansion for this problem.

The location of the flame in the streamwise (x) and spanwise (z) directions is

shown in Fig. 4.14. Cases FS1 and FS2 produce almost identical results (the two

lines cannot be distinguished) which is further evidence that the resolved fluctuations

of the velocity dominate over the diffusion.

More detailed comparison is shown in Fig. 4.15 to 4.19 where the conditional

temperature is plotted at different streamwise locations at different times from the

moment of ignition for different spanwise locations. The spark is located at x =

40 mm and spans three CMC cells, located at z = 0. 1 ms after ignition, the flame

has expanded in the two neighbouring cells (in the z direction) at each side of the

spark. After this, the flame stays in the same location and does not expand any

further (at 7 ms the image is very similar to 2.5 ms). Further along the streamwise

direction, the flow is inert at the start of the simulation (Fig. 4.17 and 4.18, t = 1 ms

and Fig. 4.19, t = 1 ms and t = 2.5 ms) and only later does the flame arrive and

expand.
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Figure 4.13: Instantaneous isosurfaces of stoichiometric mixture fraction, coloured

by temperature [K] at different times from the moment of ignition without diffusion,

case FS2.
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of the flame.
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Figure 4.15: Conditional temperature at x = 40 mm at different times on the y = 0

plane with (case FS1) and without (case FS2) term T4 in Eq. (2.28).
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Figure 4.16: As in Fig. 4.15, but at x = 44.75 mm.
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Figure 4.17: As in Fig. 4.15, but at x = 49.75 mm.
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Figure 4.18: As in Fig. 4.15, but at x = 56.125 mm.

 0
 0.25

 0.5
 0.75

 1 -0.005
 0

 0.005

 200
 600

 1000
 1400
 1800
 2200

Temperature [K]

with T4
without T4

Mixture fraction Spanwise direction z [m]

Temperature [K]

 0
 0.25

 0.5
 0.75

 1 -0.005
 0

 0.005

 200
 600

 1000
 1400
 1800
 2200

Temperature [K]

with T4
without T4

Mixture fraction Spanwise direction z [m]

Temperature [K]

 0
 0.25

 0.5
 0.75

 1 -0.005
 0

 0.005

 200
 600

 1000
 1400
 1800
 2200

Temperature [K]

with T4
without T4

Mixture fraction Spanwise direction z [m]

Temperature [K]

 0
 0.25

 0.5
 0.75

 1 -0.005
 0

 0.005

 200
 600

 1000
 1400
 1800
 2200

Temperature [K]

with T4
without T4

Mixture fraction Spanwise direction z [m]

Temperature [K]

t=1 ms

t=5 ms

t=2.5 ms

t=7 ms

Figure 4.19: As in Fig. 4.15, but at x = 65.875 mm.
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The results from FS1 (red line) and FS2 (blue line) are very similar in most cases,

which shows that compared to convection, the sub-grid scale turbulent diffusion

is not very significant in the flame expansion process. Small differences can be

seen in some locations (for example Fig. 4.17, t = 7 ms) where the flame expands

more quickly as convection is aided by turbulent diffusion, but in general it can be

concluded that convection (i.e. the resolved velocity fluctuations) determines the

rate of flame expansion.

This conclusion is physically consistent with Ref. [121, 122], where in both the

experimental and DNS study, it was found that the local flame edge propagation

speed (relative to the fluid) was a fraction of the laminar burning velocity SL. In

our problem, u′/SL ≈ 1, so local propagation is less important than flame spreading

by the turbulent velocity fluctuations.

4.5.4 Effect of bulk velocity

In order to investigate further the flame ‘anchoring’ discussed in section 4.5.1 and

4.5.2, a simulation with a higher bulk velocity was performed (ub = 8 m/s in FS3).

The instantaneous isosurfaces of stoichiometric mixture fraction, coloured by tem-

perature at different times from the moment of ignition are shown in Fig. 4.20.

The flame is seen to detach from the spark location and does not exhibit the same

behaviour as when ub = 3 m/s. However, the velocity at which the rear branch of

the flame moves is much smaller than the mean flow velocity. From Fig. 4.21, where

the location of the flame in the streamwise direction is shown, it can be deducted

that the flame moves approximately 5 mm in 4 ms, resulting to an average velocity

of 1.2 m/s.
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Figure 4.20: Instantaneous isosurfaces of stoichiometric mixture fraction, coloured

by temperature [K] at different times from the moment of ignition, case FS3.
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Figure 4.21: Flame location in the streamwise direction, case FS3, see Fig. 4.8 for

definition of front, rear, top and bottom branch of the flame.

4.6 Conclusions

LES/CMC calculations of forced ignition in a a simple shearless burner have been

presented in this chapter. The sensitivity of the predictions to basic parameters of

the CMC, such as the CMC mesh resolution and the convection scheme, but also to

the flow conditions (bulk velocity) and to more general modelling parameters (effect

of turbulent diffusion) was investigated.

The expansion of the flame was found to be sensitive to the resolution of the CMC

mesh. Increased resolution was required to capture the expansion of the flame across

the flow (spanwise direction) with reasonable accuracy. However, expansion against

the flow and flame extinction could not be predicted. A TVD scheme resulted in a

more accurate solution, but at the expense of computational time.

The expansion of the flame was governed mainly by convection (resolved fluc-

tuations of the velocity), since little difference was noticed when the sub-grid scale

diffusion term was neglected (term T4 in Eq. (2.28)). By increasing the bulk veloc-

ity of the flow, the flame was found to detach from the spark location and convect
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with the flow, but at a smaller rate compared to the experiment.

The results for the spanwise direction suggest that the LES/CMC formulation

results in reasonable predictions. The discrepancy between the experiment and the

simulation for the flame speed in the streamwise direction may be related to the

local distortions of the flow due to the steep density gradients, implying that a very

good resolution may be needed.
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Chapter 5

Ignition of a Bluff-Body Stabilised

Methane Flame

5.1 Introduction

Bluff bodies are widely used in engineering applications for the stabilisation of

flames. Although the geometry of a real combustor is more complicated than those

that have been experimentally and numerically investigated, the structure of the

flame can be similar and qualitative conclusions can be drawn. The recirculation

zone produced behind the bluff body offers a region of low velocity, giving enough

time for the fuel and the air to mix (in the case of a non-premixed flame) and for

the flame to stabilise [123]. There have been both experimental (e.g. [124–126]) and

numerical (e.g. [40, 55, 60, 76, 127, 128]) studies of flows behind bluff bodies.

The expansion due to combustion will result in an increase of the volume of the

recirculation zone behind the bluff body, modifying the velocity field and hence the

mixing process. The overall flow structure will evolve during ignition, making this

configuration interesting to investigate in terms of the two-way coupling between

the LES and the CMC solvers.

In this chapter, LES of ignition events of a turbulent bluff-body non-premixed
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5. Ignition of a Bluff-Body Stabilised Methane Flame

methane flame are presented. In particular the experiment of Ref. [11] is simulated.

Preliminary LES of this experiment with tabulated chemistry have also appeared

[26], where it was shown that the time history of the velocity and the mixture

fraction can have an impact on the success or failure of a spark. That work further

highlighted the value of LES for ignition problems. The fuel is injected radially

through a slit before the exit of the bluff body (more details about the configuration

are presented in section 5.2), creating a reasonably well-mixed recirculation zone that

presents an opportunity to additionally examine how good the CMC predictions will

be in a flow with well-mixed regions. It has already been mentioned in chapter 1

that a rich behaviour has been observed in this ignition experiment. The probability

of finding a kernel was found to be smaller than the probability of finding flammable

mixture, which may be attributed to the fluctuations of the velocity (and hence of

the strain rate). The highest ignition probability was in the shear layer between the

annular jet and the recirculation zone, where the mixture is within the flammability

limits and the radial velocity is negative, thus bringing heat and species from the

spark location to the recirculation zone. Furthermore, three different modes of failed

ignition were observed: (i) failure to initiate a kernel, (ii) initiation of a kernel that

is then convected away and (iii) flame growth, filling a significant part of the burner,

but inability to stabilise the flame [13].

The objective of this chapter is to examine whether the LES/CMC approach

is appropriate for problems of forced ignition and flame expansion in non-premixed

configurations of this complexity and to investigate how accurately the different phe-

nomena observed in the experimental studies can be reproduced. Different spark

locations and sizes are examined, while chemical mechanisms of different complexity

are presented to investigate which, if any, of the characteristics of flame expansion

can be reproduced using a simple (and hence less computationally expensive) chem-

ical mechanism. The overall flame stabilisation process is also examined.
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5.2 Configuration

The experiment modelled in this chapter has been performed in the University of

Cambridge, Department of Engineering. Details on the configuration, the measure-

ment techniques and the set of measurements can be found in Ref. [11]. This setup

has also been used for an experimental study of the response of a premixed flame

to imposed oscillations of the inlet velocity [129], while a CFD study of the same

problem has also been performed [130].

A schematic of the investigated burner is shown in Fig. 5.1. It consists of two

concentric cylindrical ducts; one of inner diameter 35 mm carrying air and one of

outer diameter 7 mm carrying fuel (pure methane). The latter leads to a bluff body

of diameter Db = 25 mm with a 45◦ cone angle, resulting in a blockage ratio of

approximately 50%.

y
z x

Air Air

Fuel Fuel

Figure 5.1: Schematic of the bluff-body burner.

The fuel is injected radially through a 0.7 mm wide slit, situated 2 mm before the

exit of the bluff body. The bulk velocity of the air stream at the exit of the bluff

body is Vb = 10 m/s, while that of the fuel at the injection point is Uf = 5 m/s.

Both air and fuel enter the burner at room temperature.
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The burner is surrounded by a cylindrical tube of diameter 70 mm and length

80 mm. Behind the bluff body, a large recirculation zone is created (Central Recir-

culation Zone, CRZ), while a toroidal recirculation zone is also formed at the sides

of the cylindrical tube. The y-axis represents the axial direction, while the x and z

axes define a horizontal plane, normal to the axial direction.

In the spark ignition experiments, ignition was achieved by means of two 1 mm

thick tungsten electrodes, separated by a 2 mm gap. The nominal values of the

electrical spark energy and duration were 200 mJ and 500 µs respectively [11].

5.3 Computational meshes

Three LES meshes of different resolution were used in the simulations presented in

this chapter (Table 5.1). They all extend to 25 mm upstream of the bluff-body and

50 mm downstream of the cylindrical tube surrounding the burner. The coarse mesh

consists of approximately 820k cells, the normal mesh of 1.8M cells and the fine mesh

of approximately 4.9M cells. A slice through a z = 0 plane is shown in Fig. 5.2.

The normal mesh is much finer than the coarse mesh in the shear layer, but also in

the fuel injection region. The fine mesh is finer than the normal mesh in the same

regions, but also in the azimuthal direction, where it has twice the number of cells.

A detail of the fuel injection region is shown in Fig. 5.3. It will be demonstrated

later in this chapter that the resolution in this region is crucial for the prediction of

the mixing field.

A cut through a y = 20 mm plane for the coarse mesh is shown in Fig. 5.4 where

the O-grid structure, which is suitable for cylindrical geometries, is shown.

5.4 Inert flow

Before the ignition simulations, simulations of the inert flow were performed to assess

the quality of the meshes and the velocity and mixture fraction predictions. The
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Figure 5.2: Meshes of different resolutions, z = 0 plane, a) coarse mesh, b) normal

mesh, c) fine mesh.
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Figure 5.3: Meshes of different resolutions, z = 0 plane. Detail, corner of bluff body,

a) coarse mesh, b) normal mesh, c) fine mesh.
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Figure 5.4: Coarse mesh, y = 20 mm-plane.
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Table 5.1: Performed inert flow simulations.

Case Mesh size Fuel?

I1 820k No

I2 1.8M No

I3 1.8M Yes

I4 4.9M Yes

performed simulations are summarised in Table 5.1. The coarse mesh was used in

case I1, the normal mesh in I2 and I3 and the fine mesh in case I4. No fuel was

injected in I1 and I2 (no fuel was present when the velocity was measured), while

methane was injected in I3 and I4. In every case, the timestep was selected so that

the maximum CFL number in the domain was smaller than 0.5.

Instantaneous contour plots of the mixture fraction from the experiment and the

LES (case I4) are shown in Fig. 5.5. The basic structure of the flow is captured

accurately (quantitative comparison will be presented later in this section). The fuel

breaks up before the exit of the bluff-body, which is demonstrated by the low value

of ξ at the shear layer. The CRZ is reasonably well-mixed with ξ ≈ 0.08, which

means that it is richer than stoichiometric (it is noted that ξst = 0.055). Contour

plots of the mean axial velocity and mixture fraction fields are shown in Fig. 5.6.

In the axial velocity contour, the recirculation zone can be clearly seen (blue colour)

surrounded by the high velocity jet (red colour). The mean mixture fraction field

shows the well-mixed recirculation zone, surrounded by a mixing layer across which

the value of ξ eventually goes to zero.

5.4.1 Velocity

The radial profiles of the mean and the resolved RMS of the axial and radial ve-

locity for different distances y/Db from the bluff body, using the coarse (case I1)
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Figure 5.5: Instantaneous contours of the mixture fraction. Left: experiment [11],

right: LES (case I4). Image size is 40 × 40 mm.

Figure 5.6: Mean axial velocity in m/s (left) and mixture fraction field (right) from

LES (case I4). Image size is 50 × 50 mm.
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and the normal (case I2) mesh, compared to the experimental data (laser doppler

measurements) are shown in Fig. 5.7. Both meshes produce excellent predictions of

the mean axial velocity, while unexpectedly the RMS is better predicted in case I1.

The axial velocity has a peak value of approximately 1.2Vb (Vb = 10 m/s) after the

exit of the bluff-body and a minimum value of approximately −0.5Vb inside the re-

circulation zone at y/Db = 0.62. After the exit of the bluff-body, mixing takes place

and the velocity profile becomes more uniform. The recirculation zone is predicted

to be approximately 0.8Db wide and 1.2Db long, which is consistent with experi-

mental studies of other flows behind bluff bodies [125]. The level of fluctuations

of the axial velocity is also predicted accurately. They reach their highest value at

the exit of the bluff-body and they are equal to approximately 15% of Vb inside the

recirculation zone. Both meshes reproduce very well the radial velocity, with the

normal mesh (case I2) producing results which are closer to the experimental data.

The turbulence is anisotropic in most locations. Apart from the location close to the

bluff-body (y/Db = 0.22), the axial component of the RMS seems to be low inside

the CRZ (r/Db < 0.5) and higher at the shear layer (r/Db > 0.5), whereas the

radial component is higher inside the recirculation zone and lower in the shear layer.

Due to the good prediction of the velocity field using the normal mesh, a simulation

with no fuel using the fine mesh was not performed. It was considered that the

normal mesh (and possibly even the coarse mesh) is adequate for the prediction of

the velocity field with reasonable accuracy.

5.4.2 Mixture fraction

Radial profiles of the mean and the resolved RMS of the mixture fraction using

the normal (case I3) and the fine (case I4) mesh, compared with experimental data

(taken with PLIF of acetone laden with the fuel) are shown in Fig. 5.8. The

distribution of the mixture fraction is clearly more sensitive to the resolution of the

mesh than the velocity field. The normal mesh (case I3) over-predicts largely the
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Figure 5.7: Radial profiles of a) the mean axial, b) the RMS of the axial, c) the

mean radial and d) the RMS of the radial velocity at different distances from the

bluff body. Symbols: experimental data [11], black lines: case I1 (coarse mesh), red

lines: case I2 (normal mesh).
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value of ξ everywhere in the flow. This is because it cannot capture the break-up of

the fuel jet before the exit of the bluff body, whereas the fine grid (case I4), which

has been refined in that region, can. The RMS of the mixture fraction is also more

accurately predicted in the fine grid simulation. At y/Db = 0.2, the two meshes

produce similar results, but further downstream the fine mesh simulations are closer

to the experimental values. All the reacting flow simulations which follow in the

next section were performed using the fine grid. Note that with an LES code which

used unstructured meshes, it would have been possible to resolve well this region

without having to have exceedingly fine resolution everywhere. However, such an

LES code was not available.
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Figure 5.8: Radial profiles of a) the mean and b) the RMS of the mixture fraction at

different distances from the bluff body. Symbols: experimental data [11], red lines:

case I3 (normal mesh), blue lines: case I4 (fine mesh).

5.4.3 Flammability Factor

In addition to the mean and the RMS of the mixture fraction, the flammability factor

F was also calculated. F is defined as the cumulative probability of a potentially
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flammable mixture occurring at a given point in the flow [19]:

F =

∫ ξrich

ξlean

PR(η)dη (5.1)

where ξlean = 0.028 and ξrich = 0.089 are the lean and rich flammability limits

respectively and PR(η) is the resolved probability density function of the mixture

fraction, composed over a simulated time of 56 ms. This corresponds to 22.4 Db/Vb,

which provides sufficient statistical convergence. Contour plots of F , obtained from

experimental data and LES (case I4), are shown in Fig. 5.9. There is very good

agreement between the two with both the shape and the values of F being accurately

predicted. The flammability factor takes its highest values inside the recirculation

zone and at the stagnation point. Just at the exit of the bluff-body, in the location of

the annular jet, the flammability factor is very low, since at that point the mixture

is rich in fuel, as can be observed in the contour of the mean mixture fraction in

Fig. 5.6.

Figure 5.9: Contours of the flammability factor F (see eq. (5.1)). Left: experiment

[11], right: LES (case I4). Image size is 40 × 40 mm.

The conclusion from the inert flow simulations is that the LES reproduces with
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acceptable accuracy the velocity and mixture fraction fields both in terms of means

and fluctuations, but also in terms of probability density functions. Similar levels of

accuracy have been achieved in the LES of Ref. [26], where an unstructured mesh

was used. Using the fine mesh, the level of the sub-grid scale turbulence was in

most places less than 5% of the resolved, while in some locations, especially near

the shear layer, it rises to almost 20%. This is consistent with the fact that near

the shear layer the turbulent length-scale is small compared to locations further

downstream. Note that these estimates of the level of the sub-grid scale turbulence

are approximate since they depend on the model used for the calculation of the

sub-grid scale stresses. The fact that in most regions the turbulence is very well

resolved by the LES can be justified by the fact that the flow studied here does not

have a very high Reynolds number and therefore much of the turbulent spectrum is

resolved.

5.5 Preliminary flame results

Before the ignition simulations, which form the main body of this chapter, prelim-

inary flame results using the normal mesh are presented. Despite the fact that the

mixing field is not predicted very accurately (see Fig. 5.8), these results give an idea

of the expected flame. Furthermore, the two options for calculating the integrated

diffusivity (see section 2.4.3.6 and table 2.1) are used and compared here.

The 16-species mechanism [8] (analysed in chapter 3) was used to provide the

chemical source terms. At the air and fuel inlets, frozen mixing distributions of

reactive scalars against mixture fraction were used as input (i.e. ‘frozen flamelet’).

Initialisation of the simulation was achieved by starting from low-scalar dissipation

rate distributions corresponding to a flame, calculated by a stand-alone 0D-CMC

code (without physical transport, Eq. (3.11), ‘burning flamelet’). This was ini-

tialised at all regions downstream of the bluff body. The choice of inlet and initial

conditions resulted in a small lift-off region, where the gradients of the conditional
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averages are steep, which provides an opportunity for differences between the options

discussed in chapter 2 on the LES-CMC implementation to show.

Two instantaneous images of the flame are shown in Fig. 5.10 and 5.11. The

integrated diffusivity used here is Dt2 (Eq. (2.64)). It is clear that there are strong

fluctuations of the flow field. There always seems to be a high reaction rate at the

annular jet, where the fuel and oxygen mix. In the recirculation zone, the reaction

rate and the concentrations of all the species seem to be fluctuating, according to

the concentrations of fuel and oxygen. In the recirculation zone of the flame in Fig.

5.11, the mixture fraction takes values much higher than the stoichiometric value,

which implies that rich combustion is taking place. This can be confirmed by the

relatively high concentration of CH2O.

In Fig. 5.12 contours of the azimuthally and time-averaged mixture fraction,

temperature, reaction rate and a number of major and minor species are shown.

The flame seems to be lifted with a lift-off height of approximately 6 mm. A lift-off

height can be defined as the location at which ỸOH = 0.002, which corresponds to

45% of the peak value of ỸOH of a steady 0D-CMC flame, calculated for N0 = 5 s−1

(see Eq. (2.39)). This structure is consistent with the experimental results [11], and

the local flame structure there in mixture fraction space shows a gradual progression

from the incoming ‘frozen’ distributions to the ‘burning’ distributions, as in lifted

jet flames at the stabilisation height [54].

In Fig. 5.13, the integrated diffusivity is Dt1 (Eq. (2.63)). It is evident that

the two flames have very similar shapes. The reaction rate reaches its highest value

in the layer where the fuel and oxygen mix and therefore stoichiometric mixture

fraction is achieved.

The two flames look very similar qualitatively. The fact that different diffusivities

have been used, would affect the position where the flame would stabilise. Dt1 is

predicted to be approximately one or two orders of magnitude smaller than Dt2 (Eq.

(2.64)), depending on the local strain rate. In Fig. 5.13), the flame seems to stabilise

in a position which is slightly higher than in Fig. 5.12. This is demonstrated by the
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H2

H2OO24CH

CO2

H2O2CH2O

Axial velocity (m/s) Mixture fraction Temperature (K)

CO OH

Figure 5.10: Instantaneous contours of the mixture fraction, temperature, heat re-

lease rate and mass fractions of species of the bluff-body stabilised flame. Image

shown is 70 × 85 mm, normal mesh.
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H2

H2OO24CH

CO2
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CO OH

Figure 5.11: As in Fig. 5.10, but at a different time instant.
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Figure 5.12: Contours of the time-averaged mixture fraction, temperature, heat

release rate and mass fractions of species of the bluff-body stabilised flame. Size of

each image shown is 35 × 80 mm, normal mesh.
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Figure 5.13: As in Fig. 5.12, but Dt1 (Eq. (2.63)) is used instead of Dt2 (Eq. (2.64)).
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concentration of OH and the contours of the temperature. This is seen more clearly

in Fig. 5.14 where the line contours of the mass fractions of OH are shown, close to

the exit of the bluff-body. Using the same definition as before (YOH = 0.002), the

lift-off heights using the two models for D∗
t are within 8% of each other. The small

difference between the two lift-off heights may be due to the dominance of the radial

convection in the stabilisation of the flame, as will be shown later in this chapter.

(a) (b)

Air

Fuel Fuel

Air

Figure 5.14: Line contours of the time averaged mass fraction of OH using a) Dt1

(Eq. (2.63)) and b) Dt2 (Eq. (2.64)). Image shown (excluding the sketch of the

bluff-body) is 30 × 35 mm, normal mesh.

5.6 Ignition transient

5.6.1 CMC mesh

A coarser mesh than the LES mesh was used to solve the CMC equations, as is the

common practice [2, 61]. The CMC mesh is shown in Fig. 5.15. It consists of 15, 625

(25×25×25) cells in physical space, clustered around the recirculation zone and the

mixing layer, which is the area of interest in this study. To discretise mixture fraction

space, 51 cells were used, clustered around the stoichiometric mixture fraction.
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Figure 5.15: CMC mesh used in the ignition simulations. Area shown is 50×50 mm.
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Table 5.2: Parameters of the ignition simulations (all dimensions in mm). Cases

RS1 and RS1-repeat differ only in the initial condition. The fine mesh was used for

all the simulations.

Case Spark location (x, y, z) Successful

ignition?

Chem. mech.

RS1 9.375, 8.75, 0 Yes Single step [7]

RS1-repeat 9.375, 8.75, 0 Yes Single step [7]

RD1 9.375, 8.75, 0 Yes 16-species [8]

RS2 1.125, 8.75, 0 Yes Single step [7]

RD2 1.125, 8.75, 0 Yes 16-species [8]

RD3 9.375, 8.75, 0 No 16-species [8]

5.6.2 Parametric studies and computational time

The ignition simulations presented in this chapter are summarised in Table 5.2.

The fine LES mesh was used for all the ignition simulations. Six simulations were

performed, which have different levels of complexity (the single-step chemical mech-

anism is used in cases RS1, RS1-repeat and RS2 and the detailed 16-species mech-

anism in cases RD1, RD2 and RD3), but also have different spark parameters; in

cases RS1, RS1-repeat, RD1 and RD3, the spark is located in the shear layer, while

in cases RS2 and RD2 it is located in the recirculation zone. Furthermore, the spark

size in case RD3 is smaller than in all the other cases. The initial snapshot at which

the spark is initiated is different in cases RS1 and RS1-repeat, in order to examine

qualitatively the repeatability of the observed behaviour.

The conditions inside the spark at the moment of ignition (t = 0) are summarised

in Table 5.3. Except for case RD3, where the spark occupies a single CMC cell, the

spark in the other cases spans many CMC (2 × 2 × 3) and LES cells. In real

dimensions, in RD3 the spark is 2.25 × 2.25 × 2.25 mm, while in the other cases it
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Table 5.3: Conditions inside the spark for the different ignition cases. The uncon-

ditional scalar dissipation rate ÑCMC is given in s−1 and the velocities ũCMC, ṽCMC

and w̃CMC in m/s. See eq. (2.68), (2.51) and (2.61) for definitions of the quantities

with a * superscript. Size of spark in all ignition cases is 4.5×4.5×6.75 mm except

in case RD3 where it is 2.25 × 2.25 × 2.25 mm.

RS1, RD1 RS1-repeat RS2,RD2 RD3

No. of CMC cells 12 12 12 1

No. of LES cells 7329 7329 9758 538

ξ̃∗ 0.004 : 0.080 0.051 : 0.142 0.077 : 0.090 0.075

Ñ∗ 0.065 : 7.25 1.23 : 8.73 0.047 : 0.330 4.46

ũ∗ −6.53 : 8.50 −4.46 : 2.20 −13.07 : 1.84 −3.87

ṽ∗ 16.05 : 19.79 0.36 : 7.10 −12.5 : −6.44 2.57

w̃∗ −4.74 : 0.48 −6.74 : 6.32 −1.39 : 0.78 −3.88

is 4.5× 4.5× 6.75 mm. When the spark is located in the shear layer (RS1, RD1 and

RS1-repeat), the variation of the mixture fraction ξ̃CMC and the scalar dissipation

rate ÑCMC is much greater than when the spark is located in the centre (RS2 and

RD2). This is because the mixture fraction field is more uniform in the CRZ than

in the shear layer, and therefore the gradients of ξ̃ are much smoother. In RS1,

RD1 and RS1-repeat, the axial velocity is positive and high, while in RS2 and RD2

it is negative and high (as expected since in the former cases the spark is located

in the shear layer, while in the latter ones the spark is inside the CRZ). Cases

RS1 and RS1-repeat have very different initial conditions. The mixture is richer in

RS1-repeat and the variation of the axial velocity inside the spark is much greater.

All the simulations were performed in parallel on 16 dual-core processors. Each

processor is an AMD 2.8 GHz Opteron with 3 GB of memory. When using the fine

grid, for 1 ms of simulated time 350 min were required for the inert flow, 440 min

for the ignition simulations when the single-step chemistry was used and 560 min

when the detailed 16-species chemical mechanism was used. Typically, when the
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detailed mechanism is used, approximately 50% of the time is spent solving the

CMC equations and calculating the unconditional density and temperature and

50% is spent on the LES solver.

5.6.3 Effect of chemical mechanism

In order to visualise the evolution from a small hot gas kernel to the fully-burning

flame, iso-surfaces of heat release rate Q will be presented. Three values for Q will

be used: a low value (Q = Ql = 0.16 MJm−3s−1), a medium value (Q = Qm =

65 MJm−3s−1) and a high value (Q = Qh = 485 MJm−3s−1). These correspond

to 8%, 32% and 240% respectively of the peak heat release rate of a steady lami-

nar flame calculated by a stand-alone, 0D-CMC calculation for N0 = 5 s−1 (see eq.

(2.39)). Snapshots through an x− y (z = 0) plane will also be shown. The compar-

ison with experiment [11] is done on a qualitative basis based on visualisations and

images of OH at various times because the experiment did not give a well-defined

quantity that can be used to denote the end of the ignition transient and hence the

speed of flame expansion cannot be validated in detail. However, a comparison with

the global OH∗ chemiluminescence emission observed experimentally is attempted.

5.6.3.1 Spark in the shear layer (RS1 and RD1)

Iso-surfaces of heat release rate (Q = Qm) at different times from the moment of

ignition, for cases RS1 and RD1 are shown in Fig. 5.16. Both simulations began

from the same initial condition at time t = 0. In both cases (i.e. when using single-

step and detailed chemistry), the flame is initially convected in the axial direction

under the effect of the high axial velocity and only later it expands in the radial

and azimuthal directions. This behaviour is more pronounced in case RD1, where

the whole branch of the flame starts burning before it starts expanding in the other

directions. The pattern of the flame expansion will be discussed in more detail in

section 5.6.4.

129



5. Ignition of a Bluff-Body Stabilised Methane Flame

t=1 ms t=5 ms t=10 ms t=30 ms

t=1 ms t=8 ms t=25 ms t=48 ms

Point 1

Figure 5.16: Iso-surfaces of heat release rate Q = Qm = 65 MJm−3s−1, cases RS1

(top) and RD1 (bottom).
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The time for the flame to cover the whole burner depends on the complexity of the

chemical mechanism. For the single-step chemistry case (RS1), this time was approx-

imately 25 ms, while for the case with the detailed chemistry it was approximately

40 ms. It is noted that in the experimental study, it took approximately 40 to 50 ms

for the flame to stabilise (based on fast cinematography). The over-prediction of the

expansion rate of the flame in the case of the single-step chemistry can be explained

by the fact that generally, the single step mechanism predicts higher temperatures

than the 16-species mechanism. Indeed, in Fig. 5.17 the conditional temperature

at a point in the shear layer (x = 13.16 mm, y = 12.85 mm, z = 0) is shown using

the two mechanisms at a moment in time when macroscopically the two flames look

similar. Compared to the 16-species mechanism, the single step chemistry predicts

a higher temperature in the region near stoichiometric where reaction takes place

and a lower one at rich mixtures. This is consistent with Fig. 3.11, where for the

same value of the scalar dissipation rate, the single-step mechanism produces higher

temperatures than the 16-species mechanism. These higher temperatures lead to a

faster expansion of the hot products and therefore to a faster flame propagation.
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Figure 5.17: Conditional temperature at Point 1 (x = 13.16 mm, y = 12.85 mm,

z = 0, see Fig. 5.16) at time t = 25 ms for case RS1 and t = 35 ms for case RD1.
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5.6.3.2 Spark in the CRZ (RS2 and RD2)

The evolution of the flame in terms of iso-surfaces of the heat release rate for cases

RS2 and RD2, where the spark is located in the central recirculation zone, is shown

in Fig. 5.18. The hot gases move initially towards the bluff-body, driven by the

negative axial velocity in the recirculation zone, and then towards the shear layer to

finally cover the whole burner after approximately 30 ms. In the case where detailed

chemistry is used (case RD2), a slower expansion of the flame is found: it takes

approximately 50 ms for the flame to seem to be fully ignited. At about 20 ms,

the flame seems to be as large as from the experimental images (e.g. compare Fig.

5.18, 21 ms with Fig. 15 of Ref. [11], 20 ms). The heat release rate is relatively

low in the initial stages of the flame expansion, in accordance with experimental

findings, where the flame is invisible (i.e. with luminosity lower than the camera’s

detection limit) during the stage when the flame expands inside the recirculation

zone and only later does it become visible when it expands to the shear layer where

stoichiometric ξ is found [11]. The flame expansion in case RD2 will be discussed in

more detail in section 5.6.4.

5.6.4 Effect of spark location (RD1 and RD2)

In order to show more details of the flame expansion process depending on the

spark location, contour plots of unconditional reacting scalars will be used. Plots of

resolved temperature, ỸOH, ỸCH4
and ỸCH2O on a z = 0 plane are shown in Fig. 5.19

and 5.20 for cases RD1 and RD2 respectively at different times from the moment of

ignition.

In case RD1, where the spark is located in the shear layer, the flame moves

initially in the downstream axial direction, driven by the high axial velocity. After

this initial stage, the flame moves towards the central recirculation zone (see images

at t=3 and 6 ms) and then follows the negative velocity there that brings the flame

towards the bluff body. Finally, after approximately 28 ms, the flame has expanded
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t=1 ms t=5 ms t=10 ms t=30 ms

t=1 ms t=10 ms t=21 ms t=74 ms

Figure 5.18: Iso-surfaces of heat release rate Q = Qm = 65 MJm−3s−1, cases RS2

(top) and RD2 (bottom).
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2 ms 3 ms 6 ms

10 ms 21 ms 28 ms

2 ms 3 ms 6 ms

10 ms 21 ms 28 ms

2 ms 3 ms 6 ms

10 ms 21 ms 28 ms

2 ms 3 ms 6 ms

10 ms 21 ms 28 ms

Figure 5.19: Contours of temperature (top left), ỸOH (top right), ỸCH4
(bottom left)

and ỸCH2O (bottom right) at different times from the moment of ignition (noted on

the top left corner of each picture), case RD1. Solid white line at the top left graph:

stoichiometric mixture fraction. Size of each image is 40 × 40 mm.
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3 ms 4 ms 7 ms

8 ms 23 ms 48 ms

3 ms 4 ms 7 ms

8 ms 23 ms 48 ms

3 ms 4 ms 7 ms

8 ms 23 ms 48 ms

3 ms 4 ms 7 ms

8 ms 23 ms 48 ms

Figure 5.20: Contours of temperature (top left), ỸOH (top right), ỸCH4
(bottom left)

and ỸCH2O (bottom right) at different times from the moment of ignition (noted on

the top left corner of each picture), case RD2. Solid white line at the top left graph:

stoichiometric mixture fraction. Size of each image is 40 × 40 mm.
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and has covered the whole CRZ. As the flame expands inside the recirculation zone

(for example at times t = 3−10 ms) the flame front (visualised by ỸOH) is following

a pre-heat zone, which is apparent by the presence of ỸCH2O. Formaldehyde seems to

lie more in rich mixture fractions, as expected also from the stand-alone simulations

of Fig. 3.15. When the flame front passes through the CRZ, all the fuel that was

initially present is consumed, leaving the recirculation zone bare of reactants and full

of hot combustion products (e.g. t = 21 ms). The flame seems to expand quickest

inside the recirculation zone when it follows the highly-contorted stoichiometric

mixture fraction line, where the reaction rate is high (e.g. t = 3 − 10 ms), but

seems to take a longer time to expand across mixture fraction iso-lines (e.g. from

t = 10 ms to t = 21 ms).

Initially the mixture in the CRZ is rich. The closed stoichiometric mixture frac-

tion contour that surrounds the CRZ is ‘broken’ by the flame and stoichiometric

mixture enters the CRZ bringing the flame with it. However, once the flame is in-

side the CRZ, the recirculation zone expands and the ξst iso-surface is now inclined

at a wider angle from the vertical (see image at t = 28 ms).

In case RD2 (Fig. 5.20), where the spark is located in the central recirculation

zone, the flame initially expands towards the bluff-body, driven by the negative

velocity in the recirculation zone (e.g. see images from t = 3 ms to t = 8 ms). Then,

it moves towards the shear layer. After it has reached the shear layer, it re-enters the

recirculation zone and the whole burner is filled with hot gases after approximately

50 ms. This evolution is fully consistent with experimental data (see, for example,

Fig. 18 of Ref. [11]).

The flame front is preceded by a pre-heat zone in which formaldehyde is created

in the rich and cold part of the flame. The post-flame region is devoid of fuel and

formaldehyde and has high OH and temperature (see, for example, the images at

t = 23 ms). Eventually, the whole CRZ is hot and containing OH , with a relatively

thick zone of formaldehyde in the rich part of the stoichiometric iso-line (i.e. towards

the CRZ rather than the annular cold air layer).
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It is evident from Figs. 5.19 and 5.20 that the concentration of OH in the

recirculation zone is very ‘patchy’ during the expansion of the flame. A very similar

observation has been made in the experimental study of this problem (see Fig.

18 of Ref. [11]). During flame expansion, at a given instant, there are parts of

the CRZ where the flame has expanded, with the distribution of Qα (conditional

reacting scalars, see section 2.3.2) corresponding to a burning condition. There are

also regions that the flame has not reached yet and there the distribution of Qα

corresponds to a non-burning condition. Moreover, in some parts of the CRZ the

distribution of Qα corresponds to an intermediate level, for example the pre-heat

zone. This co-existence of different Qα causes sharp gradients of species, especially

in the case of species such as OH that only exist when the reaction rate is high and

for a small range of mixture fractions. After the flame has expanded (for example

t = 28 ms in Fig. 5.19), the concentration of OH is more uniform and the gradients

are less steep. These gradients are present mainly because of the fluctuations of the

mixture fraction, with the Qα everywhere in the CRZ and at most locations in the

shear layer corresponding to fully-burning distributions.

Contour plots of temperature in a horizontal plane (y = 15 mm) for case RD1

are shown in Fig. 5.21. The flame moves initially towards the recirculation zone,

assisted by the radial velocity fluctuations. While the recirculation zone is heating

up, there is little expansion in the azimuthal direction; the flame must traverse the

CRZ to reach the other side of the burner. When the whole of the CRZ is burning,

the volumetric expansion is evident by the larger radius of the ξst contour.

5.6.5 Flame expansion (RD1)

In order to determine which transport term in the CMC equation dominates the ex-

pansion of the flame and what effect the different models for the integrated diffusivity

have (eq. (2.64) and (2.63)), the following numerical experiments were performed:

(i) Eq. (2.63) was used to provide the diffusivity (D∗
t = Dt1), as opposed to Eq.
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2 ms

10.5 ms

5.5 ms

13.75 ms

8.5 ms

27.75 ms

Figure 5.21: Contours of temperature at different times from the moment of ignition

(noted on the top left corner of each picture) on the y = 15 mm plane, case RD1.

Solid white line: stoichiometric mixture fraction.

(2.64) (D∗
t = Dt2) which is used in all the other simulations and (ii) the term that

accounts for diffusion in physical space (term T4 in Eq. (2.28)) was de-activated.

These two simulations started at the same time instant (t = 6 ms in RD1) and the

flame expansion was monitored closely for 0.8 ms (Fig. 5.22). At first glance the

results look similar; none of the flames extinguishes or expands at a much higher

rate than the others. At closer inspection, however, there seem to be some differ-

ences, especially when Dt1 (middle row) and Dt2 (top row) are compared. To further

investigate these differences, focus is given to a small region (white box in top left

image of Fig. 5.22) of the flow (Fig. 5.23). When the term T4 is included (red or

blue lines lines) the solution is, as expected, more diffused. There are significant

differences between Dt1 (blue lines) and Dt2 (red lines). Note that this analysis is

based on instantaneous slices of a three-dimensional simulation and therefore cannot

be used for detailed validation. Nevertheless, the effect of the different models is
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pointed out and there is no attempt to draw any detailed conclusions.

t=6 ms t=6.2 ms t=6.4 ms t=6.6 ms t=6.8 ms

t=6 ms

t=6 ms

t=6.2 ms

t=6.2 ms

t=6.4 ms

t=6.4 ms

t=6.6 ms

t=6.6 ms

t=6.8 ms

t=6.8 ms

Figure 5.22: Contours of ỸOH at close intervals at the stage of the flame expansion

using Dt2 (Eq. (2.64)) (top), using Dt1 (Eq. (2.63)) (middle) and without the effect

of diffusion (term T4 in Eq. (2.28)) (bottom), case RD1.

Figs. 5.22 and 5.23 provide evidence that although the diffusion term may not

be as critical for the expansion of the flame as the convection term in this configu-

ration, it may still be important and some validation of this term against detailed

experimental or DNS data should be made in the future.

5.6.6 Global heat release rate

The total heat release rate (i.e. integrated over all computational cells) for all the

different successful ignition cases as a function of time is shown in Fig. 5.24. The

total chemical enthalpy flow rate at the inlet is also shown (straight dashed line),

calculated as the product of the fuel mass flow rate and the fuel lower calorific
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t=6.4 mst=6.2 ms

t=6.8 mst=6.6 ms

Figure 5.23: Line contours of ỸOH using Dt2 (Eq. (2.64)) (red lines), using Dt1 (Eq.

(2.63)) (blue lines) and without the effect of diffusion (term T4 in Eq. (2.28)) (green

lines), case RD1. The solid black lines represent the CMC grid. Image shown is

equal to the white square on the top left image of Fig. 5.22.
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value Qtotal = ṁf × LCV . Finally, from experiment, the global emission of OH∗

chemiluminescence when the spark is located in the shear layer (as in RS1, RS1-

repeat and RD1), is shown. The chemiluminescence can be used to give a measure

of the total heat release rate and the curve shown is an average over many successful

ignition events. More information about the way it was measured can be found in

Ref. [12]. Note that this measurement can only be used in a qualitative manner, as

chemiluminescence in non-premixed situations is not necessarily proportional to the

heat release rate.
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Figure 5.24: Total heat release rate for the different ignition cases and experimental

data for OH∗ emission when the spark is located in the shear layer; data from

Ref. [12]. Straight dashed line is the total chemical enthalpy flow rate at the inlet

(Qtotal = ṁf × LCV ).

In cases RS1, RD1, RS1-repeat and RS2, the heat release rate gradually increases

until at some moment in time (different for every simulation) and the heat release

rate increases rapidly. This happens at about 10 ms for the spark in the shear layer,

which corresponds approximately to the time when the flame has travelled through
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the CRZ (compare with Fig. 5.19). After this peak, it decreases and stabilises

around a constant value. In RS1 and RS1-repeat, the peak in the reaction rate

occurs before it does in RD1 and lasts for a shorter period of time (approximately

5 ms compared to 15 ms in RD1). Cases RS1 and RS1-repeat exhibit a similar

behaviour, which demonstrates that despite the differences in the initial condition,

the global expansion mechanism is approximately the same. Comparison of case

RD1 with the experimental curve shows that the time for which the heat release

rate assumes high values is predicted with reasonable accuracy. In the experimental

study it lasts for approximately 15 ms (from t = 10 ms to 25 ms), while in case RD1

it lasts for approximately 12.5 ms (from t = 12.5 ms to 25 ms). At t = 25 ms there

is a short decrease in the heat release rate, before it reaches a constant value at

t = 27 ms around which it fluctuates. This is a quantitative demonstration that the

global process of flame expansion is captured with reasonable accuracy.

In RS2, the peak of the heat release rate is one order of magnitude higher than

in all the other simulations. It is predicted that all the fuel in the recirculation

zone is consumed very quickly, leading to a very high global heat release rate. In

RD2, the heat release rate increases gradually until it reaches Qtotal around which

it fluctuates. The single-step chemical mechanism predicts reaction zones that are

wider in mixture fraction space. This keeps the temperature high even for the

relatively rich mixture in the recirculation zone. To demonstrate this, the conditional

chemical source term for ỸH2O|η and the conditional temperature in the location of

the spark, 5 ms after ignition are plotted in Fig. 5.25. In RS2, the chemical source

term ‘covers’ more values of ξ than in RD2. Consequently, the temperature is higher

for rich mixtures, as is the mixture in the recirculation zone. This explains why the

fuel in RS2 is consumed quickly and the heat release rate exhibits a very large peak

value, compared to the other cases.

After the initial transient of the flame expansion, the global heat release rate

assumes a constant value and fluctuates around it. In cases RD1 and RD2, this

value is very close to the fuel enthalpy flow rate at the inlet. Values smaller than
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Figure 5.25: Chemical source term of the CMC equation (term T3 in eq. (2.28))

for ỸH2O|η (top) and conditional temperature (bottom) at the location of the spark,

10 ms after ignition, cases RS2 and RD2.

Qtotal imply that there is unburnt fuel at the exit of the burner. It is shown here

that there seems to be little unburnt fuel exiting the burner. In the cases where

the single-step chemical mechanism is used, this limit is not reached. This is due to

the fact that the heat release rate is tuned to reproduce the premixed flame laminar

burning velocities (see section 3.4) and therefore it is very low at rich mixtures,

leaving some of the fuel unburnt.

The conclusion is that the overall pattern of flame expansion, for both spark

locations, is very similar qualitatively to the experimental observations [11] and

that overall better agreement is obtained with the detailed mechanism. For the case

of the ignition inside the CRZ, the flame seems to take longer to establish than in the

experiment (e.g. approximately 50 ms rather than about 30 ms in the experiment),

while for ignition at the shear layer the time taken to ignite the whole flame is close

to the experimental data. We also conclude that since the flame expansion process

involves transitions from unburnt to burnt and reactions at a very wide range of

mixture fractions and scalar dissipations, a full 3D combustion model, such as the

present formulation of CMC, appropriate for all mixture fractions is necessary to

capture ignition events in non-premixed combustion.
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5.6.7 Effect of spark size

In RD3, a smaller spark is used. The location of the spark is identical to case RD1,

but its volume is 12 times smaller. The evolution of the unconditional temperature is

shown in Fig. 5.26. In the context of the CMC, heat is transported very quickly and

eventually the spark is extinguished. The evolution of the conditional temperature at

locations P1 (location of spark) and P2 (4.5 mm downstream of the spark) are shown

in Fig. 5.27. At the location of the spark, the temperature decreases rapidly, since

heat is transported to all the neighbouring cells through convection and diffusion.

After approximately 0.5 ms, the temperature has fallen to levels corresponding to

inert mixing (T̃ |η ≈ 300 K). At P2, the temperature initially rises, since it receives

heat from the spark location, but the maximum temperature that is reached (T̃ |η ≈

400 K at time t = 0.2 ms) is not high enough to sustain a flame. After t = 0.2 ms,

the temperature starts decreasing reaching the initial levels of T̃ |η ≈ 300 K after

about 2 ms.

t=0 ms t=0.2 ms t=0.6 ms
P2

P1

Figure 5.26: Contours of temperature at different times from the moment of ignition

(noted on the top left corner of each picture), case RD3. Image size is 25 × 25 mm.

The flame is quenched because the rate with which heat is extracted from the

spark region is higher than the rate at which heat is created. Heat is extracted

through micromixing (via the scalar dissipation rate), convection and sub-grid scale

turbulent diffusion (the two latter mechanisms can be collectively described as spa-
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Figure 5.27: Evolution of the conditional temperature at locations P1 (top, location

of spark) and P2 (bottom, 4.5 mm downstream of the spark, see Fig. 5.26), case

RD3.

tial transport). The scalar dissipation rate in the case of this burner is very small;

due to the initial mixing of fuel and air before the exit of the bluff-body, the gra-

dients of ξ are small at the spark location and hence the scalar dissipation rate is

small. Indeed at the spark position, Ñ = 4.46 s−1 (see Table 5.3), which is one order

of magnitude smaller than the extinction scalar dissipation rate, shown in Fig. 3.11.

In order to demonstrate that this is a case of extinction through spatial transport,

the balance of terms of the CMC equation for ỸH2O|η in the location of the spark at

t = 0 is shown in Fig. 5.28. The negative convection and diffusion terms dominate

the only positive term (chemical reaction term) resulting to a very high negative

right-hand-side of the CMC equation, which leads to the rapid transport of heat

and species from the location of the spark and eventually to extinction.

The demonstration that a small spark results in a quenched ignition event is in

qualitative agreement with the theory that a minimum ignition energy is required

from the spark to start a flame [14]. In the context of these simulations, a low

ignition energy may be translated to a small region of hot gases. It is demonstrated

here that if the hot gases do not occupy a large enough region, the transport of heat

and species is so strong, that the initial spark region extinguishes. The timescale
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Figure 5.28: Balance of terms of CMC equation (eq. ((2.28))) for ỸH2O|η at the

location of the spark (P1 in Fig. 5.26) at time t = 0, case RD3.

for flame extinction is quicker than in the experiment: in Fig. 23 of Ref. [11] it is

evident that kernels that do not eventually ignite the flame may survive for a few

ms, while in the present simulations the kernel has disappeared after a maximum

of 1 ms. The difference probably lies in the lack of adequate resolution in physical

space in the CMC equation. It is evident, however, that the multidimensional CMC

formulation includes the correct physics to predict spark failure.

5.7 Flame stabilisation

At a long time after ignition, the flame reaches a statistically-steady condition where

the spatial gradients of Qα are less steep than in the initial stages of flame expansion.

This condition will be investigated in this section for cases RD1 and RS1. Recall

that the simulation always has Qα corresponding to a frozen condition (inert mixing)

in η-space at the inlet of the burner.

Iso-surfaces of low (Q = Ql) and high (Q = Qh; see section 5.6.3 for definition of
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Ql and Qh) heat release rate are shown for cases RS1 and RD1 in Fig. 5.29 for long

times after ignition. The appearance of the flame is similar using both the single

step and the detailed mechanism. The iso-surface for Q = Ql seems to be ‘wider’

than for Q = Qh. The regions of lower heat release rate are further away from the

bluff-body, where the mixture is leaner. The iso-surface for Q = Qh is very ‘patchy’

due to the fluctuations of the mixture fraction and of the scalar dissipation rate.

Contour plots of the time-averaged 〈ỸOH〉 and 〈ỸCH2O〉, composed over a simu-

lated time of 10 ms, starting at time t = 38 ms for case RD1, are shown in Fig. 5.30.

The highest values of OH are located in the mixing layer, where ξ is close to its

stoichiometric value, while there is also some presence of OH inside the recirculation

zone. This image is very similar to the respective experimental image (Fig. 19 in

Ref. [11]). Most of the CH2O is located in the shear layer. Inside the recirculation

zone, where ξ < ξst and there are no cold reactants, there is no CH2O.

In order to investigate the flame stabilisation mechanism, the conditional temper-

ature from a series of CMC cells on a z = 0 plane for four distances from the bluff

body is plotted in Fig. 5.31. Each graph corresponds to one axial location and each

line on each graph corresponds to one CMC cell. For y = 3 mm, moving radially

outwards from the centreline of the burner (which is located at x = 0), the shape of

the conditional temperature changes from that corresponding to a flame (i.e. similar

to that in Fig. 3.12 to 3.15) to that corresponding to an intermediate condition and

then to the ‘frozen’ (i.e. inert) condition, which is the inlet condition at the entry

to the burner. Moving away from the bluff body in the axial direction (y-direction),

the conditional temperature gradually corresponds to that of a fully-burning flame

everywhere except for the outer recirculation zone, where it takes longer for the Qα

to burn fully.

The conditional temperature, ỸOH|η, ỸCH4
|η, and ˜YCH2O|η for four locations in the

stabilisation region (see Fig. 5.30) at t = 40 ms from the start of ignition are shown

in Fig. 5.32. Point A is closest to the incoming inert flow and shows intermediate

values of temperature, virtually zero OH , and some CH4 transformation to CH2O.
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t=48 mst=30 ms

t=30 ms t=48 ms

Figure 5.29: Iso-surfaces of low (top, Q = Ql = 0.16 MJm−3s−1) and high (bottom,

Q = Qh = 485 MJm−3s−1) heat release rate for cases RS1 (left) and RD1 (right).
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Figure 5.30: Contours of 〈ỸOH〉 (left) and 〈ỸCH2O〉 (right), case RD1. Image size is

30 × 50 mm. Time-averaging was performed with data being collected over 10 ms

starting from 38 ms after ignition.
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Figure 5.31: Conditional temperature in [K] on a z = 0 plane for four distances

from the bluff body (see Fig. 5.30) at time t = 40 ms after ignition, case RD1. Each

graph corresponds to one axial location and each line on each graph corresponds to

one CMC cell.

Points C and D have distributions of a fully-burning nature (very close to Fig. 3.12

to 3.15). The distributions for Point B show that this point has approached the

fully-burning state.

The relatively high temperature at the positions of intermediate condition is

sustained by transport of heat and species from the recirculation zone and not by

chemical reaction. This is demonstrated more clearly in Fig. 5.33, where the balance

of terms of the CMC equation for ỸH2O|η is shown at these four locations at the same

time as for Fig. 5.32. The spatial diffusion terms (terms T1 and T4 in eq. (2.28))

at point C and D appear as sinks, while at point A they appear as a source. The

chemical source term for ỸH2O|η at A is negligible. There is no ỸOH|η and there is

little consumption of fuel at point A. There is, however, presence of ˜YCH2O|η, which

demonstrates the fact that point A belongs to some form of pre-heat zone, before

the stabilised flame appears at point B. At point B, the temperature is high and

the flame is sustained by heat-releasing chemical reactions and hence the presence
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Figure 5.32: Conditional temperature (top left), ỸOH |η (top right), ỸCH4
|η (bottom

left) and ˜YCH2O|η (bottom right) at locations A-D (see Fig. 5.30) at time t = 40 ms

after ignition, case RD1.
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of ỸOH |η and the consumption of fuel. Point D is also fully burning and provides

heat and radicals (through diffusion and convection) to the colder neighbouring

regions. In the context of the multi-dimensional CMC model, flame stabilisation

occurs through the spatial gradients of conditional quantities and clearly this cannot

be predicted with integrated forms of the CMC. The structure of the base of the

flame is similar to the stabilisation region of a lifted jet flame from CMC predictions

[54] and experiments [131], suggesting a small lift-off height from the bluff body

face.
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Figure 5.33: Balance of terms of CMC equation (eq. (2.28)) for ỸH2O|η at locations

A-D (see Fig. 5.30) at time t = 40 ms after ignition, case RD1.

The present results are consistent with the intuition that a hot central recircula-

tion zone (i.e. a fully burning Qα distribution as in points C and D) is responsible

for overall flame stabilisation. The diffusion and convection of heat and radicals
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in the radial direction to the incoming inert Qα distribution must be successful for

the flame to ignite there, which will then result in burning distributions to be avail-

able inside the CRZ. The overall ignition of the burner necessitates enough time for

physical transport to spread the burning Qα distributions across the whole burner.

Finally, a simulation similar to the one presented in section 5.5 (in terms of

the initial conditions) was performed, but this time the fine mesh was used. The

comparison between the two flames can reveal the differences in the flame structure

when the mixing field is different. Instantaneous contour plots of the axial velocity,

the mixture fraction, the temperature and a number of species are shown in Fig.

5.34.

Comparing the velocity and mixture fraction fields with the ones from the inert

flow (Fig. 5.6), it is obvious that due to the expansion of the hot gases in the

recirculation zone, the angle at which the flow enters the burner has changed and

the recirculation zone covers a bigger part of the burner than in the inert flow.

The mixture inside the recirculation zone remains well within the flammability

limits and as a result the temperature remains reasonably high and indeed higher

than in section 5.5 where the mixture was predicted to be richer (the normal mesh

was used in section 5.5). The presence of OH in the recirculation zone and the

consumption of fuel in the recirculation zone prove that there are chemical reactions

taking place in that region, which is something that was not observed in section 5.5.

Furthermore, the shape of the contour of ỸOH is similar to OH-PLIF images from

Ref. [11]. The levels of CH2O are low in the recirculation zone, but reasonably

high in the shear layer and more specifically close to the bluff-body. Compared to

section 5.5 (Fig. 5.10) there is much more CO2, CO and H2 in the recirculation

zone, which can be related to the difference in the mixture fraction fields. The

comparison between the two flames demonstrates how crucial it is to capture the

mixing field for the correct prediction of the flame structure.
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H2

H2OO24CH

CO2

H2O2CH2O

Axial velocity (m/s) Mixture fraction Temperature (K)

CO OH

Figure 5.34: Instantaneous contours of axial velocity, mixture fraction, temperature

and a number of species in the case of the statistically-steady flame. Size of images

is 50 × 50 mm.
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5.8 Conclusions

The CMC model has been applied to LES of forced ignition of a bluff-body stabilised

non-premixed methane flame for which experimental data are available. Meshes of

different resolution were used to simulate the inert flow. It was found that the ve-

locity field was not sensitive to the resolution of the mesh and very good predictions

were obtained even with a relatively coarse grid. The mixture fraction, however, was

more sensitive to the resolution of the mesh and use of a very fine grid was required

to predict its distribution accurately.

Preliminary results of the statistically steady flame showed that the different

options for the integrated diffusivity presented in chapter 2 gave similar results.

When using the diffusivity proposed from Eq. (2.64), the results are similar to using

a volume-averaged diffusivity, with a slight difference in the lift-off height of the

stabilised flame.

Ignition simulations using chemical mechanisms of different complexity showed

that the global expansion of the flame could be predicted with reasonable accuracy.

When a single-step chemical mechanism was used, it was found that the shape and

the overall appearance of the flame were similar to the experimental findings, with

the expansion rate being over-predicted by a factor of approximately 2. When the

detailed mechanism was used, the expansion rate was predicted with greater accu-

racy. Moreover, the distribution of OH in the burner during the ignition transient

and when the flame was stabilised was qualitatively consistent with experiment.

The manner in which the size and the location of the spark affect the flame expan-

sion was also investigated. It was found that the pattern of the flame propagation

and the time for the flame stabilisation depends on the location of the spark relative

to the recirculation zone. If the spark is located close to the shear layer, the flame

expands rapidly inside the recirculation zone and fills the recirculation zone with

hot combustion products. If the spark is located inside the recirculation zone, the

flame initially moves towards the bluff body, then to the shear layer and eventually
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it re-enters the CRZ. If the spark is very small, transport of heat causes a rapid

decrease of the temperature leading to extinction of the spark. At the same time,

the increase of temperature in the neighbouring region is not high enough to cause

ignition and a flame cannot be sustained.

At long times after ignition, the flame reaches a statistically steady condition

where the spatial gradients of the conditional quantities vary slowly with time. Even

in this fully-ignited state, the region very close to the inlet has distributions of the

conditional quantities corresponding to the inert condition, showing a small lift-off

distance from the bluff body. The transport of heat from the fully-burning CRZ to

the cold gases that enter the burner is done by sub-grid scale turbulent diffusion

and convection; indeed, these terms appear as sink terms in the CMC equation for

locations inside the CRZ and as source terms for locations in the shear layer.

The results demonstrate that LES/CMC can reproduce successfully many of the

features of recirculating non-premixed flame ignition from a hot kernel. Detailed

chemistry seems to be necessary. Further work is needed for modelling accurately

the spark and for more focused validation of the rate of the flame propagation

process.
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Chapter 6

Conclusions

This thesis describes research undertaken into the modelling of ignition and flame

expansion in turbulent flows. This has been carried out using first-order Conditional

Moment Closure (CMC) [44] in Large Eddy Simulations (LES) of flows of different

complexity. The objectives of this thesis are to examine the feasibility of using

an LES/CMC approach for ignition of non-premixed flames and to investigate the

sensitivity of the predictions to parameters related to the spark and to the numerical

setup.

The governing equations and the sub-models used in the literature and in this

thesis were presented in chapter 2. Due to the high computational cost of the CMC

method (a stiff system of five-dimensional partial differential equations, one for each

species in the chemical mechanism must be solved), in the few LES/CMC calcula-

tions performed so far [45, 60–63] hypotheses have been made, depending on the

nature of the studied flow, to reduce either the dimensionality of the CMC equation

or the required resolution of the CMC mesh. The fact that the CMC equations

would be solved on a different mesh than the LES, introduces issues regarding the

exchange of information between the two meshes. Information about the flow is

available in the LES resolution, but is required in the CMC resolution and the op-

posite is true about information concerning the reacting scalars. In order to transfer
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information from one mesh to the other, some sort of volume averaging must take

place. This averaging can be in terms of unconditional properties and the model

to obtain the conditional properties would be applied in the CMC resolution, or

in terms of conditional properties, where the model would be applied in the LES

resolution and then volume-averaged. To assess the differences between the two

options, detailed measurements of the mixture fraction in a turbulent plume were

examined (taken from Ref. [100]), in the context of filtering using different filter

sizes. The main conclusions of this study were that in order to have an accurate

estimate of the sub-grid scale variance of the mixture fraction in the CMC reso-

lution, the variation of the resolved mixture fraction within a CMC cell must be

taken into account. In that case, a presumed shape for the FDF (filtered density

function) may be used with reasonable accuracy. Furthermore, the model for the

conditional scalar dissipation rate may be applied in either the LES or the CMC

resolution (as long as the FDF is accurate) with very similar results. A model was

also presented for the sub-grid scale diffusivity in the CMC resolution, where instead

of a volume-averaging, the Smagorinsky model would be applied using the velocity

filed in the CMC resolution. This model was tested in chapter 5 where, because of

the dominance of the convection term, little difference was observed between this

model and a simple volume-averaged sub-grid scale diffusivity.

6.1 Ignition of a flame in a shearless turbulent

mixing layer

Forced ignition in a shearless planar mixing layer has been investigated (chapter 4).

The configuration consisted of two turbulent streams of equal velocity (one carrying

air one carrying fuel) that mix forming a turbulent mixing layer. Forced ignition

simulations were performed and it was found that the expansion of the flame in the

streamwise, but also in the spanwise direction (expansion along and across the flow)
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was captured with reasonable accuracy, compared to experimental results. However,

the flame was found to be ‘anchored’ in the spark location, contrary to experimental

findings, where the flame would detach from the spark location and either propagate

upstream (if the bulk velocity is low) or convect in the streamwise direction (at

higher bulk velocities, similar to the velocity in the simulations). This may present

a limitation of first-order CMC, as extinction of flamelets in the spark location is

not captured. It is possible that second-order CMC may be able to capture this,

since close to extinction, the variances and co-variances of the conditional averages

may become important and therefore cannot be neglected.

Several simulations were performed, investigating the sensitivity of the predictions

both to numerical aspects, but also to parameters related to the flow. It was found

that the resolution of the CMC mesh is important for the prediction of the expansion

of the flame across the flow. Even if the resolution in the spanwise direction was kept

the same, altering the resolution in the transverse and in the streamwise direction

resulted in a more realistic pattern of flame expansion. Another numerical parameter

whose influence was investigated was the discretisation scheme for the convection

term in the CMC equation. Predictions using the first-order upwind scheme, known

to introduce significant amounts of numerical diffusion, and a TVD scheme were

compared and it was found that the TVD scheme would retain the sharp gradients

of the reacting scalars at the flame front. This, however, would come at a great

computational cost. Furthermore, the flame ‘anchoring’ appeared in the results using

the TVD scheme too. This led to the conclusion that the additional computational

cost would counter-balance the higher accuracy of the TVD scheme and therefore the

first-order upwind scheme was considered to be a reasonable discretisation scheme.

The expansion of the flame across the flow was found to be dominated by convec-

tion (i.e. resolved fluctuations of velocity). A simulation where the sub-grid scale

diffusion term (term T4 in Eq. (2.28)) had been neglected resulted in predictions

very similar to those where the diffusion term had been included. This may be true

in the case of this configuration, but it may not be true in other problems (such
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as a lifted flame) where sub-grid scale diffusion and convection may be of the same

importance. The bulk velocity of the turbulent streams was also found to be an

important parameter. It has been mentioned earlier in this section that the flame

was found to be ‘anchored’ in the spark location. This ‘anchoring’ was found to

disappear when the bulk velocity was increased.

6.2 Ignition of a bluff-body stabilised flame

Simulations of forced ignition of a bluff-body stabilised flame have been performed

and presented in chapter 5. Although this configuration is simpler than a gas turbine

combustor chamber, it has some of the characteristics encountered in real combus-

tors, such as a recirculation zone for the stabilisation of the flame, and therefore

could be considered as a good test-case for the feasibility of the CMC method in

real gas turbine combustors. The configuration consisted of an annular jet of high

velocity carrying air and a radial injection of fuel before the exit of the bluff-body.

This resulted in a reasonably well-mixed recirculation zone (CRZ), where the mix-

ture is slightly richer in fuel than stoichiometry, surrounded by a mixing layer.

Simulations of the inert flow revealed that the mixture fraction field was more

sensitive to the resolution of the mesh than the velocity field. Good agreement with

experimental data for the velocity was achieved even using a relatively coarse mesh,

but in order to capture the mixture fraction field correctly, a mesh that was almost

six times finer had to be used.

Overall, the results from the simulations were found to agree reasonably well with

the experimental findings, at least at a qualitative level. It was difficult to make

quantitative comparison with the experimental results, because there were not many

quantities measured and most of the comparison was made based on fast camera

and OH-PLIF images. Nevertheless, it was possible to draw conclusions about the

flame expansion process based on the experimental data that were available.

The location of the spark affected the expansion pattern and the time required
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for the flame to stabilise. Positioning the spark in the mixing layer resulted in faster

expansion compared to a spark in the recirculation zone. This was due to the fact

that in the mixing layer, the mixture that was ‘sampled’ by the spark was closer to

stoichiometry and the higher axial velocity caused a fast flame expansion. When the

spark was located in the recirculation zone, a significant amount of time was spent

heating the CRZ, and only later did the flame expand. During flame expansion

(independent of the spark location), the OH field appeared to be very ‘patchy’, as

observed in the experiment [11]. This was due to the fact that at different times,

different regions corresponded to different levels of burning, with some locations fully

burning, others being inert and others corresponding the intermediate conditions.

The size of the spark also played a vital role. If the spark was very small, the rapid

diffusion and convection of heat and species caused extinction of the flame.

Two chemical mechanisms of different complexity were used in these simulations.

Both the global single-step mechanism and a detailed 16-species mechanism repro-

duced the pattern of the flame expansion reasonably well, but the rate of expansion

was over-predicted by the single-step mechanism by a factor of two, whereas the

detailed chemical mechanism resulted in better predictions.

The stabilisation mechanism of the flame was also investigated. Transport of

heat and species from the hot recirculation zone to the fresh unreacted gases that

constantly enter the burner, resulted to what can be interpreted as a lift-off hight

where the transition from cold unreacted to hot reacting gases is made.

6.3 Suggestions for future work

This thesis has shown some of the capabilities and limitations of first-order CMC,

when applied to ignition problems. In cases where the flame expansion is due to

convection, either in terms of mean velocity or resolved fluctuations (for example

chapter 4) and/or volumetric expansion, recirculation and turbulence (for example

chapter 5) it appears that the CMC/LES combination produces good predictions.
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However, in diffusion-dominated cases, such as the upstream flame propagation in

chapter 4, some problems were encountered. Further research must be undertaken

in the modelling of the sub-grid scale conditional flux, but also in the sub-models

themselves (for example the conditional diffusivity) if the gradient model is used.

The models used for the conditional scalar dissipation rate must also be further

investigated and validated. In principle, flame extinction is caused by high scalar

dissipation rate and hence, the CMC should be able to capture such phenomena.

It has been seen, however, in chapter 4 that there have been problems of flame

anchoring at the spark location. This is partly due to the fact that the flamelets

that were in the spark location initially could not be extinguished and this may be

related to the model for the conditional scalar dissipation rate.

The models for the conditional velocity must also be validated further. Knowledge

from CMC/RANS calculations is being used at the moment and the accuracy of these

models in an LES context has not been validated yet. LES offer amazing capabilities

and by refining the sub-models in the CMC, it is possible to have a model that could

be used for a variety of transient combustion phenomena.

The use of higher order CMC should also be investigated. For flames close to

extinction, it is possible that first-order closure is inadequate. In any case, the

feasibility of using second-order closure in LES (bearing in mind the increase in the

size of the system and hence in computational time that would have to be solved)

should be examined.

The long term goal of this study is to use a CMC/LES approach in real gas turbine

combustors. This poses many questions and many challenges to overcome. The

introduction of spray atomisation and evaporation and the way this would appear

in the CMC equations is still a subject of research [132, 133]. Furthermore, the

combustion of the fuels used in real combustors are described by more complicated

chemical mechanisms than the ones presented in this thesis. The increase of the

number of ODEs that must be solved and therefore of the computational cost of

an LES/CMC calculation puts pressure for creating more effective and less time-
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consuming computer codes. There are therefore challenges both in terms of theory

and modelling, but also in terms of code development and efficiency.
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Appendix A

Calculation of variance-2

The resolved mixture fraction and its sub-grid scale variance are defined:

ξ̃ =

∫ 1

0

ξ P̃(η) dη (A.1)

ξ̃′′2 =

∫ 1

0

(ξ − ξ̃)2 P̃(η) dη (A.2)

where ξ is the mixture fraction and P̃(η) is the Filtered Density Function. One of

the properties of the FDF is that:

∫ 1

0

P̃(η) dη = 1 (A.3)

Expanding (A.2) we obtain:

ξ̃′′2 =

∫ 1

0

(ξ2 − 2ξξ̃ + ξ̃2) P̃(η) dη =

∫ 1

0

ξ2 P̃(η) dη − 2ξ̃

∫ 1

0

ξ P̃(η) dη+

ξ̃2

∫ 1

0

P̃(η) dη =

∫ 1

0

ξ2 P̃(η) dη − 2ξ̃2 + ξ̃2 ⇒ ξ̃′′2 =

∫ 1

0

ξ2 P̃(η) dη − ξ̃2

(A.4)

The integrated mixture fraction and its variance can be defined:

ξ̃∗ =

∫ 1

0

ξ P̃∗(η) dη (A.5)

ξ̃′′2 ∗
2 =

∫ 1

0

(ξ − ξ̃∗)2 P̃∗(η) dη (A.6)
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where P̃∗(η) is the integrated FDF. Following the same procedure as before, (A.6)

can be expanded:

ξ̃′′2 ∗
2 =

∫ 1

0

(ξ2 − 2ξξ̃∗ + ξ̃∗2) P̃∗(η) dη =

∫ 1

0

ξ2 P̃∗(η) dη − 2ξ̃∗
∫ 1

0

ξ P̃∗(η) dη+

ξ̃2

∫ 1

0

P̃∗(η) dη =

∫ 1

0

ξ2 P̃∗(η) dη − 2ξ̃∗2 + ξ̃∗2 ⇒ ξ̃′′2 ∗ =

∫ 1

0

ξ2 P̃∗(η) dη − ξ̃∗2

(A.7)

The integrated FDF, mixture fraction and square of mixture fraction are defined as

P̃∗(η) =

∫
V

ρP̃(η) dV ′

∫
V

ρ dV ′
(A.8)

ξ̃∗ =

∫
V

ρξ̃ dV ′

∫
V

ρ dV ′
(A.9)

ξ̃2∗ =

∫
V

ρξ̃ 2 dV ′

∫
V

ρ dV ′
(A.10)

Using (2.52), (A.4), (A.8) and (A.10), (A.7) will become:

ξ̃′′2 ∗
2 =

∫ 1

0

ξ2

[∫
V

ρP̃(η) dV ′

∫
V

ρ dV ′

]
dη −

(∫
V

ρξ̃ dV ′

∫
V

ρ dV ′

)2

=
1∫

V
ρ dV ′

∫

V

ρ

[∫ 1

0

ξ2 P̃(η) dη

]
dV ′−

(∫
V

ρξ̃ dV ′

∫
V

ρ dV ′

)2

=
1∫

V
ρ dV ′

∫

V

ρ(ξ̃′′2 + ξ̃2) dV ′ −

(∫
V

ρξ̃ dV ′

∫
V

ρ dV ′

)2

= ξ̃ 2∗ + ξ̃′′2 ∗ − ξ̃∗2

(A.11)

165



Appendix B

Upwind and TVD discretisation

schemes for the convection term in

the CMC equation

The equation that is discussed in this section is the one dimensional inviscid flow

equation for a scalar f :
∂f

∂t
+ u

∂f

∂x
= 0 (B.1)

where u is the velocity (assumed here to be positive) in the x direction. The x

direction is discretised and the variable f is considered to have the shape shown in

Fig. B.1.

The first order accuracy upwind scheme used in this thesis, will be:

∂fi

∂t
= −

ui

∆x
(fi − fi−1) (B.2)

For a uniform grid of spacing ∆x, the TVD scheme considered here would [112,

113] be:

∂fi

∂t
= −

1

∆x

[
1 +

1

2
Ψ(r+

1− 1

2

) −
1

2

Ψ(r+
1− 3

2

)

r+
1− 3

2

]
u+

1− 1

2

(fi − fi−1)

−
1

∆x

[
1 +

1

2
Ψ(r−

1+ 1

2

) −
1

2

Ψ(r−
1+ 3

2

)

r−
1+ 3

2

]
u−

1+ 1

2

(fi+1 − fi)

(B.3)
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B. Upwind and TVD discretisation schemes for the convection term

in the CMC equation

f

i−2 i−1 i i+1 i+2i−3/2 i−1/2 i+1/2 i+3/2
x

Figure B.1: Discretisation of x direction and profile of scalar f .

where

r+
1− 1

2

=
fi+1 − fi

fi − fi−1
(B.4)

r+
1− 3

2

=
fi − fi−1

fi−1 − fi−2

(B.5)

r−
1+ 1

2

=
fi−1 − fi−2

fi − fi−1

(B.6)

r−
1+ 3

2

=
fi+1 − fi

fi+2 − fi+1

(B.7)

(B.8)

and Ψ is Van Leer’s limiter:

Ψ(r) =
r + |r|

1 + r
. (B.9)
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Appendix C

Derivation of the transport

equation for the sub-grid scale

variance

The transport equation for ξ̃2 is:

∂ρξ̃2

∂t
+

∂ρũiξ̃2

∂xi
=

∂

∂xi

(
ρ(D + Dt)

∂ξ̃2

∂xi

)
− 2ρÑ (C.1)

where

Ñ = D

(̃
∂ξ

∂xi

)2

(C.2)

The transport equation for the resolved mixture fraction ξ̃ is:

∂ρξ̃

∂t
+

∂ρũiξ̃

∂xi
=

∂

∂xi

(
ρ(D + Dt)

∂ξ̃

∂xi

)
(C.3)

Multiply Eq. (C.3) by ξ̃:

ξ̃
∂ρξ̃

∂t
+ ξ̃

∂ρũiξ̃

∂xi
= ξ̃

∂

∂xi

(
ρ(D + Dt)

∂ξ̃

∂xi

)
(C.4)
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variance

If σ̃ = ξ̃2 then:

ξ̃
∂ρξ̃

∂t
=

1

2

∂ρσ̃

∂t
(C.5)

ξ̃
∂ρũiξ̃

∂xi
=

1

2

∂ρũiσ̃

∂xi
(C.6)

ξ̃
∂

∂xi

(
ρ(D + Dt)

∂ξ̃

∂xi

)
=

1

2

∂

∂xi

(
ρ(D + Dt)

∂σ̃

∂xi

)
− ρ(D + Dt)

(
∂ξ̃

∂xi

)2

(C.7)

Eq. (C.4) will become:

∂ρσ̃

∂t
+

∂ρũiσ̃

∂xi
=

∂

∂xi

(
ρ(D + Dt)

∂σ̃

∂xi

)
− 2ρ(D + Dt)

(
∂ξ̃

∂xi

)2

(C.8)

Subtracting Eq. (C.8) from (C.1):

∂ρξ̃2

∂t
−

∂ρσ̃

∂t
+

∂ρũiξ̃2

∂xi

−
∂ρũiσ̃

∂xi

=
∂

∂xi

(
ρ(D + Dt)

∂ξ̃2

∂xi

)

−
∂

∂xi

(
ρ(D + Dt)

∂σ̃

∂xi

)
− 2ρÑ + 2ρ(D + Dt)

(
∂ξ̃

∂xi

)2 (C.9)

By introducing the sub-grid scale variance ξ̃′′2 = ξ̃2 − σ̃, Eq. (C.9) becomes:

∂ρξ̃′′2

∂t
+

∂ρũiξ̃′′2

∂xi
=

∂

∂xi

(
ρ(D + Dt)

∂ξ̃′′2

∂xi

)
− 2ρÑ + 2ρ(D + Dt)

(
∂ξ̃

∂xi

)2

(C.10)
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