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A filtered tabulated chemistry model for Large Eddy Simulation of reactive flows

A new model called F-TACLES (Filtered Tabulated Chemistry for LES) is developed to introduce tabulated chemistry methods in LES of turbulent premixed combustion. The main objective is to recover the correct propagation speed of the filtered flame front when the sub-grid scale wrinkling vanishes. The filtered flame structure is mapped by 1-D filtered laminar premixed flames. The methodology is first applied to 1-D filtered laminar flames. Computations show the capability of the model to recover the laminar flame speed and the correct chemical structure when flame wrinkling is fully resolved on the LES filter scale. The model is then extended to turbulent regimes by introducing sub-grid scale wrinkling effects on the flame propagation. LES's of a 3-D turbulent premixed flame are performed on different grids, with different flame filter sizes. Objectives are to analyze the influence of the grid size, the flame filter size and the sub-grid flame wrinkling on the model performances. All these computations are compared to experimental data.

I. Introduction

Objectives of Large Eddy Simulations of combustion are to predict unsteady features such as flame ignition, extinction or pollutant emissions. These phenomena are driven by chemical kinetics and require therefore an accurate description of combustion chemistry. Hydrocarbon combustion generally involves hundreds of species. In complex chemistry simulations, one balance equation must be added to the Navier-Stokes equation for each species present in the detailed mechanism. Therefore, despite the continual increase of computational power, simulations of practical combustion systems under complex chemistry assumption remains impossible.

Various technique exist to tabulate the chemistry. Some are based on mathematical analysis, [START_REF] Maas | Simplifying chemical kinetics: Intrinsic low-dimensional manifolds in composition space[END_REF] and other are based on physical consideration. [START_REF] Gicquel | Laminar premixed hydrogen / air counterflow flame simulations using flame prolongation of ildm with differential diffusion[END_REF][START_REF] Fiorina | Modelling non-adiabatic partially[END_REF][4] In practical reactive systems, the chemical composition may be considered evolving on a reduced subspace 1 called manifold. Various techniques such as ILDM [START_REF] Maas | Simplifying chemical kinetics: Intrinsic low-dimensional manifolds in composition space[END_REF] (Intrinsic Low Dimensional Manyfold), FPI [START_REF] Gicquel | Laminar premixed hydrogen / air counterflow flame simulations using flame prolongation of ildm with differential diffusion[END_REF][START_REF] Fiorina | Modelling non-adiabatic partially[END_REF] (Flame Prolongation of ILDM) or FGM 4 (Flamelet Generated Manifold) have been proposed to calculate these manifolds. Thermochemical quantities such as species mass fractions and reaction rates are then tabulated as a function of a reduced set of variables describing the manifolds. Balance equations of these variables are then solved instead of the direct solving of the entire set of species equations. These equations are coupled with the Navier-Stokes equations to describe the reactive flow.

A recurrent problem that occurs in coupling tabulated chemistry with Large Eddy Simulation is the numerical resolution of the filtered flame front. Indeed in practical LES meshes, the flame thickness is typically thinner than the grid size. As the progress variable source term is very stiff, the flame front structure cannot be directly resolved on practical LES grids, leading to numerical issues. To overcome this difficulty, dedicated models have been developed under simplified chemistry assumptions. The main commonly used strategies are to artificially thicken the flame, 5,6 or track the inner layer using level set techniques 7 or thicken by filtering the reaction rate at scales larger than the grid size.

In order to introduce tabulated chemistry in LES, a new strategy has recently been introduced by Fiorina et al. 8 The model called F-TACLES (Filtered tabulated chemistry for LES) consists in coupling filtered flow governing equations with a filtered chemical database. Filtered reaction rates, filtered diffusion terms and filtered diffusion fluxes are carefully modeled. The formulation insures a proper description of the flame front propagation over the entire domain of the LES diagram.

For numerical reasons, the filter size ∆ has to be larger than the mesh size,∆ x . Indeed a sufficient number of grid points across the sources term is required to resolve the flame front. As the mesh size,∆ x is imposed by the cpu time and available memory, the effect on the front flame propagation of the ratios ∆/∆ x and ∆/δ l , where δ l is the laminar flame thickness, must be understood. For this purpose, parametric studies are performed on 1-D filtered flames. In this article after a brief description of the F-TACLES model, the impact of the ratio ∆/∆ x on the filtered flame propagation is investigated on 1-D premixed flame configurations. Then, studies of the effect of ∆/δ l on multi-dimensional flows are investigated by simulations of a turbulent premixed burner computed with two different grids and filter sizes.

II. The F-TACLES model

A. Coupling tabulated chemistry with LES

In premixed combustion, chemistry trajectories can be estimated from 1-D laminar premixed flames computed with detailed chemistry. [START_REF] Gicquel | Laminar premixed hydrogen / air counterflow flame simulations using flame prolongation of ildm with differential diffusion[END_REF] For a given set of values of initial pressure and temperature and equivalence ratio, thermodynamical and chemical quantities are tabulated as functions of one unique progress variable, c, related to temperature or to a combination of species mass fractions. c is normalized such that, c = 0 corresponds to fresh gases and c = 1 to burnt gases. The chemical database parametrized by c is then coupled to the flow field by the addition of the progress variable balance equation to the Navier-Stokes equations.

In LES, flow and progress variable equations should be filtered. Under unity Lewis number assumption, the filtered system of equations reads :

∂ ρ ∂t + ∇ • (ρ u) = 0 (1) 
∂ ρ u ∂t + ∇ • (ρ u u) = -∇ • P δ + ∇ • τ -∇ • (ρ uu -ρ u u) (2) 
∂ ρ c ∂t + ∇ • (ρ u c) = ∇ • ρD∇c -∇ • (ρ uc -ρ u c) + ωc (3) 
∂ ρ E ∂t + ∇ • (ρ u E) = -∇ • P uδ + ∇ • (τ u) -∇ • ρ uE -ρ u E +∇ • ρD∇h + ωE (4) P = ρ R W T ( 5 
)
where ρ is the density, u the velocity vector, P the pressure, δ the unit tensor, τ the laminar viscous tensor, E = H -P/ρ with H the total enthalpy, h the sensible enthalpy, D is the diffusivity, R the ideal gas constant and W the mean molecular weight. The overbar denotes the spatial filtering operation,

φ(x) = +∞ -∞ F (x -x ′ )φ(x ′ )dx ′ , (6) 
where φ represents reactive flow variables and velocity components. The tilde operator denotes the density-weighted filtering defined by ρ φ = ρφ.

In the previous equations,(2-4), the unresolved transport terms, ∇• ρ uφ -ρ u φ , the filtered laminar diffusion terms ρD∇φ and the filtered source terms, require closure models. The model constraints are both to ensure a correct flame propagation and to recover the chemical structure of the filtered flame under two possible situations : (1) the flame wrinkling is fully resolved at the LES filter size, and (2) wrinkling occurs at the sub-grid scale and affects the filtered flame speed.

B. Model formulation

The flame structure in the direction n normal to the flame front is assumed identical to the structure of a 1-D freely propagating laminar premixed planar flame obtained by using detailed chemical mechanism involving N s species. From this reference flame structure and using the filter operators , the a priori filtered flame structure is determined. For instance, for a given filter size ∆, any filtered fluxes or filtered thermochemical quantities of a filtered laminar flame planar are determined using the gaussian filter :

F (x) = 6 π∆ 2 1/2 exp(- 6x 2 ∆ 2 ) (7)
In the following, for any variable φ, by the notation φ[ c, ∆] we mean that φ is tabulated in a 2-D look-up table with coordinates c and ∆.

Filtered chemical reaction source terms

The filtered source terms for the progress variable and the energy equations are directly determined from the look-up database shown in Fig. 1 :

ωϕ = ω * ϕ [ c, ∆]. ( 8 
)
where, ϕ denotes c or E quantities and the * superscript denotes quantities extracted from a 1-D unstretched laminar premixed flame.

Filtered laminar diffusion terms

These terms are usually approximated as:

∇ • ρD∇ϕ ≈ ∇ • (ρD ∇ ϕ) . (9) 
However, as shown in 8 this approximation introduces large errors. In the present work, the filtered diffusion term for eq.3 is modeled by:

∇ • (ρD ∇c) ≈ -∇ • (ρD |∇c|n) (10) = -∇ • ρD ∂c * ∂x * n (11) = ∇ • (α c [ c, ∆] ρD ∇ c) , (12) 
where the vector normal to the flame front, n = -∇c/|∇c|, points towards the fresh reactants. A correction factor α c ( c) is introduced:

α c [ c, ∆] = ρD ∂c * ∂x * ρD ∂ c * ∂x * (13) 
The quantity α c [ c, ∆] is estimated from the 1-D filtered flame solution and is tabulated as a function of c for a given value of the filter size ∆ as shown in Fig. 2.

Similarly, the filtered laminar energy diffusion term is written as:

∇ • (ρD ∇h) = ∇ • α E ([ c, ∆]) ρD ∇ h . ( 14 
)
where the correction factor α E [ c, ∆] is defined as:

α E [ c, ∆] = ρD ∂h * ∂x * ρD ∂ h * ∂x * . ( 15 
)

Sub-grid scale convection terms

The displacement speed s d , measuring the fame front local speed relative to the flow, i.e. the difference between the absolute flow velocity u and the absolute fame front speed w, is first introduced:

u = w + s d . (16) 
The filtered flame front speed w should remain constant across the flame brush ( w = w = w), therefore after replacing the flow velocity by relation 16, the sub-grid scale convection term then reads:

-∇ • (ρ uϕ -ρ u ϕ) = -∇ • (ρ s d ϕ -ρ s d ϕ) (17) 
In a 1-D laminar premixed flame the laminar flame speed S 0 l and the fresh gas mixture density ρ 0 are related to the displacement speed through the following relation:

ρ 0 S 0 l = ρ s * d ( 18 
)
Therefore, under the assumption that the flame remains planar at the sub-grid scale level, the unresolved convection terms are directly estimated from the reference 1-D laminar premixed flame:

-∇ • (ρ uϕ -ρ u ϕ) = - ∂ ∂x * ρ s * d ϕ * -ρ s * d ϕ * (19) = -ρ 0 S 0 l ∂ϕ * ∂x * - ∂ ϕ * ∂x * . ( 20 
) = Ω ϕ [ c, ∆] (21) 
where the quantity Ω ϕ [ c, ∆] is also estimated from the 1-D filtered flame solution and is tabulated as a function of c for a filter size ∆ as shown in Fig. 1.

Pressure term

In a similar way, the pressure term in the energy equation (Eq. 4) is written as:

-∇ • (P uδ) = -∇ • (P uδ) -∇ • (P uδ) -∇ • (P uδ) (22) = -∇ • (P uδ) -∇ • (ρ rT uδ) -∇ • (ρ rT uδ) (23) ≈ -∇ • (P u δ) + Ω p [ c, ∆], (24) 
with

Ω p [ c, ∆] = -ρ 0 S 0 l ∂(rT * ) ∂x * - ∂( rT * ) ∂x * . ( 25 
)

Summary of F-TACLES equations

As the turbulence induces flame wrinkling, the flame surface area at sub-grid scale increases. As a consequence, the filtered flame front takes a new velocity : the turbulent flame speed,S t . This turbulent flame speed is related to the laminar flame speed by the wrinkling factor Ξ. [START_REF] Colin | A thickened flame model for large eddy simulations of turbulent premixed combustion[END_REF] The model is derived to ensure that the filtered flame front propagates at the turbulent flame speed. The filtered flame thickness is assumed to be only related to the filter size ∆ and is not altered by small-scale eddies. Then, the filtered progress variable turbulent reaction rate is modeled by:

ωct = Ξ . ω * c [ c, ∆] (26) 
and the turbulent diffusion term is expressed as follows:

Ω ct = -(∇ • (ρ uc -ρ u c)) t = Ξ Ω c [ c, ∆] + (Ξ -1) ∇ • (α c [ c, ∆] ρD ∇ c) (27) 
The first term on the r.h.s corresponds to the thermal expansion and the second one models the unresolved turbulent fluxes. This formulation ensures that the filtered flame front propagates at the velocity S t in the normal direction because every r.h.s. term has been multiplied by the wrinkling factor Ξ. The same procedure is applied to the energy equation. In this case, the equations of the F-TACLES model can be written as follows (a comparison with the laminar model is summarized in Table 1 ) :

∂ ρ u ∂t + ∇ • (ρ u u) = -∇P + ∇ • τ + ∇ • τ t (28) ∂ ρ c ∂t + ∇ • (ρ u c) = Ξ∇ • (α c [ c, ∆] ρD ∇ c) + ΞΩ c [ c, ∆] + Ξ ωc [ c, ∆] (29) 
∂ ρ E ∂t + ∇ • (ρ u E) = -∇ • (P u δ) + ΞΩ p [ c, ∆] + ∇ • ( τ u) + ΞΩ E [ c, ∆] +Ξ∇ • α E [ c, ∆] ρD ∇ h + Ξ ωE [ c, ∆]. ( 30 
)
Note that the sub-grid scale turbulent fluxes ∇ • τ t are modeled using the Smagorinsky model. Different alternatives exist to estimate the sub-grid flame wrinkling that appears in Eqs. 29 and 30. It can either be estimated from analytical models [START_REF] Colin | A thickened flame model for large eddy simulations of turbulent premixed combustion[END_REF][START_REF] Charlette | A power-law flame wrinkling model for les of premixed turbulent combustion part ii: dynamic formulation[END_REF][START_REF] Pitsch | A consistent level set formulation for large-eddy simulation of premixed turbulent combustion[END_REF] or from the solution of a flame surface density balance equation. [START_REF] Hawkes | A flame surface density approach to large-eddy simulation of premixed turbulent combustion[END_REF][START_REF] Richard | Towards large eddy simulation of combustion in spark ignition engines[END_REF] III. Numerical simulations with F-TACLES

In the present method, the filtered size ∆ is a crucial parameter. Therefore, different computations are performed in order to investigate the impact of the ratios ∆/∆ x and ∆/δ l . Several1-D flames and a complex 3-D swirler chamber are computed. The first ones show the ability of the F-TACLES model to predict the flame speed when the wrinkling is fully resolved in the LES. The 3-D case quantifies the impact of the ratio ∆/δ l when the flame is wrinkled at the sub-grid scale.

A. Results on 1-D Flame

In order to quantify the ability of F-TACLES method to reproduce the correct flame front propagation speed with different ratios ∆/∆ x and ∆/δ l , a set of filtered steady 1-D laminar premixed flames is computed. Stoichiometric methane/air combustion is considered taking into account detailed chemistry effects. The PREMIX 14 solver is used with a modified version of the GRI 3.0 mechanism (http://www.berkeley.edu/gri mech/) involving N s = 70 species and 463 elementary reactions. The laminar flame thickness δ l is equal to 0.637 mm and the laminar flame speed, S 0 l , is 0.39 m.s -1 .The filter operator given by Eq. ( 7) is then applied to the 1-D laminar flame solution. Each simulation is, then, performed on uniform meshes. In this configuration, there is no sub-grid scale wrinkling. Different filter sizes are tested. For each filter size, the reference solution is obtained by filtering the 1-D laminar premixed flame detailed chemistry solution. Each simulation is initialized with this reference and ends at physical time defined by t end = 50∆/S 0 l . A comparison between the numerical solutions on uniform mesh (solid lines) and the reference solution The F-TACLES method is applied to study a 3-D complex configuration, PRECCINSTA, experimentally investigated by Meier et al. [START_REF] Meier | Detailed characterization of the dynamics of thermoacoustic pulsations in a lean premixed swirl flame[END_REF] The geometry is representative of the combustion chamber of an gas turbine (Fig. 5). It consists of a plenum, a swirl-injector and a combustion chamber. We assume that the mixing is fast leading to a perfectly premixed regime. A methane/air mixture is injected into the plenum with an equivalence ratio of 0.83, the inlet condition chosen in this simulation corresponds to an air mass rate of 12.3 g/s and a methane air flow rate of 0.6 g/s.

For the simulation, the first step is to compute a 1-D methane/air flame with PREMIX 14 using the GRI 3.0 mechanism (http://www.berkeley.edu/gri mech/) at an equivalence ratio of φ = 0.83. Then, this flame solution is filtered by a Gaussian function with a filter width of ∆. This filter size ensure a sufficient number of grid points in the filtered flame front. The tests on 1-D flame have shown that the F-TACLES model reproduces the flame speed with a good agreement (Fig. 4(b)) for 5 cells in the filtered flame front, δ e c /∆ x ≥ 5. In this 3D calculation, δ e c /∆ x is set 6 for all computations. The progress variable is defined by c = Y CO2 /Y eq CO2 . All the filtered quantities required by the models are tabulated as a function of c for the filter size considered.

The F-TACLES model has been implemented into the compressible LES code AVBP. 16 The third order finite element scheme TTGC [START_REF] Colin | Development of high-order taylor-galerkin schemes for les[END_REF] and a third order Runge Kutta explicit time step are used. The sub-grid flame wrinkling is estimated from the analytical model developed by Colin et al. [START_REF] Colin | A thickened flame model for large eddy simulations of turbulent premixed combustion[END_REF] Two different meshes are used to study the influence of the sub-grid wrinkling, With a fine mesh, as a larger contribution of the total flame surface is resolved, the wrinkling is less important than in the case of a coarse mesh (the maximum value decreases from 6.9 to 4.3). The fine unstructured mesh used to perform the computation contains 12.7 millions elements which are almost uniform in flame area. The second mesh has the same type of distribution but contains only 3 millions cells. A filter length ∆ of ∆=20δ l is used for the computation on the fine mesh.For the second mesh, ∆ is set to ∆=40δ l . Mean and resolved Root Mean Square (RMS) quantities are computed by time averaging LES solutions over a physical time that corresponds to 6 flow-through times based on the fresh gas inlet velocity. Mean temperature, temperature A very good agreement is observed between experimental and numerical profiles, which demonstrates that the correct flame angle and mean flame thickness are reproduced by the model for the two filter sizes. Because heat losses have not been considered when generating the chemical database and in the numerical simulation, the LES slightly over-estimates the temperature profiles close to the combustion chamber wall, in the outer recirculation zone for x < 20 mm and at radial distances larger than 20 mm from the jet axis. Note that heat losses effects on the flame structure can be taken into account with the addition of the enthalpy as a second coordinate of the chemistry look-up table. [START_REF] Fiorina | Modelling non-adiabatic partially[END_REF][START_REF] Fiorina | Premixed turbulent combustion modelling using tabulated chemistry and pdf[END_REF] Figures. 7 and 9 show a comparison between resolved LES RMS and measured RMS of the temperature and the CO 2 mass fraction, respectively. As the plotted LES RMS does not include the sub-grid scale RMS, conclusions regarding the model performance in terms of flame turbulence interactions are more difficult. However, it is observed that LES RMS remains lower than measured RMS for each filter size, as expected from theory. In addition, we observed an increase of the RMS values with the fine mesh. As the flame and the turbulence are resolved with more resolution, the fluctuations increased.

Finally, Fig. 10 indicates the flame position in the Pitsch LES regime diagram [START_REF] Pitsch | Large-eddy simulation of turbulent combustion[END_REF] for turbulent premixed combustion, where the ratio ∆/δ l is expressed as a function of the Karlovitz number Ka in logarithmic scale. In LES, the Karlovitz number is related to the sub-grid velocity fluctuations v ′ ∆ and laminar flame scales [START_REF] Pitsch | Large-eddy simulation of turbulent combustion[END_REF] :

Ka 2 = δ l S 0 l 3 ε = v ′ ∆ S 0 l δ l ∆ ( 31 
)
where ε is the kinetic energy transfer rate. The sub-grid velocity fluctuations are computed as follows :

v ′ ∆ = µ t ρC k ∆ 3/2 (32)
where the turbulent viscosity µ t is estimated from Smagorinsky model. In this diagram Ka < 1, combustion takes place in the corrugated flame regime while the thin reaction zone regime is observed when Ka > 1. Computational nodes located in the filtered flame front are considered, i.e. for 0.01 < c < 0.99, and are plotted in the Pitch diagram (horizontal thick solid black lines in Fig. 10). In our simulations, 

l G = v ′ ∆ S 0 l (33) 
The substitution of Eq. 33 into Eq. 31 shows that ∆ = l G condition corresponds to ∆/δ l = Ka -2 represented by a line of slope -2 in the Pitch diagram (Fig. 10). In the corrugated flame regime, when the Gibson length becomes larger than the filter width, the sub-grid velocity fluctuation v ′ ∆ is smaller than the laminar flame speed S 0 l . In such cases, there are enough points in the flame front and the flame wrinkling is fully resolved at the LES filter scale. At the opposite, on the right side of the l G = ∆ line, sub-grid scale wrinkling is more important and will impact the filtered flame front propagation speed S ∆ . On Fig. 10 the horizontal lines corresponding to nodes located in the flame front do not show what percentage of these points are located in the zone with a wrinkling at the sub-grid scale and for what percentage of them the wrinkling is fully resolved. This can be displayed by plotting the number of points in the flame front (0.01 < c< 0.99) as a function of the Karlovitz number (Fig. 11). For each simulation, it can be observed that most of the points are located in the corrugated flame regime (Ka < 1). The chemical flame structure remains therefore laminar as assumed in the present model. Also, for a substantial area of the flame surface ( about 30 % for the fine mesh), the Gibson length l G is larger than the filter width and consequently the flame wrinkling is fully resolved. However, for the coarse mesh with ∆/δ l = 40, only 5% of the surface area are under the Gibson limit. The comparison with the fine grid shows that as meshes will be finer in the future with the increase of computational power, this trend should be emphasized. This shows that ensuring a proper propagation of the laminar flame front when deriving a turbulent combustion model is a crucial point in modeling.

IV. Conclusion

A new model called F-TACLES (Filtered Tabulated Chemistry for LES) is developed to introduce tabulated chemistry methods in LES of premixed combustion. A filtered 1-D laminar premixed flame is used to build a filtered chemical look-up table. The model performances are demonstrated on 1-D filtered laminar flame computations. As long as the ratio δ e c /∆ x is larger than 5, the F-TACLES reproduces the actual laminar flame speed for various filter sizes. Finally the proposed strategy has been applied to perform 3-D computations of a swirled turbulent premixed flame in order to study the influences of filter size on the results, highlighting the importance of the fully resolved wrinkling behavior of the combustion model. 
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 1 Figure 1. Budget terms (in kg.m -3 .s -1 ) of the filtered progress variable balance equation of a filtered 1-D planar methane/air premixed laminar planar flame as a function of e c for ∆ = 25δ l : -: ∇ • (ρe ue c), : ∇ " ρD ∂c * ∂x * " , : Ωc, : ωc,♦: ∇ " ρD ∂e c * ∂x * " .

Figure 2 .

 2 Figure 2. Diffusion correction factor αc as a function of e c for different values of ∆. Dashed dotted-dotted lines: ∆ = 0.2δ l , Dashed lines: ∆ = 1δ l , Dashed dotted lines: ∆ = 5δ l , Solid lines: ∆ = 25δ l .

Figure 3 .

 3 Figure 3. Filtered 1-D premixed flame solutions. Filtered progress variable (solid) compared to the reference solution (dashed) for ∆/δ l = 2, 10 and 20.

(

  dashed line) is first shown in Fig.3for different values of ∆/δ l . The predicted filtered progress variable profiles match the reference solution for all the filter size values. Fig.4(a) shows that the predicted filtered front propagation speed S ∆ (square symbols) remains very close to the expected laminar flame speed for various values of ∆/δ l . However as shown in Fig.4(b), in order to correctly predict the laminar flame speed, the mesh resolution has to verify the condition δ e c /∆ x ≥ 5, where δ e c = 1/ max(| ∂e c ∂x |) is an estimation of the filtered flame thickness. Below this critical value, the number of grid points in the flame front is not sufficient, the filter flame front propagation speed is overestimated and does not reproduce the laminar flame speed.

  (a) ∆/∆x = 50 (b) ∆/δ l = 20

Figure 4 .

 4 Figure 4. Predicted flame speed as a function of ∆/δ l (left) and ∆/∆x (right). δ e c is the filter flame thickness

Figure 5 .

 5 Figure 5. Iso-surface of the temperature (T=1600K) and view of the swirler PRECCINSTA

Figure 6 .

 6 Figure 6. Mean values of temperature, case φ = 0.83. •: measurements. -: simulation with ∆/δ l = 20. --: simulation with ∆/δ l = 40 . x = 0 matches the swirler exit

Figure 7 .

 7 Figure 7. RMS values of temperature, case φ = 0.83. •: measurements. -: simulation with ∆/δ l = 20. --: simulation with ∆/δ l = 40 . x = 0 matches the swirler exit

Figure 8 . 20 Figure 11 .

 82011 Figure 8. Mean values of CO 2 mass fraction, case φ = 0.83. •: measurements. -: simulation with ∆/δ l = 20. --: simulation with ∆/δ l = 40 . x = 0 matches the swirler exit

  

Table 1 .

 1 Summary of the F-TACLES equations, LES : Exact unclosed terms, WR : Wrinkling fully resolved in LES; WS : Wrinkling at the sub-grid scale. The

* superscript denotes quantities from a 1-D unstretched laminar premixed flame
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