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The role of subfilter scale models for representing turbulence-chemistry interactions in
large eddy simulations (LES) of turbulent premixed combustion is of considerable impor-
tance as the internal structure of premixed flames is generally smaller than the filter sizes.
Moreover, the accuracy and validity of LES subfilter scale models for premixed combustion
are still under debate. A detailed comparison is made between two laminar flamelet type
modeling approaches: one approach based on the thickened flame and power-law flame
wrinkling models and a second approach based on the flame surface density (FSD) model.
The strengths and limitations of both methods are examined and the numerical predictions
of the thickened flame and FSD models are investigated and compared for freely propa-
gating premixed flames. The numerical results also include a discussion of the influence
of turbulence intensity on the turbulent flame speed and flame structure. The study is
intended to provide insight into the computational and physical modeling requirements for
performing LES of turbulent premixed flames.

I. Introduction

The numerical modeling of turbulent reactive flows represents a significant computational challenge as such
flows involve a broad range of complex physical and chemical phenomena occurring over a wide range of
spatial and temporal scales. Large Eddy Simulation (LES) is proving to be a valuable tool for numerical
solution of non-reacting turbulent flows,1 but it is at an early stage in its application to turbulent combusting
flows. One of the main challenges of LES for premixed turbulent combustion is that, in many cases, the
internal flame structure is entirely on the subfilter scales and, because of this, the accuracy and validity of
LES subfilter scale models for representing the effects of scales generally smaller than the filter size are still
under debate.2

In premixed flames, the reactants (fuel and oxidizer mixed at the molecular level) and burnt gases (combus-
tion products) are separated by a thin reaction zone or surface having a characteristic propagation speed
(flame speed) and thickness. Models for premixed turbulent combustion are therefore often geometrical in
nature with mixture properties (mass fractions, chemical kinetics, etc.) related to the dynamics and prop-
erties of iso-surfaces. This study considers a comparison of two different modeling approaches for turbulent
premixed flames: one approach based on the thickened flame and power-law flame wrinkling models3, 4 and
a second approach based on a flame surface density (FSD) transport equation.5, 6 Both of these approaches
are laminar flamelet type models.7 The thickened flame and FSD models are compared and LES results
obtained using both approaches for prediction of freely propagating premixed flames are described. Results
for stoichiometric flames are considered. A parallel adaptive mesh refinement algorithm has been developed
and is used herein for the solution of the Favre-filtered Navier-Stokes equations for a compressible reactive
thermally perfect mixture.8, 9 The numerical results include a discussion of the influence of turbulence inten-
sity on the turbulent flame speed and flame structure. In what follows is a discussion of the subfilter-scale
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modeling, numerical solution scheme, and preliminary computational results for freely propagating flames
in both two-dimensional and three-dimensional decaying isotropic homogeneous turbulent fields.

II. Favre-Filtered Governing Equations

In LES, a separation of scales is achieved via a low-pass filtering procedure. Scales larger than the filter size,
∆, are resolved, whereas scales smaller than ∆ are modeled. Relevant flow quantities, φ, are filtered or Favre-
filtered (mass-weighted filtering) to give φ or φ̃, respectively. The Favre-filtered form of the Navier-Stokes
equations governing compressible flows of a thermally perfect reactive mixture of gases are used herein to
describe turbulent premixed combustion processes. They are given by

∂

∂t
(ρ̄) +

∂

∂xi
(ρ̄ũi) = 0 , (1)

∂

∂t
(ρ̄ũi) +

∂

∂xj
(ρ̄ũiũj + δij p̄ − τ̌ij) = A1 + A2 , (2)

∂

∂t

(
ρ̄Ẽ
)

+
∂

∂xi

[(
ρ̄Ẽ + p̄

)
ũi + q̌i

]
− ∂

∂xj
(τ̌ij ũi) = B1 + B2 + B3 + B4 + B5 + B6 , (3)

∂

∂t

(
ρ̄Ỹk

)
+

∂

∂xi

(
ρ̄Ỹkũi

)
+

∂J̌k,i

∂xi
= ω̇k + C1 + C2 , (4)

where ρ̄ is the filtered mixture density, ũi is the Favre-filtered mixture velocity, p̄ is the filtered mixture
pressure, Ỹk is the Favre-filtered mass fraction of species k, Ẽ is the Favre-filtered total mixture energy
(including chemical energy) given by Ẽ =

∑N
k=1 Ỹk(ȟk + ∆h0

f,k) − p̄/ρ̄ + ũiui/2, ȟk and ∆h0
f,k are the

sensible enthalpy and heat of formation for species k, respectively, and ω̇k is the filtered reaction rate. The
filtered equation of state has the form p̄ = ρ̄RT̃+D1. The resolved viscous stress tensor, τ̌ij , the resolved total
heat flux, q̌i, and the resolved species diffusive fluxes, J̌k,i, are evaluated in terms of the filtered quantities

as: τ̌ij = 2µ̌(Šij − δijŠll/3), q̌i = −κ̌∂T̃ /∂xi +
∑N

k=1 ȟkJ̌k,i, J̌k,i = −ρ̄Ďk∂Ỹk/∂xi, where T̃ is the mixture
temperature, µ̌ is the mixture viscosity, κ̌ is the mixture thermal conductivity, and Ďk is the diffusivity of
species k with respect to the mixture, and the strain rate tensor, Šij , is given by Šij = (∂ũi/∂xj+∂ũj/∂xi)/2.

The terms, A1, A2, B1, B2, B3, B4, B5, B6, C1, C2, and D1, arise from the low-pass filtering process and
require modeling. In most LES, the terms A2, B2, B3, B5, C2, and D1 are assumed to be small and are
neglected.10 The non-negligible terms are

A1 = − ∂

∂xj
[ρ̄ (ũiuj − ũiũj)] , B1 = − ∂

∂xi

[
ρ̄
(
h̃ui − h̃ũi

)]
,

B4 = −1

2

∂

∂xi
[ρ̄ ( ˜ujujui − ũjũj ũi)] , C1 = − ∂

∂xi

[
ρ̄
(
Ỹkui − Ỹkũi

)]
,

(B6 is related to C1) and must be modeled for closure of the filtered equation set. In LES, the subfilter
stresses, σij = −ρ̄(ũiuj − ũiũj), are generally modeled using an eddy-viscosity model with σij = 2ρ̄νt(Šij −
δijŠll/3) + δijσll/3. The eddy viscosity, νt, is prescribed herein by using either the standard Smagorinsky

model11 or a one-equation model.5 In the Smagorinsky model, νt = Cs∆
2|S̃|, the trace, σll, is specified using

the Yoshizawa model12 with σll = −2ρ̄CI∆
2|Š|2, and Cs and CI are model constants that must be specified.

In the one-equation model, νt = Cν∆k̃1/2, where Cν is a model constant, σll = −2ρ̄k̃, and k̃ is the subfilter
turbulent kinetic energy. A modeled transport equation is solved for k̃.

Standard gradient-based approximations are used in this work for the modeling of the subfilter-scale fluxes

B1, B6, and C1: ρ̄(h̃ui − h̃ũi) = −(Čpρ̄νt/Prt)∂T̃ /∂xi and ρ̄(ũiYk − ũiỸk) = −(ρ̄νt/Sct)∂Ỹk/∂xi, where Prt

and Sct are subfilter-scale turbulent Prandtl and Schmidt numbers. The subfilter turbulent diffusion term,
B4, is modeled as suggested by Knight et al.13 with −ρ̄( ˜uiuiuj − ũiũiũj)/2 = σij ũi.
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III. Thickened Flame Model

III.A. Artificially Thickened Flame

The challenge in LES for reactive flows is to accurately model the influence of the subfilter-scale turbulence
on the filtered reaction rates, ω̇k. This is particularly challenging for turbulent premixed combustion where
the flame thickness, δ, is 0.1–1.0 mm, and this is in many cases smaller than practical LES filter widths,
∆. One approach to modeling the turbulence/chemistry interaction for premixed flames is offered by the so-
called thickened flame model. In the thickened flame model, the computed flame front structure is artificially
locally thickened in such a way that it can be resolved on a coarse LES mesh, but such that the laminar
flame speed remains unaltered.14 From the theory of laminar premixed flames, it is well established that the
laminar flame speed, sL, and the laminar flame thickness, δL, scale as sL ∝

√
Dω̇ and δL ∝ D/sL, where D is

the molecular diffusivity and ω̇ the reaction rate. Thus, an increase in flame thickness by a factor F with a
constant flame speed, can be achieved by multiplying the molecular diffusivity D by F , and the reaction rate
ω̇ by 1/F . An efficiency factor, EF, is also introduced to account for the resulting decrease in the Damkhöler
number, Da, for the flame.3 The resulting filtered balance equation for chemical species takes the modified
form

∂

∂t

(
ρ̄Ỹk

)
+

∂

∂xi

(
ρ̄Ỹkũi

)
=

∂

∂xi

[
EFF ρ̄

(
Ďk +

νt

Sct

)
∂Ỹk

∂xi

]
+

EFω̇k

F
, (5)

where the filtered reaction rates, ω̇k, are now calculated directly using Arrhenius law reaction rates evaluated
in terms of resolved quantities.

Besides allowing the representation of the flame front on relatively coarse grids, the thickened flame approach
allows one to take into account phenomena such as ignition, flame stabilization and flame-wall interaction
because of the direct use of Arrhenius-law chemical kinetics. Also, if molecular diffusion is described by
Fick’s law, this approach can potentially be extended to complex chemistry.

III.B. Power-Law Flame Wrinkling Model

To correct the flame Damkhöler number and incorporate the influences of the unresolved turbulent field on
the chemical kinetics, the efficiency factor, EF, is evaluated herein using a power-law flame wrinkling model.
Assuming that the internal structure of the flame is not significantly altered by the turbulence, as in the
wrinkled flamelets, corrugated flamelets, and thin reaction zones premixed combustion regimes,7 and that
the increased flame surface area due to the flame front wrinkling by the subfilter-scale turbulence leads to
an increase in the flame speed, a power-law expression is used to evaluate EF given by4, 15

sT∆o

sL

=
A∆o

∆2
= Ξ∆o

=

(
1 +

∆o

ηi

)γ

= EF , (6)

where sT∆o
is the subfilter turbulent flame speed, Ξ∆o

is the subfilter wrinkling factor, ∆o is the outer
cutoff scale, ηi is the inner cutoff scale, and γ is the power of the expression, which is taken to be 0.5 here.4

The inner cutoff is associated with the maximum of the laminar flame thickness and the mean curvature
of the flame, which can be estimated by assuming an equilibrium between production and destruction of
flame surface density as | 〈∇ · n〉s |= ∆−1

o (u′

∆o
/sL)Γ∆o

(∆o/δL, u′

∆o
/sL, Re∆o

), where Γ∆o
is the efficiency

function proposed by Charlette et al.
4 to account for the net straining of all relevant scales smaller than ∆o.

The subfilter Reynolds number, Re∆o
, is based on the subfilter-scale rms velocity u′

∆o
, calculated using the

expression proposed by Colin et al.,3 u′

∆o
= c2∆

3
x | ∇2(∇× ũ) |. The model constant c2 is set to 1.545 in

this work for the two-dimensional simulations.3 The wrinkling factor can then be rewritten as

Ξ∆o
=

(
1 + min

[
∆o

δL

, Γ∆o

u′

∆o

sL

])γ

= EF . (7)
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IV. Flame Surface Density Model

IV.A. Transport of Progress Variable

In the LES context, a second approach to modeling of turbulent premixed flames is to ignore for the most
part its internal structure and detailed chemical kinetics and represent the combustion occurring at the thin
flame front in terms of a reaction progress variable that quantifies the conversion of reactants to products.
One possible definition of a progress variable, c, is provided by a reduced fuel mass fraction, c = (YF −
Y u

F )/(Y b
F − Y u

F ), where YF , Y u
F and Y b

F are respectively the local, unburnt and burnt fuel mass fractions.10

The progress variable takes on values in the range 0 ≤ c ≤ 1 with c = 0 in the fresh gases and c = 1 in the
fully burnt gases. The composition of the reactive mixture, in terms of the mass fractions of the reactants
and products, can then be specified directly in terms of the progress variable. A Favre-filtered progress
variable transport equation can be derived having the form

∂

∂t
(ρ̄c̃) +

∂

∂xi
(ρ̄c̃ũi) =

∂

∂xi

(
ρD

∂c

∂xi

)
+ ω̇ − ∂

∂xi
[ρ̄ (c̃ui − c̃ũi)] , (8)

where the unclosed diffusive flux, ∇(ρD∇c), and filtered reaction rate, ω̇, are modeled together as

ω̇ + ∇(ρD∇c) = ρw|∇c| =

∫ 1

0

(ρw)sρ̄Σ̃dc∗

≈ (ρw)sρ̄Σ̃ ≈ ρrsLρ̄Σ̃ , (9)

and a gradient transport model is adopted for ρ̄(c̃ui − c̃ũi) = −(ρ̄νt/Sct)∂c̃/∂xi.
5 The resulting modeled

progress variable equation is given by

∂

∂t
(ρ̄c̃) +

∂

∂xi
(ρ̄c̃ũi) =

∂

∂xi

(
ρ̄νt

Sct

∂c̃

∂xi

)
+ ρrsLρ̄Σ̃ , (10)

where ρr is the reactants density, Σ̃ is the Favre-filtered flame surface area per unit mass of the mixture,
and the product, ρ̄Σ̃, is the flame surface area per unit volume or flame surface density (FSD). A means for
specifying the FSD is required to provide closure for this description of premixed flames.

IV.B. Transport of Flame Surface Density

The filtered quantity, Σ̃, includes contributions from the resolved FSD and the unresolved subfilter-scales.
The latter must be modeled. Mathematically, the FSD can be defined as ρ̄Σ̃ = |∇c|δ(c∗ − c). A modeled
transport equation for the flame surface density has been proposed by Hawkes and Cant5, 6 given by:

∂

∂t

(
ρ̄Σ̃
)

+
∂

∂xi

(
ρ̄ũiΣ̃

)
− ∂

∂xi

(
ρ̄νt

Sct

∂Σ̃

∂xi

)
= (δij − nij)ρ̄Σ̃

∂ũi

∂xj
− ∂

∂xi
[sL(1 + τ c̃)Miρ̄Σ̃]

+sL(1 + τ c̃)ρ̄Σ̃
∂Mi

∂xi
+ ΓK ρ̄Σ̃

√
k̃

∆
− βsL

(ρ̄Σ̃)2

1 − c̃
, (11)

where ~M = −∇c̄/Σ̃ is the flamelet model for the surface averaged normal (c̄ is estimated using c̄ = (1 +

τ)c̃/(1 + τ c̃)), α = 1 − ~M · ~M , and nij = MiMj + 1/3αδij . The variable τ = (Tad − Tr)/Tr is the heat
release parameter, where Tad and Tr are the adiabatic and the reactants temperature, respectively, β is
a model constant and must satisfy β ≥ 1 for realisability requirements,5 α is a resolution factor, and ΓK

is an efficiency function.16 The terms on the right hand side of the modeled FSD equation represent the
production/destruction sources associated with resolved strain, resolved propagation and curvature, and
subfilter-scale strain and curvature.

V. Numerical Solution Scheme

A second-order accurate parallel finite-volume scheme has been developed and used to solve the Favre-filtered
transport equations described above on multi-block quadrilateral (two space dimensions) and hexahedral
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(three space dimensions) computational meshes.8, 9, 17 The inviscid flux at each cell face is evaluated using
limited linear reconstruction18 and Riemann-solver or flux-vector-splitting based flux functions,19, 20 while
the viscous flux is evaluated utilizing a centrally-weighted diamond-path reconstruction method.21 A low-
Mach number preconditioned dual time-stepping method22 is used to solve the coupled set of non-linear
ordinary differential equations that arise from the spatial discretization procedure. Parallel implementation
of the finite-volume scheme has been carried out via domain decomposition using the C++ programming
language and the MPI (message passing interface) library.23

In two space dimensions, a block-based adaptive mesh refinement (AMR) approach has also been developed
for use in conjunction with the finite-volume method described above. A flexible block-based hierarchical
data structure has been devised and is used to facilitate automatic solution-directed mesh adaptation on
the multi-block body-fitted mesh according to physics-based refinement criteria. The method allows for
anisotropic mesh refinement and is well suited to the domain decomposition procedure used in the parallel
implementation. Refer to the recent papers by Sachdev et al.

24 and Northrup and Groth8 for further details.
The extension of this approach to three space dimensions is the subject of current research and is on-going.17

V.A. Thermodynamic and Transport Properties

For the numerical results presented herein, thermodynamic and molecular transport properties of each mix-
ture component are prescribed using the database compiled by Gordon and McBride,25, 26 which provides
curve fits for the species enthalpy, specific heat, viscosity, and thermal conductivity, as functions of temper-
ature. The mixture rules of Wilke27 and Mason and Saxena28 are used to determine the molecular viscosity
and thermal conductivity of the reactive mixture, respectively.

In our implementation of the thickened flame model, the thickening is applied only on the flame front. The
heat conductivity, κ̌, the molecular diffusivities, Ďk, and the molecular viscosity, µ̌, are all multiplied by the
thickening factor, F , and the efficiency factor, EF. In this way, the Lewis number, Le, Prandtl number, Pr,
and Schmidt number, Sc, remain unaffected by the thickening of the flame.

V.B. Reduced Chemical Kinetics

For the FSD model, methane-air chemistry is represented simply by a one-step mechanism and the species
mass fractions are formulated as algebraic functions of the progress variable, c̃, such that Ỹk = Ỹk(c̃). The
one-step reaction mechanism for methane combustion is

CH4 + 2 O2 → CO2 + 2 H2O . (12)

For the thickened flame simulations, the chemical kinetics for oxidation of methane is represented by a
reduced two-step reaction mechanism, as described by Westbrook and Dryer.29 In this mechanism, the
oxidation of methane is expressed as follows:

2 CH4 + 3 O2 ⇀↽ 2 CO + 4 H2O , (13)

2 CO + O2 ⇀↽ 2 CO2 . (14)

VI. Results for Two-Dimensional Freely Propagating Flames

In order to carry out the comparison of the predictive capabilities of the thickened flame and flame surface
density models, freely propagating stoichiometric premixed methane-air flames were first studied in decaying
two-dimensional isotropic turbulent fields. Although it can be argued that two-dimensional turbulence
differs from three-dimensional turbulence by the absence of the vortex stretching mechanism, turbulent
curvature statistics suggest that the three-dimensional topology of a propagating surface is primarily two-
dimensional.30, 31 Moreover, the two-dimensional premixed flame studies provided a solid basis for performing
the subsequent three-dimensional simulations and evaluating and interpreting the results.

The two-dimensional stoichiometric turbulent flames are initialized by introducing a one-dimensional planar
laminar premixed flame on to the computational domain with an isotropic turbulent field superimposed.
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Figure 1. Predicted contours of the flame surface density, ρ̄Σ̃, at t = 0.3 ms. Results are shown for four different
computational grids: (a) uniform mesh with 64×64 cells; (b) uniform mesh with 128×128 cells; (c) uniform mesh with
256×256 cells; and (d) uniform mesh with 512×512 cells.

Subsonic boundary conditions are prescribed at inflow and outflow boundaries, and periodic boundary con-
ditions are applied at the top and bottom of the domain. The turbulent flow field is generated by prescribing
a specified synthetic energy spectrum32 and using the procedure developed by Rogallo.33

The turbulent burning rates for these cases are computed, based on the integrated consumption rate of
fuel and the integrated FSD, in the thickened flame and FSD simulations, respectively. The corresponding
expressions for the thickened flame and FSD burning rates are given by

sT =
1

ρ̄rỸFr
Ly

∫

A

ω̇F dA , (15)

and

sT =
sL

Ly

∫

A

ρ̄Σ̃dA , (16)

where ρ̄r is the reactants density and ỸFr
is the fuel mass fraction in the reactants.
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Figure 2. Predicted decay of resolved turbulence intensity (a) and predicted turbulent burning rate (b) for the different
mesh resolutions: uniform mesh with 64×64 cells; uniform mesh with 128×128 cells; uniform mesh with 256×256 cells;
and uniform mesh with 512×512 cells.

VI.A. Influence of Mesh Resolution

Before comparing the two subfilter scale models in detail, it was felt that the baseline mesh resolution
requirements of the proposed finite-volume scheme for accurately representing the turbulent flow field of
interest should be established. Therefore, a study of the influence of the mesh resolution on the solution
quality was first carried out. For this purpose, a premixed flame was considered propagating through a
homogeneous turbulent field characterized as follows: turbulence intensity, u′ = 2.59 m/s; integral length
scale, L11 =6.47 mm; Taylor micro scale, λ=0.832 mm; Kolmogorov scale η=0.06 mm; turbulent Reynolds
number, Reλ =137; laminar flame speed sL =0.38 m/s; and flame thickness, δL =0.44 mm. The size of the
rectangular-shaped domain considered for the simulation is 0.0366 m by 0.0342 m. Four different uniform
grids were considered: 64×60= 3, 840, 128×120= 15, 360, 256×240= 61, 440, and 512×480=245, 760 cell
meshes with computational cells equally distributed on 48 solution blocks. The cell sizes compared to the
Taylor micro scales and Kolmogorov scales for different mesh resolutions are ∆x = 0.56λ = 7.36η for 64×60
cells, ∆x = 0.33λ = 4.14η for 128×120 cells, ∆x = 0.17λ = 2.3η for 256×240 cells, and ∆x = 0.08λ = 1.17η
for 512×480 cells. For each simulation, the filter width, ∆, was fixed and equal to ∆ = 2∆x128×120, where
∆x128×120 = 0.267 = 1.25δL mm is the mesh spacing of the 128×120 grid. The simulation results are
computed up to 0.3 ms corresponding to a time of approximately one eddy turnover based on the Taylor
micro scale.

The FSD model was used in the mesh convergence study. The predicted FSD solutions on the four different
mesh resolutions are shown in Figures 1(a)–1(d). Colour contours of the predicted values of ρ̄Σ̃ are given
in the figures with peak values of the FSD occurring within the flame. The wrinkling of the initially planar
laminar flame by the resolved turbulent field is quite evident in each case. Although not shown, it is found
that there is a corresponding increase in the calculated turbulent flame speed as the simulation progresses
until a near equilibrium flame speed is achieved of sT =0.95 m/s (sT/sL≈2.5) at t=1.8 ms. At that point
the predicted turbulent intensity has diminished by more than 30%.

Comparing the results of Figures 1(a)–1(d), it is fairly evident that the coarsest mesh (64×60 cells) does not
provide adequate resolution of the flame front as compared to the solution on the finest mesh. The finest
mesh (512×480 cells) results in a well resolved thin and smooth flame front with a maximum value for the
FSD. Nevertheless, the solutions on the other intermediate meshes (256×240 and 128×120 grids) also show
a reasonable agreement with the finest mesh solution in terms of overall flame wrinkling and peak values of
the FSD.

Turning attention to the predicted turbulent field, the predicted temporal variations of the resolved turbu-
lence intensity, u′, determined for each of the four meshes are shown in Figure 2(a). It may be observed that
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the predictions of the u′ for the 512×480, 256×240 and 128×120 grids are generally in agreement, in fact it
appears that a virtually grid-independent result has been achieved on the 256×240 mesh, whereas the 64×60
grid result is clearly under-resolved. However, even though the turbulence field is generally resolved on the
finer meshes, if one considers the predicted turbulent flame speed on each mesh as shown in Figure 2(b), it
is quite apparent that the flame front and FSD are still not fully resolved. Even further refinement of the
mesh is required to obtain a fully grid-independent solution. Note that similar mesh refinement studies have
been performed for the thickened flame model and, as expected, the artificial thickening of the flame front
reduces the mesh resolution requirements for obtaining grid-independent burning rates (accurate burning
rates can be achieved on more moderately refined meshes).

VI.B. Predicted Flame Structure

Simulations for three different levels of turbulence intensity were carried out. The initial ratios of turbulence
intensity to laminar flame speed in the unburnt mixture are: u′/sL = 6.8, 10.4, 20.7. These cases are
identified as case A, case B and case C, respectively. Other parameters characterizing the initial conditions
in the unburnt gas are: L11 = 6.4 mm, λ = 0.83 mm. The dimensions of the domain for the simulations
are Lx = 0.0366 m and Ly = 0.0342 m, and a 128×120 cell uniform computational mesh with 48 solution
blocks was employed. Inflow and outflow subsonic boundary conditions are imposed on the left and right
boundaries, respectively, whereas the two remaining boundaries are periodic. A constant thickening factor,
F = 5, was employed with the thickened flame model.

Figures 3(a)–3(f) show the predicted contours of methane mass fraction at a time equal to 0.6 ms. This
time corresponds to roughly two, three and six eddy turnovers based on Taylor scale for cases A, B and C,
respectively.

Methane mass fraction contours clearly illustrate the strong influence of the turbulence intensity on the pre-
dicted flame structure. For both, the thickened flame and FSD models, there is a significant increase in the
resolved flame front wrinkling with turbulent intensity. Comparing the two models, the overall agreement
between the predicted flames geometries is rather good. The wrinkling generated by large turbulent struc-
tures is similar for both models. Differences are largely due to the fact that the flame front of the thickened
model has been artificially thickened and a greater proportion of the flame wrinkling is therefore modeled.
The differences become more evident when the flame is subject to higher turbulence levels, as displayed in
Figures 3(e) and 3(f). In this case, some of the small wrinkled structures that develop at earlier times in
the FSD simulation have grown significantly; however, the same structures are not present in the thickened
flame simulation.

FSD contours are shown in Figures 4(b), 4(d) and 4(f). As it can be seen, the maximum values of FSD
increase with turbulence intensity. Higher turbulence intensities lead to more flame wrinkling, which in turn,
produce more flame surface. A point of note is the thickness associated with the FSD contours. There is a
thickening of the FSD, which is due to lack of resolution of the FSD. As noted in the previous subsection,
a numerical challenge associated with the FSD approach is that the required resolution of FSD is higher as
compared to the thickened flame approach. On the other hand, a reduced number of transport equations
needs to be solved when a FSD and progress variable formulation is employed, which, from the computational
viewpoint, is advantageous. Another advantage of the FSD approach is the separation of complex chemistry
from turbulence in which chemistry modeling is simply incorporated through the laminar flame speed and
heat release parameter.

Since the thickened flame approach offers the possibility to deal with a more complex chemical and transport
description of a premixed flame, results obtained for an intermediate species like CO are discussed next.
Figures 4(a), 4(c) and 4(e) show the CO mass fraction contours. For the three different cases, the largest
concentrations of CO tend to occur in regions where the flame front is convex towards the reactants. This
is in agreement with direct numerical simulation results reported in references.34, 35 These regions generally
coincide with zones where the flame undergoes downstream interaction, which have been reported to be the
main areas for CO production. In these regions the CO oxidation layer is curtailed. It is interesting to note
that despite the fact that only a two-step reaction mechanism is used in the LES of the premixed flames,
important features regarding the interaction between turbulence and chemistry have been captured with
thickened flame model.
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(c) CH4 mass fraction. Thickened flame, case B, F = 5.
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(d) CH4 mass fraction. FSD model, case B.
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(e) CH4 mass fraction. Thickened flame, case C, F = 5.
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(f) CH4 mass fraction. FSD model, case C.

Figure 3. Predicted CH4 contours at 0.6 ms.
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(c) CO mass fraction. Thickened flame, case B, F = 5.
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(e) CO mass fraction. Thickened flame, case C, F = 5.

x (m)

y
(m

)

0 0.01 0.02 0.03
0

0.005

0.01

0.015

0.02

0.025

0.03

100 300 500 700 900 1100 1300 1500

FSD
u’/sL=20.7

(f) FSD contours. FSD model, case C.

Figure 4. Predicted CO and FSD contours at 0.6 ms.
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Figure 5. Predicted turbulent burning rates for freely propagating flame in two-dimensional decaying isotropic turbulent
fields for Cases A-C.

VI.C. Predicted Turbulent Burning Rates

The predicted turbulent burning rates obtained for both the thickened flame and FSD models for cases A-C
are shown in Figure 5. From the figure, it can be seen that there is a short period of adjustment to the initial
conditions until the burning rates attain the laminar flame speed. After this initial period of adjustment, the
burning rates increase while the flame front is wrinkled by the turbulent flow field. The fuel consumption
rate is enhanced by turbulence as more flame surface is produced by the wrinkling of the flame front.

For both models, the computed burning rates follow the same trend, as the turbulence level is increased,
more wrinkling is generated with a corresponding increase in the turbulent burning rates. The predicted
turbulent flame speeds are quantitatively similar for low turbulence intensities, however, for high turbulence
intensity the FSD model predicts a higher flame speed.

VII. Results for Three-Dimensional Freely Propagating Flames

LES predictions of freely propagating flames in fully three-dimensional homogeneous isotropic decaying
turbulent fields are now considered. As for the two-dimensional simulations previously described, the three-
dimensional turbulent flames are initialized by introducing a planar laminar stoichiometric premixed flame
onto a computational domain containing the isotropic turbulent field using the procedure developed by Ro-
gallo.33 Also as in the two-dimensional simulations, turbulence fields of three different turbulence intensities
were considered. These cases are identified as case D, case E, and case F, respectively, and the parameters
characterizing the initial turbulent field in the unburnt mixture for each of the cases are as follows: relative
turbulence intensity, u′/sL = 6.8 (case D), 10.4 (case E), 20.7 (case F); integral length scale, L11 = 6.5 mm
(case D), 9.9 mm (case E), 19.8 mm (case F); Taylor micro scale, λ = 0.47 mm (case D), 0.58 mm (case
E), 0.82 mm (case F); Komogorov scale, η = 0.046 mm (case D), 0.037 mm (case E), 0.026 mm (case F);
turbulent Reynolds number, Reλ = 77.19 (case D), 146.57 (case E), 410.2 (case F); laminar flame speed
sL = 0.38 m/s; and flame thickness, δL = 0.44 mm. A cube-shaped physical domain was considered for the
simulation with dimensions of 0.0366 m × 0.0366 m × 0.0366 m. Numerical results were obtained using a
uniform mesh and the computational domain was discretized using a 108×108×108=1, 259, 712 cell mesh
with the cells equally distributed on 216, 18×18×18-cell, solution blocks. The corresponds to a mesh spacing
corresponds of ∆x = 0.34 mm. A filter width of ∆ = 2∆x = 0.68 mm = 1.55δL was used when performing
the LES. The computational mesh and initial turbulence velocity field for case E are shown in Figures 6(a)
and 6(b).
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Figure 6. (a) Computational mesh (108×108×108= 1, 259, 712 cells) and (b) initial turbulent flow field. Predicted iso-
surfaces of the progress variable corresponding to c=0.5 at time t=0.3 ms obtained using the FSD model for turbulence
intensities: (c) u′/sL =6.8 (case D); (d) u′/sL =10.4 (case E); and (e) u′/sL =20.7 (case F).
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Figure 7. Predicted contours of the progress variable, c, and flame surface density, ρ̄Σ̃, for the y=0 plane at time t=0.3
ms obtained using the FSD model for turbulence intensities: (a) and (b) u′/sL = 6.8 (case D); (c) and (d) u′/sL = 10.4
(case E); and (e) and (f) u′/sL =20.7 (case F).
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Figure 8. Predicted budget of the production and destruction terms appearing in the transport equation for ρ̄Σ̃, .
Results are shown for time t =0.3 ms for turbulence intensities: (a) u′/sL =6.8 (case D); (b) u′/sL =10.4 (case E); and
(c) u′/sL =20.7 (case F).

Turbulent burning rates for the fully three-dimensional cases are computed as follows:

sT =
1

ρ̄rỸFr
LyLz

∫

V

ω̇F dV , (17)

and

sT =
sL

LyLz

∫

V

ρ̄Σ̃dV . (18)

for the thickened flame and FSD models, respectively.

VII.A. Predicted Flame Structure

Numerical predictions of freely propagating flames for cases D, E, and F, obtained using the FSD model are
depicted in Figures 6 and 7. The three-dimensional LES results are shown for the three cases at a time equal
to 0.3 ms after initialization. This time corresponds to approximately one and a half, two and three eddy
turnovers based on the Taylor scale for each of the cases, respectively. Iso-surfaces of the progress variable
corresponding to c=0.5 are shown in Figures 6(c), 6(d), and 6(e) and contour plots of the progress variable,
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c, and flame surface density, ρ̄Σ̃, for the y = 0 plane are given in Figures 7(a)–7(f). The wrinkling of the
initially planar flame front is clearly illustrated in Figures 6(c), 6(d), and 6(e). Furthermore, the flame front
wrinkling is noticeably increased with increasing turbulence intensity. Although not shown, the increased
wrinkling of the flame front also results in a corresponding increase in the predicted burning rate and hence
flame propagation speed. The wrinkled structure of the premixed flame fronts are further illustrated in the
contour plots of Figures 7(a)–7(f). Although somewhat similar in nature to the two-dimensional results
discussed earlier, the predicted flame structures here clearly have a three-dimensional nature.

The ability of LES FSD approach to provide insight into the flame structure is highlighted by the production
and destruction terms that appear in the FSD transport equation. The predicted budgets of these production
and destruction terms for cases D, E, and F at t = 0.3 ms are shown in Figure 8. Referring to the figure,
it may be seen that, although somewhat under-resolved on the computational mesh used in the simulations
here, there is a complex balance of terms through the flame brush resulting in the final net rate of change
of the flame surface density. At the leading edge the main contributions arise from the resolved strain
and resolved propagation terms. The largest contributions at the tailing edge of the flame come from the
subfilter curvature and resolved propagation terms. As should be expected, the resolved strain term increases
significantly with increasing turbulence intensity. It is evident there are strong spatial variations in the
resolved source terms that would simply not be observable in or predicted by a Reynolds- or Favre-averaged
Navier-Stokes simulation of the premixed flame.

VIII. Concluding Remarks

Numerical results for two- and three-dimensional turbulent premixed flames have been described and com-
parisons were made between the predicted flame structure and turbulent burning rates as a function of
turbulence intensity. Two subfilter scale models were employed, one based on the thickened flame model and
the other based on a modeled transport equation for the flame surface density. All in all, there is qualitative
agreement between the two models and the same trends were observed on the numerical solutions. Both
approaches offer advantages and disadvantages from both physical and computational points of view. Future
research will involve more detailed comparisons of the predictive capabilities of the two subfilter scale models
for more practical premixed flame configurations.
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