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Abstract

In turbulent premixed combustion, the instantaneous flame thickness is typically thinner that the grid size usually

retained in Large Eddy Simulations (LES), requiring adapted models. Two alternatives to couple chemical databases

with LES balance equations, the Thickened Flame (TFLES) and the Filtered Tabulated Chemistry (F-TACLES) mod-

els, are investigated here and compared in terms of chemical flame structure and dynamics. To avoid the uncertainties

related to the modeling of sub-grid scale turbulence / flame interactions, this comparison is conducted in situations

where the flame front is not wrinkled at sub-grid scale levels. The thinner quantity requiring an accurate discretiza-

tion on the numerical grid mesh is the reaction rate of the thickened or filtered progress variable. The thermal flame

structure is found to be considerably thicker in TFLES than when using F-TACLES. The simulation of a 2D unsteady

Bunsen burner flame shows that the thermal thickness spreading strongly affects the flame dynamics giving a decisive

advantage to F-TACLES compared to TFLES.
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1. Introduction

Large Eddy Simulation is an attractive tool to pre-

dict flame dynamics and pollutant emissions in indus-

trial combustion chambers [1]. The primary challenge

is then to capture simultaneously the flame front prop-

agation speed, the thermal expansion and the chemical

species formation.

These phenomena are first driven by chemical ki-

netics and require therefore an accurate description of

combustion chemistry. A widely used approach to de-

scribe fluid/chemistry interactions at a reduced compu-

tational cost is to tabulate chemical species mass frac-

tions and/or reaction rates as functions of a reduced set

of variables. A large variety of techniques has been

developed to construct chemical databases. Among

them, the ILDM (Intrinsic Low Dimensional Manifold)

is based on a direct mathematical analysis of the dy-

namic behavior of the nonlinear chemical system re-

sponse [2]. An alternative strategy is to map the chem-

ical flame structure to a reduced phase subspace from

elementary combustion configurations [3, 4]. For in-

stance, in the Flame Prolongation of ILDM method
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[3, 5], the chemical subspace of a turbulent premixed

flame can be approximated by a collection of 1-D lam-

inar flames. In such simple situations, all thermo-

chemical quantities are related to a single progress vari-

able related to the temperature or to a linear combi-

nation of chemical species. This tabulation chemistry

method has been found very efficient and successful in

laminar premixed and partially-premixed flames sim-

ulations [3, 6, 7] and to compute turbulent premixed

and partially-premixed flames in both RANS (Reynolds

Averaged Navier-Stokes equations) [8, 9, 10] and LES

contexts [11, 12]. As recently shown by Nguyen et al.

[13], very complex flame structures such as triple flames

can also be accurately recovered by tabulated chemistry

techniques.

Unfortunately, an accurate description of the com-

bustion chemistry is not sufficient to predict the correct

flame front behavior in Large Eddy Simulations. The

primary recurrent problem is that the flame thickness is

typically thinner than the LES grid size. To overcome

this issue, different strategies have been developed. The

level-set or G-equation approach consists in tracking the

inner layer by solving a propagation equation. Initially

developed for RANS [14], the G-equation has been re-

formulated for LES [15, 16, 17]. However as level-set
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techniques provide information only on the thin reaction

zone position and not on the filtered flame structure, the

coupling with the flow equations remains challenging.

In particular, an additional modeling effort is needed

to estimate the temperature field and thermal expansion

[18]. Moreover, the coupling between G-equation for-

malism and tabulated chemistry is a difficult task.

A common way to couple tabulated chemistry with

turbulence in RANS [8, 9, 10] and in LES [19] is to pre-

sume the shape of the sub-grid-scale probability density

function (PDF). Unfortunately, when extended to LES,

this formulation does not guarantee a proper description

of regimes where sub-grid-scale flame wrinkling van-

ishes [12]. These situations, observed when the sub-grid

fluctuations are lower than the laminar flame speed, are

encountered in practical LES of premixed combustion

[12, 18, 19]. Additionally LES should tend toward DNS

when the filter size becomes lower than the Kolmogorov

scale.

A solution to propagate a flame front on a coarse

grid is to artificially thicken the flame front (Thickened

Flame model for LES) and to model subgrid scale wrin-

kling [20]. In premixed combustion, as this technique

can be applied to the progress variable balance equation,

coupling TFLES and tabulated chemistry is straightfor-

ward [21]. An alternative is to introduce a filter larger

than the mesh size in order to resolve the chemical flame

structure. Initially developed for infinitely thin flame

front and for single-step chemistry [22, 23, 24], this

strategy has recently been extended to tabulated chem-

istry in the Filtered Tabulated Chemistry for LES (F-

TACLES) model [12, 25]. As the flame front is arti-

ficially spread in TFLES and F-TACLES approaches,

flame structure and flow field may be affected.

The objective of this present work is to compare the

effects of flame front thickening and filtering on both

flame structure and dynamics. To avoid uncertainties

related to the modeling of sub-grid-scale turbulence and

flame interactions, the comparison is conducted in situ-

ations where the flame front is not wrinkled at the sub-

grid-scale level. TFLES and F-TACLES mathematical

formalism are first briefly described in situations where

flame wrinkling is fully resolved on the LES meshes

(section 2). A criterion based on reaction zone thickness

is proposed in section 3 to achieve quantitative compar-

ison between the two competitive approaches. Finally,

TFLES and F-TACLES models are applied to the simu-

lation of an unsteady pulsed 2-D laminar Bunsen flame

for various thickening factors and flame filter sizes, re-

spectively (section 4). Results are compared to a filtered

DNS solution serving as a reference solution.

2. Coupling tabulated chemistry with LES

2.1. Problem formulation

The FPI technique is retained here to determine low-

dimensional trajectories covered by combustion chem-

istry [3, 5]. For premixed combustion, one-dimensional

freely propagating flames are first computed using de-

tailed chemical schemes. Thermodynamical and chemi-

cal quantities are assumed to depend on a unique mono-

tonic progress variable c, where c = 0 corresponds to

fresh gases and c = 1 to fully burnt gases respectively.

For instance, progress variable reaction rate is directly

given by a look-up table: ω̇c = ω̇
Tab
c [c]. The chemical

database is then coupled to the flow field by adding a

balance equation for the progress variable to the Navier-

Stokes equations. For LES, under unity Lewis Number

assumption, this equation is filtered leading to:

∂ρ̄̃c

∂t
+∇·(ρ̄ũ̃c)=∇·

(
ρD∇c

)
−∇·

(
ρ̄ũc−ρ̄ũ̃c

)
+ω̇c (1)

where ρ is the density, u the velocity vector, D is the

diffusivity coefficient and ω̇c is the progress variable re-

action rate. The overbar denotes the spatial filtering op-

eration:

φ(x) =

∫

R3

G(x − x′)φ(x′)dx′ (2)

where φ represents reactive flow variables and velocity

components and G the filtering operator, here a Gaus-

sian function:

G(x) =

(
6

π∆2

)3/2

exp

(
−

6x2

∆2

)
(3)

where ∆ is the filter size. The tilde operator denotes the

density-weighted filtering defined by ρ̄φ̃ = ρφ.

The sub-grid-scale transport term −∇ · (ρ̄ũc − ρ̄ũ̃c),

the filtered laminar diffusion term ρD∇c and the fil-

tered source term ω̇c, require closure models. When

fully compressible solvers are considered, the closure

of the energy balance equation must also be carefully

addressed. For the sake of clarity, only the closure of

the progress variable balance equation is discussed here.

The full description of the F-TACLES model that in-

clude the closure of the filtered momentum and energy

balance equations is given in [12].

The two possible approaches TFLES and F-TACLES

to couple tabulated chemistry with flow field through

the progress variable are now presented.
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2.2. Introduction of tabulated chemistry in the Thick-

ened Flame model

A correct flame propagation on a coarse grid is en-

sured by artificially thickening the flame front [26].

Eq. (1) is then replaced by:

∂ρ̄̃c

∂t
+∇·(ρ̄ũ̃c)=∇·(ρDF∇c̃)+

ω̇Tab
c [̃c]

F
(4)

where F is the thickening factor. As both molecular

diffusion and chemical source terms have been mul-

tiplied and divided by F respectively, the flame front

propagates at the same laminar flame speed S 0
l

than

the original flame but is thickened by a factor of F:

c̃(x) = c(x/F).

2.3. Filtered Tabulated Chemistry model (F-TACLES)

The F-TACLES approach solves the filtered progress

variable balance equation (1) where unclosed terms

are modeled from filtered one-dimensional laminar pre-

mixed flames. The flame structure in the direction n nor-

mal to the flame front is assumed identical to the struc-

ture of a planar 1-D freely-propagating premixed lam-

inar flame, computed with a detailed chemical mecha-

nism involving Ns species and filtered using a Gaussian

filter (Eq. 3) of size ∆. The filtered source term for

the filtered progress variable is then directly stored as a

function of c̃ and ∆ in a filtered chemical database:

ω̇c = ω̇
FTab

c [̃c,∆] (5)

As discussed in [12], the filtered molecular diffusion

term in Eq. (1) is modeled by:

∇ · (ρD∇c) = ∇ ·
(
αFTab

c [̃c,∆] ρD∇c̃
)

(6)

where the correction factor αFTab
c [̃c,∆] is defined as:

αFTab
c [̃c,∆] = ρD

∣∣∣∣∣
∂c∗

∂x∗

∣∣∣∣∣
(
ρD

∣∣∣∣∣∣
∂c̃∗

∂x∗

∣∣∣∣∣∣

)−1

(7)

and estimated from filtered 1-D flame solutions and

stored in a 2-D look-up table [̃c,∆]. The superscript

* corresponds to extraction from one-dimensional so-

lution. Finally, assuming that the flame is not wrinkled

by unresolved flow motions, the unresolved convection

term can be estimated as [12]:

−∇ ·
(
ρ̄ũc − ρ̄ũ̃c

)
= −ρ0S 0

l

(
∂c∗

∂x∗
−
∂c̃∗

∂x∗

)

= ΩFTab
c [̃c,∆]

(8)

where ΩFTab
c [̃c,∆] is also estimated from the filtered

chemical database. The filtered progress variable bal-

ance equation for the model F-TACLES, neglecting sub-

grid-scale flame front wrinkling is therefore written:

∂ρ̄̃c

∂t
+∇·(ρ̄ũ̃c)=∇·

(
αFTab

c [̃c,∆]ρD∇c̃
)

+ΩFTab
c [̃c,∆]+ω̇c [̃c,∆]

(9)

The filtered energy balance equation is closed similarly

when fully compressible flow are considered [12]. Sit-

uations where unresolved flame front wrinkling should

be considered are also discussed in reference [12].

3. Comparison of filtered and thickened flames

TFLES and F-TACLES models described in Section

2 are implemented into the AVBP code [27]. The cou-

pling of the chemical table and the compressible solver

is ensured following Tabulated Thermo-chemistry for

Compressible flows (TTC) formalism [28]. Planar one-

dimensional premixed methane/air flames are computed

using GRI 3.0 mechanism [29] for an equivalence ra-

tio equal to 1.05 to generate chemical databases. The

ability of TFLES and F-TACLES to exactly reproduce

planar laminar flame propagation speed has been al-

ready shown elsewhere [1, 12], but the present paramet-

ric study focuses on numerical grid requirements.

Two thicknesses are now introduced to characterize

laminar premixed flames: the reaction zone thickness

δ0r , defined here as the full width at half maximum

(FWHM) of the reaction rate ω̇c, and the thermal thick-

ness δ0
T

, defined as the inverse of the maximum progress

variable gradient (δ0r < δ
0
T

). Corresponding values for

TFLES and F-TACLES flames are respectively (̂δr =

Fδ0r , δ̂T = Fδ0
T

) and (δr, δT ). Note that, when the fil-

ter size ∆ is larger than the flame front thickness, as as-

sumed in F-TACLES, δr ≈ δT while for TFLES δ̂r < δ̂T .

Then, the lower progress variable scales to be resolved

in the simulation on a numerical grid of mesh size, ∆x,

are the reaction thicknesses δ̂r and δr in the TFLES and

F-TACLES approaches respectively.

Figure 1 displays the predicted F-TACLES (respec-

tively TFLES) flame front propagation speed ratio

S ∆/S
0
l

(respectively S F/S
0
l
) as a function of the length

scale ratio δr/∆x (respectively δ̂r/∆x) for two values of

the ratii δr/δ
0
r and δ̂r/δ

0
r . The predicted filtered and

thickened flame front propagation speeds, S ∆ and S F ,

remain very close to the reference laminar flame speed

S 0
l

as long as δr/∆x and δ̂r/∆x ratii remain larger than

3. Below this limit, a departure between computed and
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reference flame speeds is observed because of the under-

resolution of reaction rate profiles. Therefore, both min-

imal filtered and thickened reaction zone resolutions on

a grid of cell size ∆x are given by:

δ̄min
r = δ̂min

r = n∆x (10)

where n+1 is the minimal number of grid points needed

to resolve the flame front. The minimal thickening

factor for TFLES is then: Fmin = n∆x/δ
0
r . For in-

stance, present results show that flame simulations per-

formed with AVBP using the third order TTGC nu-

merical scheme [30] without artificial viscosity require

n = 3.

Thickening and filtering operators as defined in Sec-

tion 2 are applied to the detailed chemistry solution to

determine δr(∆) and δ̂r(F). The relation between F and

∆ such as δr(∆) = δ̂r(F) is then deduced and displayed

in Fig. 2. In practice, this relation may be used to deter-

mine ∆min from δr(∆
min) = δ̂r(F

min). In Appendix A, an

analytical relation between F and ∆ is derived model-

ing the progress variable reaction rate ω̇c by a Gaussian

function and plotted in Fig. 2 (solid line).

Figure 3 shows the effect of the filtering and thick-

ening operators on the flame structure when the re-

solved reaction zone thickness is preserved, i.e. when

δr = δ̂r. Two reaction zone thicknesses corresponding to

F = 2.5 (∆ = 3δ0r ) and F = 5.7 (∆ = 7.9δ0r ) are consid-

ered. Fig. 3(a) confirms that both filtered and thickened

progress variable reaction rates have the same thick-

ness but the thermal thickness, defined as the inverse

of the progress variable gradient, is larger for TFLES

than with F-TACLES. Figure 4 compares F-TACLES

(δT ) and TFLES (̂δT ) thermal flame thicknesses plotted

as a function of the thickening factor F = δ̂r/δ
0
r when

reaction layer thicknesses are identical (δr = δ̂r). The

thermal flame thickness is considerably more affected

by TFLES than F-TACLES. As expected, δT ≈ δr, while

δ̂T ≈ 2.5̂δr (i.e. δ̂T ≈ 2.5δT ). This behavior is also vis-

ible in Figs. 3(b) and 3(c), where temperature and ve-

locity profiles are shown for both models. The response

of a flame to a flow motion of size r is primarily con-

trolled by the ratio r/δ0
T

. It has been shown in Ref. [20]

that when the flame front is artificially broadened, then

the flame response decreases. Therefore as δ̂T > δT
under similar mesh conditions, thickened flames will be

always less affected by turbulence than filtered and orig-

inal flames. In the next section, a 2-D unsteady laminar

flame simulation is performed to verify these effects.

4. Unsteady 2-D Bunsen flame simulation

TFLES and F-TACLES formalisms are now tested

against direct numerical simulations (DNS) to investi-

gate the behavior of a bunsen laminar flame submit-

ted to hydrodynamic excitation. Methane-air mixture

at an equivalence ratio of 1.05 is issued from a 22 mm

exit diameter nozzle burner. The inlet flow velocity is

modulated harmonically according to v̄ = 0.97 m.s−1,

vRMS = 0.19 m.s−1 and f = 62.5 Hz where v̄, vRMS and

f are the mean inflow velocity, the inflow velocity RMS

and the excitation frequency. This configuration is a 2-

D simplification of the Schuller et al. [31] experimental

set-up.

One-dimensional laminar methane-air flames are

computed using the PREMIX software [32] and the

GRI 3.0 chemical mechanism [29] to generate chemical

look-up tables as a function of the progress variable de-

fined from carbon monoxide and dioxide mass fractions

as c = (YCO + YCO2
)/(Y

eq

CO
+ Y

eq

CO2
) where eq superscript

denotes equilibrium state.

The objective of the simulations is to evaluate the

ability of F-TACLES and TFLES formalisms to repro-

duce unsteady flame behavior when flow motions are

fully resolved (no sub-grid scale flame front wrinkling)

but not the internal flame structure. A direct numeri-

cal simulation (DNS) is first performed on a 1.1 million

grid elements to fully resolve the laminar flame struc-

ture. The mesh has been designed to ensure that at

least 15 nodes and 6 nodes are present in the thermal

and reaction zones, respectively. The smallest unsteady

flow structure is resolved over approximately 20 nodes.

From the DNS solution, a reference ”LES” field is then

obtained by filtering the progress variable field with the

operator defined in Eq. (3).

LES have been performed with both F-TACLES and

TFLES formalisms on two coarse grids of 0.6 and 0.3

millions of elements, respectively. On each grid, the re-

action zone thicknesses of both models are set identical.

The meshing criterion (Eq. 10) is respected (four grid

points across δr). Model parameters are summarized in

Table 1. Results are analyzed after ten excitation cycles

to ensure the independence of the solution from initial

conditions.

Figures 5 and 6 show consecutive sequences of the

pulsed Bunsen flame front position during an excitation

cycle. F-TACLES (dashed-dotted lines) and TFLES

(dotted lines) are compared to the reference DNS so-

lution plotted with solid lines. For moderate values of

filter size relative to the reaction thickness i.e. ∆ = 3 δ0r ,

a very good agreement is observed between F-TACLES

and the DNS (Fig. 5) while the corresponding thickened
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flame solution obtained with F = 2.5 slightly differs

from the reference solution. The heat release rate in-

tegrated over the computational domain, displayed in

Fig.7 along an excitation cycle, is very well predicted

by both approaches.

When the filter size increases up to ∆ = 7.9 δ0r ,

the flame dynamics remains fairly reproduced by F-

TACLES simulation while the TFLES solution obtained

with F = 5.7 fails to predict the flame patterns (Fig. 6).

The heat release prediction is strongly impacted as

shown in Fig. 8. F-TACLES predictions remain in good

agreement even if a slight phase shift corresponding to a

time lag of 0.1/ f is noticed. On the other hand, TFLES

misses most of the unsteady behavior of the global reac-

tion rate. As explained previously, for a given reaction

layer thickness, the thermal thicknesses are differently

affected in TFLES or F-TACLES approaches. As indi-

cated in Table 1, the thickened thermal structure is 2.5

times larger than the reactive layer while the F-TACLES

thermal layer remains of the same order than the filtered

reaction zone.

It has been shown in Ref.[31] that a flame behaves

as a low-pass filter. The thermal layer thickness broad-

ening tends to decrease the filter cut-off frequency, in-

creasing the flame response time. As discuss previously,

the problem has three main length scales: r, the size

of flow motions, δT and δ̂T , the thermal resolved flame

thicknesses when using F-TACLES and and TFLES re-

spectively (̂δT > δT ). When r >> δ̂T > δT , the flame

wrinkling will be fully resolved and both models are ex-

pected to provide similar results. When δ̂T > r > δT . F-

TACLES is still expected to provide good results while

TFLES will damp a part of the flame wrinkling. As dis-

cussed in section 3, for similar meshes leading to similar

reaction thickness, the thermal flame thickness is larger

with TFLES than with F TACLES. Therefore more flow

structures will be damped by TFLES than F-TACLES.

F-TACLES is then able to explicitly resolve a larger part

of the flame turbulence interactions than TFLES.

5. Conclusion

The ability of TFLES and F-TACLES approaches to

reproduce flame structure and dynamics has been in-

vestigated. Relevant comparison between both mod-

els are performed for identical filtered and thickened

reaction layer thicknesses (̂δr = δr) that were found

to be the thinnest zone to be resolved on a given nu-

merical grid. The flame structure and consequently the

flow field are more affected by the thickening operation

(TFLES) than by the filtering procedure (F-TACLES).

In fact, the thermal thickness of the resolved flame front

is of the same order of the reaction zone thickness when

using F-TACLES (δT ≈ δr) while it is larger, here by a

factor of about 2.5, for TFLES. Simulations of a two-

dimensional Bunsen flame submitted to acoustic excita-

tions show that the spreading of the thermal thickness

strongly impacts the flame dynamics and might affect

the prediction of combustion instabilities, a point to be

investigated in the future. However, the F-TACLES for-

malism is expected to be more efficient than TFLES to

describe flame dynamics and chemical flame structure

in turbulent combustion regimes.
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Appendix A. Analytical relation between the filter

size ∆ and the thickening factor F

The laminar reaction rate is modeled as a Gaussian

function:

ω̇c(x) = ρ0S lG(er, x) with er =

(
3

2 ln(2)

)1/2

δ0r

(A.1)

where δ0r is the full width at half maximum of the

progress variable reaction rate. In the expression er

is chosen so that the integral of the progress variable

source term and its full width at half maximum are re-

spectively equal to those obtained by detailed chemistry

1-D calculations done with PREMIX code. G(a, x) is

the Gaussian function of size a defined as :

G(a, x) =

(
6

πa2

)1/2

exp

(
−

6x2

a2

)
(A.2)

In TFLES approach, the thickened progress variable re-

action rate reads:

̂̇ωc(x) =
1

F
ω̇c

(
x

F

)
= ρ0S lG(Fer, x) (A.3)

The F-TACLES source term is written, for a filter size

∆:

ω̇c(x) = ρ0S lG

((
∆2 + e2

r

)1/2
, x

)
(A.4)

remembering that filtering a Gaussian function of thick-

ness er with a Gaussian filter of size ∆ corresponds to

a Gaussian function of size (e2
r + ∆

2)1/2. According to

Eqs. (A.3) and (A.4), the condition δr = δ̂r gives :

̂̇ωc(x) = ω̇c(x), F =

(
1 +
∆2

e2
r

)1/2

=

1 +
2 ln(2)

3

(
∆

δ0r

)2


1/2

(A.5)
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Case Model δr/δ
0
r δT /δ

0
r cells

DNS - 1 2.6 1.1 M

F 1 F-TACLES ∆ = 3δ0r 2.5 2.9 0.6 M

T 1 TFLES F = 2.5 2.5 6.5 0.6 M

F 2 F-TACLES ∆ = 7.9δ0r 5.7 6.5 0.3 M

T 2 TFLES F = 5.7 5.7 14.8 0.3 M

Table 1: Computational parameters of the 2-D unsteady Bunsen flame
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Figure 1: Predicted flame speed ratii as a function of δr/∆x for δr =

δ̂r = 2.5δ0r (top) and δr = δ̂r = 5.7δ0r (bottom). ©: F-TACLES S ∆/S
0
l
,

N: TFLES S F/S
0
l
.

Figure 2: Relation between ∆/δ0r and F when δr = δ̂r . Symbols:

Computations. Solid line: Analytical model (Appendix A).

Figure 4: Evolution of the resolved thermal thickness as a function of

the thickening factor F, �: δT , •: δ̂T

Figure 7: Heat release rate integrated over the computational domain

as a function of time during a cycle. δr = δ̂r = 2.5δ0r ; — DNS; · – ·

F-TACLES; − − − TFLES.
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Figure 3: Effect of filtering and thickening operators on the flame structure. Solid lines: F-TACLES. Dashed lines: TFLES. Without symbol:

δr = δ̂r = 2.5δ0r . Symbols: δr = δ̂r = 5.7δ0r . a) Progress variable source term, b) Temperature, c) Velocity

Figure 5: Iso-line c̃ = 0.5 during a cycle for δr = δ̂r = 2.5δ0r ; — DNS filtered with ∆ = 3δ0r ; · – · F-TACLES with ∆ = 3δ0r ; − − − TFLES with

F = 2.5.

Figure 6: Iso-line c̃ = 0.5 during a cycle for δr = δ̂r = 5.7δ0r ; — DNS filtered with ∆ = 7.9δ0r ; · – · F-TACLES with ∆ = 7.9δ0r ; − − − TFLES with

F = 5.7.

10



Figure 8: Heat release rate integrated over the computational domain

as a function of time during a cycle. δr = δ̂r = 5.7δ0r ; — DNS; · – ·

F-TACLES; − − − TFLES.
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