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Abstract

Nowadays numerical simulations of premixed turbulent combustion can be performed

at high spatial resolutions due to the continuously increasing computational power.

At a resolution of the order of the laminar flame thickness there is negligible turbu-

lence in the subgrid level and a proper reconstruction of the filtered flame is adequate

for accurate predictions. This scenario, which can be termed as a coarse scale Direct

Numerical Simulation (DNS), reconstruction of the filtered flame using a spatially

filtered flamelet (1-D laminar flame) is analysed here. First, DNS of a turbulent

premixed slot burner is computed to generate a reference database. This database

is filtered at different length scales of the order of laminar flame thickness for an a

priori assessment of turbulent flame reconstruction using a filtered flamelet. The

filtered DNS source term, molecular diffusion and subgrid convection of the reaction

progress variable is compared with a flamelet convoluted with top-hat profiles of the

same order. The source term and molecular diffusion are approximated well from

the filtered flamelet while the unresolved convection shows deviation. Finally, the

reconstruction of the turbulent flame is tested a posteriori on the same filter widths

(mesh size) and the results are compared. It is found that a flamelet filtered spatially

at the order of the computational mesh and tabulated using a single controlling vari-

able i.e. the reaction progress variable is suitable for a coarse scale DNS of premixed

turbulent combustion.
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1. Introduction1

Today a significant part of our energy needs is generated with devices burning2

hydrocarbon-air mixtures. Limited fuel resources as well as environmental concerns3

call for design of efficient combustion systems. In order to do so, numerical prediction4

of combustion has become an indispensable tool. Technical combustion devices rely5

on turbulence to enhance the power generation and their operation mostly takes6

place in the thin reaction zones (TRZ) regime [1]. Besides turbulence modeling,7

reduction of the combustion chemistry is a vital step, and along with the Reynolds8

number it determines the computational cost.9

Reduction of chemistry by using tabulated chemistry methods like Flamelet Gen-10

erated Manifolds (FGM) [2] or Flamelet Prolongation of Intrinsic Low Dimension11

Manifold (FPI) [3] enables prediction of intermediate species as well as pollutants [4].12

This is achieved at much lower cost than using detailed mechanisms by decoupling13

chemistry from the flow and relaxing the resolution required for resolving the chem-14

istry [5, 6]. A common approach is to treat the reacting flow with Computational15

Fluid Dynamics (CFD), to solve the Navier-Stokes equations supplemented by an16

equation for a progress variable (c). A (reaction) progress variable is a scalar that17

tracks the progress of the chemistry and is bound between the unburnt (0) to a18

completely burnt (1) state. Recently, a Hybrid Transported-Tabulated Chemistry19

(HTTC) approach [7] is introduced in which all the species which are non zero in20

fresh and burnt gases are transported with the flow and an optimized progress vari-21

able is defined from them. This ensures proper prediction of intermediates species22

which are expressed based on their self similar properties. In order to model adia-23

batic premixed combustion, a single controlling variable i.e. the progress variable is24

adequate if there is no significant differential diffusion [2]. A manifold constructed25

using FGM, in which the source term of the progress variable is a function of the26

progress variable, is an integral part of the system.27

Let us consider what happens when performing a numerical simulation. On a28

computer we have to consider a discretized system and thus a certain continuous29

neighborhood should be contracted to a point. This discretization in space, gives30

rise to a filtered description of the system. To be consistent, we also have to filter31
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the manifold (in physical space). Now, if the size of the filter (∆), which is implicitly32

applied to the system by the spatial discretization, tends to very small values, the33

system converges to DNS. For DNS of reacting flow, the filter size has to be small34

enough to resolve the reaction layer because in the TRZ regime of premixed turbulent35

combustion, the thickness of the reaction layer is smaller than the smallest fluid36

dynamic flow structures, defined by the Kolmogorov scale [1]. The latter scales37

can penetrate the preheat zone perturbing the flame structure but are too large to38

penetrate the reaction zone. Moreover, flow structures of the order of the Kolmogorov39

scale are only present in a temporal and spatial intermittent distribution (so not40

omnipresent). Therefore the strategy of using FGM for doing DNS of reacting flows41

in the TRZ regime is a good approximation as illustrated in e.g. [8].42

As the mesh is coarsened and hence the filter size is increased, the flow will be43

gradually under-resolved starting with the reaction layer first. In particular, if the44

manifold would not be filtered, the source term would be misrepresented because45

there is insufficient resolution of the source term in physical space. If the filter size46

is of the order of the laminar flame thickness, there are negligible subgrid turbulent47

structures and the subgrid scale (SGS) variance then corresponds to the spatial48

resolution of the gradients produced by the reaction zone [9]. It is our assumption49

that in this scenario the subgrid scales can be determined from filtered flamelets.50

This assumption was verified in simulations of a turbulent Bunsen flame on a coarse51

grid with a mesh spacing of the order of the laminar flame thickness (δL) by Vreman52

et al. [10]. Here the term subgrid is used loosely to refer to phenomena that are53

unresolved, e.g., the reaction layer and does not necessarily mean that there are any54

turbulent structures at subgrid or subfilter level. Thus, by properly and consistently55

filtering the manifold we may be able to use relatively coarse grids to reduce the56

computational efforts.57

With increasing filter size, filtered products of quantities start to deviate from58

products of these filtered quantities. Since only the filtered quantities are available,59

there is an additional closure problem that grows with filter size. This problem60

occurs mainly in two components of the transport equation of the progress variable:61

in the convective and in the diffusive terms. But here again, since we know the62
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laminar flame structure we also know the error associated and can correct for it.63

Fiorina et al. [11] considered this issue and demonstrated that by proper modeling64

it is possible to recover the laminar burning velocity for a 1-D laminar flame on a65

coarse computational grid.66

If we go to larger filter sizes, i.e., ∆ > δL and of order Taylor microscale (λ), then67

we can find turbulent subgrid events and gradually enter the region of under-resolved68

hydrodynamic turbulence. In this case a subgrid model is required for the momen-69

tum equation and the flamelets become corrugated within the subgrid scales. Now,70

the information of the laminar flamelets becomes too limited and turbulent informa-71

tion should be taken into account. Modeling this is possible through a probability72

density function (PDF) of the occurrence of subgrid values of the progress variable73

source term. In principle this PDF would be a function of the moments of the local74

turbulence, typically mean and variance [12]. Often a presumed distribution like the75

β-function is used because of its ability to describe a multiple set of behaviors. This76

includes Gaussian like behavior but also, uni-modal, bi-modal and constant behav-77

ior. All these modes rely on the support of only two quantities, the mean and the78

variance.79

It is the observation of the authors that there is a difference between coarse scale80

(or filtered) DNS and LES. Most literature on turbulent (premixed) combustion81

is not sensitive to this difference. The first regime can be considered as a coarse82

scale DNS (or Filtered Numerical Simulations) where stochastic events are almost83

negligible and modeling is limited to deterministic events which can be recovered84

from a filtered flame structure. The second regime can be considered as typical LES85

of reacting flows where the flame is completely subgrid and the stochastic events can86

exist in subgrid. Therefore, we divide the turbulent combustion modeling problem87

into two regimes:88

• flame information that is not taken into account but can be reconstructed;89

• turbulent flow information that is generally unknown and needs a statistical90

modeling approach.91

It is interesting to investigate combustion modeling using laminar flame information,92

starting from the first regime (coarse DNS) and as the resolution is coarsened up93
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finally to the second regime (LES). Next, some available literature on the use of94

filtered laminar flame structure is discussed.95

Filtered laminar flames have been investigated for modeling turbulent combustion96

by Boger et al. [13], Domingo et al. [14], Duwig [15], Vreman et al. [10], Fiorina et97

al. [11] and Moureau et al. [16]. Based on the filter size applied over the flame, these98

studies can be classified into two groups:99

• flame filter size larger than computational mesh size [13, 14, 15, 11]100

• flame filter size of the order of the computational mesh size [10, 16].101

Some studies in the first group ([13, 14, 11]) use very large filter widths compared102

to the mesh size so that the filtered flame structure is resolved numerically by enough103

grid points in order to recover the correct laminar burning velocity like the Thickened104

Flame Model (TFM) [17]. However, in context of LES, the filtering operation is105

also applied to the velocity fields, unlike the thickening operation [15]. Further,106

the interaction of the filtered flame with subgrid turbulent structures is recovered107

through the use of a flame wrinkling factor or efficiency function. For example, a108

recent model F-TACLES [11] first attempts to recover the laminar flame speed (s0L)109

accurately and finally the turbulent burning velocity (sT ) is recovered by using a110

flame wrinkling factor. In F-TACLES the adequate resolution of the filtered laminar111

flame structure (i.e. over 5 grid points), is achieved by using very large filter widths.112

However, application of large filter width (e.g. 20 times δL [11]) changes the flame113

turbulence interaction from transport dominated to chemistry dominated regime. In114

addition, the flame wrinkling factor/efficiency function rather empirically modifies115

the source term and the molecular diffusion [1]. Duwig [15] performed successful116

LES of a dump combustor using a filter only 2 times the mesh/cell size to filter the117

flamelet and a small flame wrinkling factor.118

In the second group of studies, the filter applied over the flamelet is of the order119

of the computational mesh size and the focus is on directly recovering the turbulent120

burning velocity. For example, Vreman et al. [10] used a flamelet spatially filtered121

with top-hat filter, of width equal to the computational mesh. The mesh size was122

of order of the laminar flame thickness, and resulted in good predictions for planar123
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Bunsen flames in the TRZ regime. Moureau et al. [16] proposed to close the filtered124

source term by convoluting the laminar flame with a filter smaller than the filter125

over the flow. This filtered laminar flame-PDF (FLF-PDF) method, was obtained126

through a priori analysis of DNS of a lean premixed swirl flame. FLF-PDF proposes127

to use two controlling variables, the mean and variance of progress variable, to take128

into account the effect of subgrid turbulence on chemistry like presumed PDF ap-129

proaches. Notably, this study also demonstrated that the flame wrinkling factor fails130

in reproducing the correct subfilter PDF and thus questions simulations using this131

factor.132

So far, turbulent combustion modeling using spatially filtered flamelets, is mostly133

focussed on using large filter widths compared to the mesh size in order to resolve134

the filtered structure [13, 14, 11] to recover the laminar flame speed (s0L) and finally135

the turbulent burning velocity (sT ) through flame wrinkling factor or efficiency func-136

tion. However, it is also possible to model the chemical source term using flamelets137

filtered at the order of the mesh size [10, 16] by recovering correct turbulent burning138

velocity directly. In addition, the closure of filtered molecular diffusion and subgrid139

convection can also be achieved using the filtered flame structure [11]. Also most140

of the literature is devoted to combustion modeling in the scenario where there are141

turbulent structures in the subgrid and have to account their interaction with the142

flame. However, increasing computational power is offering spatial resolutions which143

preclude significant subgrid turbulence. In this scenario, it is interesting to investi-144

gate whether a flamelet filtered spatially at order of the mesh size can be used to145

close the various terms arising in the filtered progress variable transport equation146

and its accuracy.147

In this work, we interrogate the region between DNS and LES, i.e., a regime of148

high-fidelity simulations which does not resolve the laminar flame structure but at the149

same time has negligible subgrid turbulence. This is done by looking at simulations150

with increasing filter size, from a resolution where the laminar flame is completely151

resolved (DNS) to where the flame is completely subgrid (a situation typical for LES152

of reacting flows). As a starting point, DNS of a premixed turbulent flame in the153

TRZ regime is performed using FGM. This is followed by an analysis of the filtered154
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DNS data to investigate the filter width, which applied over the 1-D laminar flame,155

can approximate the unresolved turbulent flame at mesh widths larger than DNS156

resolution. Based on the a priori analysis, it is found that by applying a filter width157

of the order of the computational mesh over the laminar flame solution, the filtered158

source term can be successfully closed on a mesh coarser than required for DNS as159

found earlier in [10, 16]. The closure of other terms in the filtered progress variable160

(c̃) equation , i.e., unresolved diffusion and convection of the progress variable as161

suggested in [11] is investigated for filter width of the order of the computational162

mesh size. Finally, the closure of the filtered progress variable equation using spatially163

filtered flamelet, namely, Filtered Flamelet Generated Manifold (FFGM) is tested a164

posteriori in the same configuration and the performance is compared with the DNS.165

2. Direct numerical simulation of a turbulent slot flame166

2.1. Governing equations167

The governing equations that are solved under the low Mach assumption in react-168

ing DNS, using a single controlling variable FGM are given below in vector notation:169

∂ρ

∂t
+∇ · (ρu) = 0, (1)

ρ

(
∂u

∂t
+ u · ∇u

)
= −∇p +∇ · (µ∇u) +

µ

3
∇ (∇ · u) , (2)

∂ρc

∂t
+∇ · (ρuc) = ∇ · (ρDc∇c) + ω̇c, (3)

where ρ, u and p represent density, velocity vector and pressure. The variables c, Dc170

and ω̇c denote progress variable, its mass diffusivity and its source term respectively.171

The diffusivity Dc in the premixed case is equal toD, the mixture averaged diffusivity172

divided by the Lewis number (Le) of the progress variable (c) chosen. In tabulated173

chemistry approach like FGM, ρ = f1(c), µ = f2(c), ω̇c = f3(c) and D = f4(c)174

are retrieved from a pre-computed table. Also other quantities like specific heat,175

temperature and species mass fractions are available as a function of the progress176

variable (c).177

Commonly used numerics (including in this work), apply implicit filtering to the178

governing equations through the computational grid and discretization operators [18].179
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If a numerical grid is applied, values are ideally first filtered with a filter width that180

represents the physical spacing, which is equal to the grid size, and then sampled (at181

the grid points). This should be applied for the entire system including the manifold.182

So even in case of DNS, formally the equations (Eqs. 1-3) above should be overlined183

to show the filtering operation, how fine it may be but are avoided here for clarity.184

The solution converges towards DNS results as the grid is refined and not towards185

the solution of the filtered equations [18].186

2.2. Numerical discretization187

A low Mach number based finite volume solver [10, 19] written in Fortran 90 and188

parallelized using MPI and OpenMP standards is used to solve the above governing189

equations. For the continuity and momentum equations the standard finite volume190

method (FVM) is employed with second-order central differencing on a staggered191

Cartesian mesh. The scalar equation for transport of the progress variable is recast192

into the equivalent advective (non-conservative) formulation to which Van Leer’s193

third-order accurate Monotone Upstream-centered Schemes for Conservation Laws194

(MUSCL) scheme, which is total variation diminishing (TVD), is applied.195

For the temporal discretization, the explicit Euler method is used, except for196

the convective terms in the momentum equations, which are treated with second197

order Adams-Bashforth approach. The use of a first order temporal scheme for198

viscous fluxes is justified as small time steps are used (to maintain low CFL-number)199

and thus the spatial error dominates the temporal error [19]. After calculation of200

convective and viscous terms, the scalars and (uncorrected) velocities are updated to201

the new time level. Then the density, viscosity and source terms at the new time level202

are retrieved from the flamelet table using linear interpolation. Once the density at203

the new time level is known, the continuity equation provides the divergence of the204

momentum vector at the new time level. Applying the divergence operator to the205

momentum equation gives the Poisson equation for the pressure which is iteratively206

solved with a multigrid method.207

2.3. Numerical setup208

The computed flame configuration is a methane-air slot burner similar to earlier209

studies [20, 10, 19]. An unburnt CH4 air mixture at stoichiometric condition issues210
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out from a slot of width, w = 8 mm with velocity, Uu0 = 3 m/s and at Tu =211

300 K (c = 0). A stoichiometric flame is chosen as it has the smallest laminar212

flame thickness. The unburnt jet is flanked on both sides by a co-flow with burnt213

products of the same composition issuing at Ub0 = 7 m/s and Tb = 2240 K (c =214

1). The expansion or heat release factor (τ = Tb/Tu − 1) is around 6.5 and ratio of215

turbulent fluctuation to laminar flame speed (u′/s0L) is 2.4. The flame is considered216

periodic in spanwise direction. The mean inflow profiles for streamwise velocity217

and progress variable are prescribed as a tangent hyperbolic profile with a thickness218

based on the maximum derivative of c in the laminar flame solution. Turbulence219

at the inflow is generated by using a random number generator (URAND available220

with the Fortran90 compiler IFORT). These fluctuations are filtered spatially as221

well as temporally and then scaled to the desired turbulence level (further details222

are available in [10]). Perturbations are applied only to the unburnt mixture and223

the stencil used for generation of perturbations is the same for all simulations. A224

constant time step of ∆t = 1 × 10−6s is used to maintain a sufficiently low CFL225

number of 0.07 based on the velocity at inflow plane. This low CFL number also226

ensures that temporal error is insignificant compared to spatial discretization errors.227

A freely propagating adiabatic laminar flame solution for stoichiometric methane228

air mixture at 300 K and standard atmospheric pressure is computed using GRI 3.0229

mechanism [21] and the 1-D numerical flame solver CHEM1D [22]. The transport230

coefficients are computed with a mixture averaged model, i.e., Lewis numbers are231

non-unity. The normalised mass fraction of CO2 was chosen as progress variable232

and the mass diffusivity Dc is computed by dividing the thermal diffusivity with its233

Lewis number (LeCO2
). The chemistry (source term, mass fractions, temperature234

and other thermo-physical properties) was tabulated using 400 equidistant points in235

progress variable space to construct an FGM for the simulations.236

2.4. DNS Results237

Fig. 1 shows the wrinkled turbulent flame structure through an instantaneous238

3-D snapshot of the iso-surface of c = 0.55 and the average flame shape through239

mean progress variable isocontours. The Taylor microscale and Kolmogorov scale240

along the centerline are plotted in Fig. 2.241
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DNS of turbulent combustion requires the flow scales as well as the chemical scales242

to be resolved. The estimated Kolmogorov scale, η = (ν3/ǫ)1/4, on the centerline243

at inflow plane is of the order of the DNS mesh size, h = 0.1 mm. The spatial244

resolution of O(η) is generally adequate for DNS, as to obtain reliable first and245

second order statistics, the resolution should be fine enough to accurately capture246

most of the dissipation [23]. Here, most of the dissipation occurs at larger length247

scales near the flame front and thus the turbulence is adequately resolved. While248

using a progress variable formulation, the chemical scale is influenced by the choice249

of progress variable. The laminar flame thickness based on the maximum gradient of250

the progress variable (δc), is resolved with 5 points which is found to be sufficient (see251

e.g. [11]). The same spatial and temporal resolution has been used earlier for DNS252

of similar Bunsen flame with the same numerics in [24]. The parameters of the DNS253

are summarised in Table 1.254

The stretch and curvature fields, obtained from the DNS computed with tabulated255

chemistry in this work, will differ from the one computed with detailed chemistry.256

However, they will not be much different as the differences introduced by FGM is257

approximately 5% [8].258

3. Filtering the slot flame DNS259

Affordable computations of realistic configurations often necessitate a mesh coarser260

than that required for a DNS, on which the chemistry (and flow) is not properly re-261

solved. Finite Volume Method (FVM) based numerics, widely used in practical262

applications, impose an implicit filtering on the Navier-Stokes equations and scalar263

transport equation along with the spatial sampling. In case of a large filter (mesh)264

size a subgrid model is required to capture the effect of small flow scales and hence265

proper cascade of energy. In the TRZ regime with small (order of laminar flame266

thickness) filter (mesh) size, most of the flow structures are captured. However,267

chemical scales are still unresolved and necessitate a proper reconstruction.268

In FGM-DNS the chemistry is coupled to the flow through progress variable (c)269

transport equation while on a grid coarser than DNS, a filtered equation is solved270

10



for c̃. The exact filtered c̃ equation without any modeling reads as,271

∂ρ̄c̃

∂t
+∇ · (ρ̄ũc̃) = ∇ · (ρD∇c)−∇ · (ρ̄ũc− ρ̄ũc̃) + ¯̇ωc (4)

The filtered source term ω̇c , the filtered diffusion term ∇ · (ρD∇c) and SGS flux of272

c given by ∇ · (ρ̄ũc− ρ̄ũc̃) require to be closed.273

A common method of formulating closure models is through a priori analysis of274

DNS data by convoluting it with a filter in space. The spatial filtering enables to275

evaluate the terms appearing in the filtered progress variable equation for different276

filter widths and thus to evaluate the modeling approach. The filtering operation on277

a quantity φ can be denoted as278

ρφ = ρ̄φ̃ =

∫

D

ρφG(x, ξ)dξ, (5)

where D is the flow domain. G is the filter kernel, here chosen as a top-hat defined279

by280

G(x, ξ) = 1/∆3 if |xi − ξi| <
1

2
∆, i = 1, 2, 3, (6)

= 0, otherwise

where ∆ is the filter width applied to the DNS data.281

An a priori analysis is carried out by filtering the DNS data at three different282

filter widths: 2 , 4 and 8 times hDNS and then conditioned on c̃ before averaging in283

time. For the first two filter widths (2 and 4 times hDNS), the laminar flame structure284

(based on gradient of progress variable) is resolved by approximately 3 and 2 points285

while for the largest filter width (8hDNS) the laminar flame is entirely subgrid. The286

filter size of 8hDNS corresponds to the Taylor microscale and is considered the ideal287

filter size for a well resolved LES. However, it is to be noted that the turbulence in288

the vicinity of the flame is damped due to the strong increase of kinematic viscosity289

(ν) with temperature. Thus, further downstream, the filter size of 8hDNS is quite290

coarse in comparison to the integral scales existing in the vicinity of the flame front.291

Fig. 3 shows the instantaneous source term and the same data filtered using the292

filter kernel G with ∆ = 8hDNS on the midplane (y − z) of the slot burner. Further293

Fig. 4 shows scatter of the filtered source term in c̃ space for an instantaneous 3D field294
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corresponding to 18 flow through times. It can be seen that the scatter is very small295

in all the cases indicating a very limited presence of stochastic events in the subfilter296

space. However, with widening filter an increase in the scatter can be observed.297

3.1. Filtered source term298

We investigate here if a flamelet filtered in physical space (x) can model ω̇c299

obtained from filtering the DNS of the turbulent flame computed in Section 2. Most300

1-D flame solvers (like CHEM1D) compute the laminar flame solution in physical301

space. The distributions of various species as well as physical properties obtained in302

1-D space are indicative of the spatial distribution in a real laminar flame. Spatial303

filtering of 1-D laminar flame solution is a quite straight forward operation. For sake304

of consistency with the filter applied to the DNS data, we choose a top-hat kernel to305

filter the 1-D flamelet. The top-hat kernel for filtering the 1-D flamelet is defined by306

G1(x, ξ) = 1/∆f if |x− ξ| <
1

2
∆f , (7)

= 0 otherwise,

where ∆f is the width of the filter with which the laminar flamelet is convoluted.307

The filtering of the chemical source term can then be represented simplified in one308

dimension as309

¯̇ωc =

∫
∞

−∞

G1(x, ξ)ω̇c(c(ξ))dξ. (8)

The effect of filtering a 1-D laminar flame in physical space at widths 2, 4 and310

8 times of DNS mesh size is shown in Fig. 5. When looking at a global level it is311

clear that these small filters have a marginal effect on the filtered progress variable.312

However, on a smaller scale and in particular if the source term is considered, than313

we see much larger differences. Furthermore it can be observed (especially from the314

zoom of the source term) that a mesh size of 0.1 mm in the DNS is at the edge of315

being sufficient to capture the source term. The same filtered source terms when316

transformed to progress variable space are shown in Fig. 6. The filtered, conditioned317

and time averaged source term from the DNS for comparison with the filtered laminar318

source term is also shown in Fig. 6. For time averaging, DNS fields are accumulated319

after two flow through times have elapsed and in total 50 fields distributed over 18320

flow through times are used.321
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3.2. Flame filter size322

The question that now arises is: what should be the width of the filter to be used323

for filtering the 1-D laminar flame solution? For the choice of filter width over the324

laminar flame, ∆f , an obvious choice will be the filter width ∆, at which the DNS325

results are filtered as in [10]. From Fig. 6, it turns out that this choice produces a326

reasonable approximation to the source term from filtered DNS. However, ∆f < ∆327

was found in [16]. So we filter the laminar flamelet at different widths, to find a filter328

width which yields best fit with each ∆ filtered 3-D DNS source term. By comparing329

visually and the integrated area under the curves, an optimum filter width over the330

flame i.e. ∆f = ∆o
f is determined for all three cases and the filtered 1-D source terms331

are shown in Fig. 7.332

The filtered source term ¯̇ωc from the DNS filtered at ∆ and 1-D flamelet filtered at333

∆o
f for all cases is presented in Fig. 7. Good agreement is observed for the smaller ∆334

= 2 and 4 times hDNS, while for the largest filter width, ∆ = 8hDNS agreement is not335

as good. The results for optimal filter width (∆o
f) show that the flame filtered at a336

suitable width can capture the source term distribution at a coarse filter (∆ > hDNS).337

The filter widths used for filtering the DNS field and the corresponding filter widths338

applied to 1-D flame solutions to achieve the same level of filtered source term are339

summarised in Table 2. The trend that emerges from the a priori analysis, is that340

∆o
f and ∆ are of same order with the ratio ∆o

f/∆ being slightly greater than 1.341

The findings are somewhat different to that of the FLF-PDF model [16], which finds342

∆o
f/∆ being less than 1. Though there is a difference in the ∆o

f/∆ ratio, the widths343

are found to be of the same order in both the studies.344

The small difference can be attributed to various factors. First, a stoichiometric345

mixture is used in our study, which has a higher heat release rate than the lean346

mixture (equivalence ratio 0.7) used in [16]. Second, a top-hat kernel was used in347

this work whereas a Gaussian kernel was used in [16]. While the shape of the kernel348

does not affect the averaged filtered DNS output, it does impact the convoluted 1-D349

laminar flame. Filtered laminar source terms for a Gaussian and top-hat kernel of350

equal widths are shown in Fig. 8 and indicate different distributions for the larger351

filter widths. The extent of turbulence in the present case (Reλ=60) is different352
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from the other case (Reλ=150) and thus the turbulent burning velocity is impacted.353

Third, we chose the normalised mass fraction of CO2 as progress variable while in354

[16] a combination of CO2 and CO was used. The choice of progress variable alters355

the distribution of ω̇c in physical as well as c space. Also the flame resolution and356

dynamics are affected through the gradient of c. Lastly, there is a difference in spatial357

discretization which is 2nd order in present study and 4th order in the other case.358

The filtered source term closure in [16] also depends on a second controlling359

variable, namely, the variance of c, defined as cv = c̃c − c̃c̃. The variance of c,360

computed from the ∆ filtered DNS field (conditioned and time averaged) and the361

∆o
f filtered laminar flame is presented in Fig. 9. Perfect agreement for cv from the362

filtered DNS and filtered flamelet is found at smallest filter width, i.e., 2 times hDNS363

proving the assumption made earlier that a spatially filtered flamelet can be used364

to reconstruct the unresolved flame. Thus at small filter size a single controlling365

variable, c̃ is adequate for accurate resolution of chemistry and we use the same here366

in this work. The agreement of cv in the preheat zone decreases with increasing filter367

width but the agreement remains quite good on the burnt side. Discrepancies at the368

unburnt side (c < 0.5) can be attributed to SGS structures present in the unburnt369

mixture as reported earlier in [16].370

3.3. Unresolved Molecular Diffusion371

As mentioned earlier, with increasing filter size the filtered product of quantities372

deviate more from the product of filtered quantities. This effect in the modeling of373

the diffusion term is investigated here. In the filtered progress variable (c̃) equation,374

the molecular diffusion term is often approximated in the numerical simulations as375

∇ · (ρD∇c) ≈ ∇ · (ρD∇c̃). (9)

A more accurate representation (exact in 1-D) of this term follows from [11] as376

∇ · (ρD∇c) = ∇ · (αcρD∇c̃), (10)

where the correction factor defined as377

αc(c̃) =
ρD| ∂c

∂x
|

ρD| ∂c̃
∂x
|
, (11)
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is computed from the 1-D filtered flame and is tabulated as a function of c̃. αc(c̃)378

is also computed using the filtered DNS data along the streamwise direction (z). In379

Fig. 10, αc computed from the DNS filtered at ∆ and from the 1-D flame filtered380

at corresponding ∆o
f are plotted and shows good agreement. This figure also shows381

that the values of αc increase with increasing filter width and are higher in the cold382

regions of the flame (c close to 0) for a given filter width. Traditional modeling383

approach like Eq. (9) leads to αc = 1. The unresolved diffusion is well modeled with384

this formulation even though the flame is strongly curved with a radius in the order385

of the flame thickness.386

One of the main advantages of flamelet methods like FGM is that in the colder387

zone of the flame the molecular diffusion process which affects the chemical balance388

between chemical production and consumption is captured correctly [2]. Including αc389

will improve the numerical modeling of the diffusion term (in comparison to Eq. (9)),390

leading to accurate molecular diffusion in the preheat zone of the flame.391

3.4. Unresolved scalar transport392

Filtering of the progress variable equation gives rise to an unclosed convective393

term commonly represented as −∇ · (ρ̄ũc − ρ̄ũc̃). This unresolved (or subgrid)394

convection and the resolved part, ∇ · (ρ̄ũc̃), is computed from the DNS database for395

different filter widths. The unresolved convection becomes significant in comparison396

to the resolved transport of c̃ with increasing filter size [25].397

Fig. 11 shows the streamwise direction (the predominant flow direction), SGS398

transport, ρ̄(w̃c − w̃c̃), obtained from filtering the DNS field and the conditioned399

gradient of c̃. Both quantities are positive for all the filter widths and thus indicate400

counter-gradient diffusion (CGD). The counter-gradient diffusion in this case can be401

explained on the basis of high heat release rate and low ratio of turbulence intensity402

to laminar flame speed [26]. In case of a high heat release factor, CGD is promoted403

and it is observed in some studies even at high turbulence intensity.404

The filtering operation induces unresolved scalar fluxes even in a laminar 1-D405

flame [25, p. 270]:406

ρ̄(ũc− ũc̃) = ρ0s
0

L(c̄− c̃), (12)

where the laminar flame speed (s0L) and the unburnt gas mixture density (ρ0) are407
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available from 1-D flame computations. It is to be noted here that Eq. (12) is exact408

for a 1-D laminar flame. The divergence of Eq. (12) arising from the 1-D filtered409

laminar flame can be incorporated as [11],410

Ωc = −ρ0s
0

L

(
∂c̄

∂x
−

∂c̃

∂x

)
, (13)

where the gradients are computed from the laminar flamelet filtered in physical space.411

Following [25, 11], the total unresolved scalar flux is closed as412

−∇ · (ρ̄ũc− ρ̄ũc̃) = Ωc. (14)

Fig. 12 shows the unresolved convective flux computed from the 1-D filtered413

laminar flame (Ωc) and from the filtered DNS (-∇ · (ρ̄ũc − ρ̄ũc̃)) for filter widths414

∆ = 2, 4 and 8 hDNS. In this work, we find that Ωc increasingly deviates from415

−∇ · (ρ̄ũc − ρ̄ũc̃) with increase in filter size. The deviation is very small in case of416

∆ = 2hDNS but significant in ∆ = 8hDNS. It is to be noted here that although the417

term Ωc represents the unresolved or SGS convection of c̃ exactly in 1-D, it does not418

in 3-D. Also, it assumes that the mass burning rate is that of an unstretched flame,419

an assumption not necessarily true in 3D turbulent flows. However, the trend (CGD)420

is captured qualitatively and further improvement in modeling of SGS convection of421

progress variable is not attempted at this stage.422

4. Filtered Flamelet Generated Manifold423

The filtered equation for progress variable Eq. (4) can be closed using the closure424

models described previously in Eq. (10) and Eq. (14) along with the source term425

from a spatially filtered manifold and reads as follows:426

∂ρ̄c̃

∂t
+∇ · (ρ̄ũc̃) = ∇ ·

(
αcρD∇c̃

)
+ Ωc + ¯̇ωc. (15)

It is to be noted here that in [10] the source term was closed by filtering a laminar427

flame with filter size of the mesh but the terms diffusion correction factor (αc) and428

subgrid convection (Ωc) as proposed in [11] were not used. However, [11] uses large429

filter width (compared to mesh width) to spread the filtered flame structure over a430

number of grid points and the flame wrinkling factor to recover turbulent burning431
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velocity (as in thickened flame method). From a priori analysis in [16], it was432

proposed that the filtered source term can be recovered using flamelet filtered at size433

smaller than the mesh size but the modeling of other terms were not discussed.434

In this work, we attempt to close the transport equation of c̃, Eq. (4) , by using a435

flamelet filtered at the order of the mesh size to obtain the filtered source term (¯̇ωc) as436

in [10, 16], diffusion correction factor (αc) and subgrid convection (Ωc)as in [11]. The437

present formulation does not require any flame wrinkling factor unlike [11]. For sake438

of convenience, we refer the formulation in Eq. (15) as Filtered Flamelet Generated439

manifold (FFGM) and is implemented in the code described earlier. In the next440

section, we investigate the performance of FFGM a posteriori.441

4.1. A posteriori analysis442

The same slot flame configuration is tested using the FFGM approach. The terms443

αc, Ωc and the filtered source term ω̇c are computed from the 1-D filtered laminar444

flame and tabulated as a function of c̃, for the flame filter size ∆o
f . Assuming that445

the filter size is equal to the mesh size, three a posteriori simulations are carried out446

with grid spacing, hx = 2, 4 and 8 times hDNS to benchmark against DNS data.447

For each of the simulations, the manifold is constructed using a 1-D laminar flame448

filtered with a top-hat at corresponding ∆o
f obtained from the a priori analysis and449

then tabulated as a function of c̃.450

To give an impression of the FFGM results compared to the DNS results we451

repeat the results of Figs. 1 and 3 for direct comparison with Figs. 13 and 14. It is452

clear that the FFGM results deteriorate from the DNS at coarser grids. The finest453

FFGM looks very much like the DNS result of Fig. 3. The wrinkling looks similar454

and one can even see an unburnt pocket in both cases. If one looks at the coarser455

FFGM’s the agreement is becoming less convincing. However, one has to take into456

account that one has to compare the filtered version in Fig. 3 with the coarsest457

version in Fig. 14. If we consider these results in this framework, we can conclude458

that the deterioration is acceptable.459

The average flame shape, an important characteristic of a Bunsen flame, is chosen460

to benchmark FFGM. The flame shape is computed based on isocontour of c = 0.55461

(corresponding to maximum source term) averaged in periodic direction and in time.462
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The simplest model for the filtered source term is the trivial model or zero model,463

simply denoted as ¯̇ωc = ω̇c(c̃). The zero model is implemented by using an unfiltered464

manifold along with setting αc = 1 and Ωc = 0 in Eq. (15). The comparison carried465

out against the zero model (unfiltered) case and DNS prediction is shown in Fig. 15.466

It shows that for 2 times hDNS the FFGM and zero model both predict a slightly taller467

flame with FFGM slightly better than the zero model. In case of the intermediate468

mesh size, i.e., 4 times hDNS, the FFGM prediction is very close to DNS and better469

than that from the zero model. However, the effect of FFGM is strongly noticeable470

in the case of the coarsest grid, hx = 8hDNS where it clearly shows that the FFGM471

is better than the zero model. It is to be mentioned here that FFGM constructed472

using a Gaussian kernel performs almost similar.473

Fig. 16 shows the mean values of the progress variable and its source term at474

the centerline along the stream wise direction predicted by FFGM for different filter475

widths. The prediction of c̃ exhibits the same trend as observed in case of the flame476

height. The source term distribution along the centerline can be correlated with the477

flame height as a higher source term indicates faster burn out, leading to a shorter478

flame. The variances are relevant but not shown as DNS should be filtered to compare479

fluctuating quantities or a subgrid model is required to retrieve the SGS part of the480

fluctuations [10].481

It is interesting to investigate the effects of different closures in the filtered482

progress variable transport equation. The various terms can be investigated by set-483

ting them to values without including components from filtered laminar flame. The484

effect of the diffusion correction can be omitted by setting αc = 1 and the subgrid485

convection can be omitted by setting Ωc = 0 in Eq. (15). Fig. 17 shows the effect486

of the different closure terms through the flame shape represented by c̃ = 0.55. It487

can be seen that in case of small filter width 2hDNS the closure terms do not play a488

significant role and molecular diffusion (αc) is as important as SGS convection (Ωc).489

However, at large filter width, i.e., 8hDNS the terms are significant with Ωc being490

more significant than αc.491
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4.2. Computational cost492

With the flamelet approach the reduction in simulation time is already signifi-493

cant [4] and gains achieved with FFGM model are presented here. The FFGM model494

is able to predict the flame shape quite well for the fine mesh, e.g., 2 and 4 times495

hDNS. For a coarse grid in which the flame is completely subgrid, the results are not496

satisfactory, for which the reasons are explained in the next section. It is interest-497

ing to compare the computational gains and the error associated with it. An error498

estimate can be computed based on the maximum flame height (based on isocon-499

tour c = 0.55) predicted by various simulations with respect to that predicted by500

DNS. The error is defined as the difference in mean flame height at the centerline501

with respect to the one computed in DNS. The table showing computational gains502

along with the associated error is summarised in Table 3. It is evident that FFGM503

predicts combustion quite reasonably on fine meshes and is computationally much504

cheaper than DNS.505

4.3. Analysis of FFGM results506

Prediction using FFGM reconstruction is good for the smaller mesh sizes while it507

tends to go off the mark with large mesh size. The degeneration in the performance508

of the model with increasing filter width or grid size can be attributed to various509

factors.510

In a posteriori simulations it is assumed that the filter width is equal to the511

mesh size, ∆ = hx (a prevalent approach in implicit LES) but this is often not true.512

It is difficult to determine the effective filter size in implicit simulations and hence513

the assumed filter width ∆ = hx may be inaccurate [27]. Also, numerical diffusion514

can alter the effective filter on the flame. Numerical diffusion of progress variable515

is needed to keep the scalars between their physical bounds. Because of the change516

in the effective ∆ it is expected that the actual ∆f will differ from the one found a517

priori from DNS. Also, at a filter size equal to the mesh size the solution embodies518

the highest error. For the numerics used here, the discretization error involved with519

spatial derivatives in convective and viscous term turns out to be relatively large520

compared to subgrid part [10] which implies that the observed differences were most521

probably influenced by discretization error. In a posteriori simulations the actual522
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coarsening of the grid causes a resampling of the data additional to the filtering effect.523

At a very coarse mesh size it is possible that the discretization error overwhelms the524

model performance. Thus, it is possible that a particular value of ∆f other than ∆o
f525

is more effective in a posteriori simulations.526

To investigate this possibility, a couple of a posteriori simulations have been527

performed with different ∆f values in the vicinity of ∆ for mesh sizes of hx = 4hDNS528

and hx = 8hDNS, which are significantly cheaper to compute. A filter width ∆f = ∆x
f529

could be found which produced the flame shape based on c̃ = 0.55 better than530

one using ∆f = ∆o
f (filter width from a priori DNS). For hx = 4hDNS, a filter531

∆x
f = 3hDNS and for hx = 8hDNS, a filter ∆x

f = 12hDNS are appropriate respectively.532

Fig. 18 shows the flame shape based on c̃ = 0.55 for ∆f = ∆,∆o
f and ∆x

f . It can be533

seen that the flame shape differs very little for flames filtered with ∆ and ∆o
f . So in534

real life simulations where ∆f can not be computed beforehand because DNS data535

is not available, filtering the manifold at mesh size ∆ is practical and a good choice.536

In Fig. 19 the overall flame structure represented by isocontours of c for hx = 4hDNS537

and hx = 8hDNS for flamelet filtered at ∆x
f is plotted and can be compared with538

the DNS flame structure represented by average isocontours of c in Fig. 1. The539

flame structures compare well, with a slight reduction in flame spread as compared540

to DNS, which is expected due to loss of fluctuations on a coarse grid and filtering of541

the flame. At these iterative filter widths probably the modeling and discretization542

errors cancel out, yielding a correct flame shape. These iterative simulations are not543

feasible in realistic computations and are just used to illustrate the potential of the544

method when an optimal ∆f is used (a posteriori).545

Looking at the unresolved convection a priori, one can conclude that modeling546

this term with Ωc from a filtered laminar flame is not a good approximation at larger547

filter widths. Also, the a priori filtered source term deviates at large filter widths548

in the preheat zone. The error in the filtered source term modeling using FFGM549

normalised by a quantity independent of the filtering can be computed as550

ǫ¯̇ωc
=

[
(¯̇ωFFGM

c − ¯̇ωDNS
c )2

(ω̇DNS
c )2

]1/2
.

Fig. 20 shows semilog plot of ǫ¯̇ωc
conditioned on c̃ and time averaged. Significant551

deviations can be seen at the unburnt side due to inadequate closure of the source552
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term by a flamelet filtered at a single scale. It is to be noted that the coarsest mesh553

used here is larger than the laminar flame thickness.554

5. Conclusions555

In this work, a filtered flamelet approach is analysed to investigate the modeling556

of premixed turbulent combustion at spatial resolutions of the order of the laminar557

flame thickness. In this scenario, most of the turbulence is resolved and there is558

very little statistics left in the subgrid. Based on a priori analysis of DNS data, it559

was found that the source term and the filtered molecular diffusion can be closed560

accurately by filtering a 1-D laminar flame solution with top-hat filter having width561

of the order of the computational mesh. However, the closure of the unresolved562

convection of progress variable was found to exhibit deviations that increase with the563

filter size. This approach, namely, Filtered Flamelet Generated Manifold (FFGM)564

was tested a posteriori and compared with the DNS results. Comparisons show good565

agreement for mesh sizes smaller than the laminar thickness whereas for situations566

where the flame is completely subgrid the agreement decreases. Thus, a laminar567

flame solution spatially filtered at the mesh size, can be used for a coarse scale DNS568

of premixed turbulent flame, with a satisfactory performance. The filtering applied569

to the velocity fields and the manifold are of the same order in this approach. The570

reduction in spatial resolution achieved by a coarse DNS yields significant reduction571

in computational effort and thus can be used as a benchmark for coarser simulations572

i.e. LES. Further investigations are required for the subgrid convection closure, a573

posteriori performance in highly turbulent flows and the effective filter imposed in574

filtered simulations.575
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[6] Egüz U, Leermakers N, Somers B, de Goey P. Modeling of PCCI combustion594

with FGM tabulated chemistry. Fuel 2014;118:91 –9.595

[7] Ribert G, Vervisch L, Domingo P, Niu YS. Hybrid transported-tabulated strat-596

egy to downsize detailed chemistry for numerical simulation of premixed flames.597

Flow, Turbulence and Combustion 2014;92:175–200.598

[8] van Oijen JA, Bastiaans RJM, de Goey LPH. Low-dimensional manifolds in599

direct numerical simulations of premixed turbulent flames. Proceedings of the600

Combustion Institute 2007;31:1377 –84.601

[9] Domingo P, Vervisch L, Payet S, Hauguel R. DNS of a premixed turbulent V602

flame and LES of a ducted flame using a FSD-PDF subgrid scale closure with603

FPI-tabulated chemistry. Combustion and Flame 2005;143:566 –86.604

[10] Vreman AW, van Oijen JA, de Goey LPH, Bastiaans RJM. Subgrid Scale605

Modeling in Large-Eddy Simulation of Turbulent CombustionUsing Premixed606

Flamelet Chemistry. Flow, Turbulence and Combustion 2008;82:511–35.607

22



[11] Fiorina B, Vicquelin R, Auzillon P, Darabiha N, Gicquel O, Veynante D. A608

filtered tabulated chemistry model for LES of premixed combustion. Combustion609

and Flame 2010;157:465 –75.610

[12] Guo Z, Zhang H, Chan C, Lin W. Presumed joint probability density function611

model for turbulent combustion. Fuel 2003;82:1091 –101.612

[13] Boger M, Veynante D, Boughanem H, Trouvé A. Direct numerical simulation613
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Tables650

Table 1: DNS parameters of the slot burner

Parameter Value

laminar flame thickness (δL) 0.512 mm

DNS mesh spacing (hDNS) 0.1 mm

Fuel composition stoichiometric CH4-air

Temperature of unburnt mixture (Tu) 300 K

Pressure (p) 1 bar

Heat release factor (τ) 6.5

slot width (w) 8 mm

Reynolds number based on Taylor microscale (Reλ) 60

rms velocity at inflow/laminar flame speed (u′/s0L) 2.4

Kolmogorov scale at centerline on inlet (η) 0.06 mm

Minimum Taylor microscale at centerline (λ) 0.82 mm

Karlovitz number at centerline for 〈c〉 = 0.05 (Ka) 18

Table 2: Filter widths over DNS and Flame

∆/h ∆o
f/h δL/∆

2 2.5 2.6

4 4.5 1.3

8 9.0 0.6
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Table 3: Computational cost of turbulent Bunsen flame simulations

Simulation hx Mesh δt CPU time Error

[mm] [10−5 s] [hours] [%]

DNS 0.1 160× 256× 320 0.1 5984 -

FFGM 0.2 80× 128× 160 0.5 560 7.8

FFGM 0.4 40× 64× 80 1.0 72 -4.16

FFGM 0.8 20× 32× 40 1.0 10 -12.31
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Figure 1: Turbulent Bunsen flame Top: Instantaneous snapshot of progress variable isocontour c

= 0.55. The color represents the gradient of c. Bottom: Time averaged isocontours of c = 0.2, 0.4,

0.6 and 0.8.

27



0 5 10 15 20 25 30
0

1

2

3

4

5

z [mm]

fl
ow

sc
al
es

[m
m
]

Figure 2: Streamwise flow conditions computed at the centerline in the DNS. Top: Mean (solid)

and RMS (dashed) velocities. Bottom: Taylor microscale (solid) and Kolmogorov scale (dashed).
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Figure 3: Instantaneous source term ω̇c [kg/m3s] - DNS (left) and spatially filtered DNS with

8hDNS (right).
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Figure 4: Scatter plots of filtered source term ¯̇ωc [kg/m
3s] for an instantaneous DNS field spatially

filtered with ∆ = 2, 4 and 8 times hDNS (top to bottom).
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Figure 5: 1-D Flamelet convoluted in physical space with a top-hat of width 2 (dashed), 4 (dash

dotted) and 8 (dotted) times hDNS. The unfiltered laminar flame is shown by the solid line. The

inset shows a zoom.

30



0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

200

400

600

800

1000

1200

Increasing Filter Width

c̃

〈ω̇
c
|
c̃〉

[k
g
/m

3
s]

Figure 6: The filtered source term (thin solid lines) obtained by convoluting DNS data with a 3D

top-hat filter of width ∆ = 2, 4 and 8 times hDNS and the unfiltered source term (thick solid line)

are shown in progress variable space. Filtered source terms obtained by convoluting a Flamelet

with 1-D top-hat filter of identical filter widths i.e. ∆f = ∆ are shown by dashed lines. For the

DNS, data is first spatially filtered, then conditioned on c̃, and finally averaged in time.
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Figure 7: Source term for spatially filtered DNS (solid lines) at ∆ = 2, 4 and 8 times hDNS and

spatially filtered laminar flame (dashed lines) filtered at ∆o
f = 2.5, 4.5 and 9 times hDNS . The

unfiltered source term from DNS (line) and from 1-D laminar flame (symbols) coincide. For the

DNS, data is first spatially filtered, then conditioned on c̃, and finally averaged in time.
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Figure 8: Filtered source term distribution against c̃ for Gaussian (dashed) and top-hat (solid)

kernels of width (∆o
f ) 2.5, 4.5 and 9 times hDNS . Unfiltered source term is denoted by a thick solid

line.
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Figure 9: Progress variable variance cv, for spatially filtered DNS(solid lines) at ∆ = 2, 4 and 8

times hDNS and spatially filtered laminar flame(dashed lines) filtered at ∆o
f = 2.5, 4.5 and 9 times

hDNS . For the DNS, data is spatially filtered, then conditioned on c̃, and averaged in time.
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Figure 10: Diffusive correction factor (αc) obtained by filtering streamwise diffusion term from DNS

filtered at different ∆ (solid lines) and from 1-D flame filtered at corresponding ∆o
f (dashed lines).
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Figure 11: Unresolved flux of progress variable, ρ̄(w̃c− w̃c̃) (top), and gradient of progress variable,

∂c̃/∂z (bottom) in stream wise direction (z), computed from DNS filtered at ∆ = 2 (dashed),

4 (dash dotted) and 8 (dotted) times hDNS .
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Figure 12: Unresolved or SGS scalar flux term [kg/m3s] computed from DNS,−∇·(ρ̄ũc−ρ̄ũc̃) (solid)

filtered at ∆ = 2, 4 and 8 times hDNS (top to bottom) and from 1-D flame, Ωc (dashed) filtered at

corresponding ∆o
f .
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Figure 13: Averaged progress variable field from FFGM based on isocontours of c̃ = 0.2, 0.4, 0.6

and 0.8 at a spatial resolution of (left to right) hx = 2, 4 and 8 hDNS .
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Figure 14: Instantaneous source term, ¯̇ωc [kg/m3s] snapshots for FFGM at a spatial resolution of

(left to right) hx = 2, 4 and 8 hDNS .
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Figure 15: Flame shape represented by isocontour of c̃ = 0.55 for zero model and FFGM model at

hx = 2 (dashed), 4 (dash dotted) and 8 (dotted) times hDNS . The contour from DNS is represented

by a solid line.
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Figure 16: Centerline values of mean progress variable (top) and mean source term (bottom):

DNS (solid) and FFGM at hx = 2 (dashed), 4 (dash dotted) and 8 (dotted) times hDNS.
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Figure 17: Effect of different closure terms on filtered progress variable equation is shown through

prediction of flame shape denoted by isocontour of c = 0.55 for mesh size of hx = 2 (left) and

8 (right) times hDNS using flamelet filtered at corresponding ∆o
f . The various closures compared

are FFGM (dashed line), dropping diffusion correction from FFGM, i.e., αc = 1 (dash dotted) and

dropping convective correction from FFGM, i.e., Ωc = 0 (dotted). In case of hx = 2hDNS the

curves with αc = 1 and Ωc = 0 overlap. The result from DNS is shown with solid line.
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Figure 18: Effect of using manifold filtered at different widths on flame shape denoted by isocontour

of c = 0.55. The manifolds are filtered at ∆f = ∆ (dashed line), ∆f = ∆o
f (solid) and ∆f =

∆x
f (dash dotted). The flame shape from DNS is shown with a thick solid line.
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Figure 19: Averaged progress variable field based on isocontours of c̃ = 0.2, 0.4, 0.6 and 0.8 at a

resolution of hx = 4hDNS (left) and hx = 8hDNS (right) with FFGM using a flamelet filtered at

corresponding ∆x
f .
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Figure 20: Semi-log plot of modeling error in ω̇c filtered at 2 (dashed) , 4 (dash dotted) and

8 (dotted) times hDNS, conditioned on c̃ and time averaged.
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