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Abstract 

Flamelet approaches utilizing tabulated chemistry are widely used in large eddy simulations of 
turbulent combustion. In this investigation, counterflow twin flames, counterflow reactants to 
products flames, as well as spherically expanding and imploding flames were utilized to assess the 
effect of choice of various stretched flame configurations on chemistry tabulation.  The numerical 
simulations were carried out for methane/air flames at standard conditions using detailed 
description of chemical kinetics and molecular transport.  Additionally, the effects of equivalence 
ratio, Lewis number, and reactant differential diffusion were investigated.  Results showed that the 
H, OH, and CO mass fractions vary monotonically with stretch rate and could be used as tabulation 
parameters for the counterflow reactants to products and spherically expanding flames, but this is 
not the case for twin flames.  Comparisons of the source terms of the progress variable in the three 
configurations revealed less than 3% differences at the location of peak reaction rate and 5-10% 
in the post-flame region at high stretch rates.  On the other hand, differences in temperature 
predictions in the three configurations were found to be only 2-5%. Negatively stretched flames 
were determined to result in unique flamelet solutions that need to be incorporated into chemistry 
tabulations used in turbulent combustion. In ongoing work, this issue is further examined using 
results from direct numerical simulations of turbulent premixed methane-air flames.  

1. Introduction 

Flamelet approaches offer a computationally efficient methodology to simulate turbulent 
combustion phenomena. A central theme of these approaches is that a turbulent premixed flame 
can be viewed as an ensemble of steadily propagating strained flames wrinkled by the effect of the 
turbulent flow field [1]. The constituent strained flames maintain their reactive-diffusive structure 
even under the influence of intense wrinkling. The assumption is that this theory holds for 
Karlovitz numbers less than unity, which encompasses wrinkled and corrugated flamelets 
described in the Peters combustion regime diagram [2]. The validity of this theory for thin reaction 
zones and with Karlovitz numbers between 1 and 100 has been the subject of recent studies [3,4]. 

Once an ensemble of detailed solutions for the constituent flamelets is generated, the relevant 
quantities required for the numerical simulation such as chemical source terms, density, 
temperature, and species mass fractions are tabulated based on one or more parameters, which 
provide a unique mapping across the library of flamelet solutions. Transport equations for these 
parameters are then solved in the fluid dynamic simulation in addition to the usual conservation 
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equations. A variety of flamelet-type approaches of this kind can be found in the literature. These 
include the flamelet-generated manifolds (FGM) [5], flamelet prolongation of intrinsic low 
dimensional manifolds (FPI) [6], flamelet progress variable (FPV) approach [7], and level set 
methods [8]. 

In this regard, the choice of configuration used to generate the detailed solution for an 
individual flamelet could potentially have a strong impact on the solution. Flames incorporating 
stretch effects can be simulated using a number of different canonical configurations. Twin 
counterflow flames (CFF) that have reactants entering from both sides (T-F) or reactants on one 
side and hot products on the other side (R-to-P) generate stretch effects due to aerodynamic 
straining. Spherically expanding flames (SEF) produce positive stretch due to strain and curvature, 
while spherically imploding flames (SIF) generate negative stretch solely due to curvature [9]. 

The choice of optimal configuration to generate the flamelet library has received limited 
attention in previous studies. Nilsson and Bai [10] demonstrated that the T-F and R-to-P 
configurations yield very similar burning velocity predictions at low stretch rate, K, but the 
predictions diverge as K increases. Polifke et al. [11] showed that the imposed strain rate that leads 
to flame extinction, Kext, is different in the two configurations. Hawkes and Chen [12] provided 
comparisons indicating that an R-to-P flamelet provides better agreement with strained laminar 2-
D direct numerical simulation (DNS) data. It was observed also that turbulent flames were able to 
burn at K’s higher than Kext’s produced by T-F flames but within the extinction limits of R-to-P 
flames. Data extracted from the DNS results showed flames to be considerably influenced by 
negative stretch, with K’s approaching magnitudes similar to those for positive stretch. It was noted 
also that the Lewis number (Le) for their computations was close to unity and suggested further 
work to confirm the findings for Le ≠ 1.0. Based partly on the observations of Hawkes and Chen 
[12], Kolla and Swaminathan [13] utilized also an R-to-P configuration to study turbulent V-
flames and Bunsen flames. More recently, Knudsen et al. [3] showed that both T-F and R-to-P 
configurations provide similar results for large eddy simulation (LES) of a premixed turbulent jet 
flame. A further point worth noting is that the studies mentioned above considered solutions for 
steady strain. Hawkes and Chen [12] noted based on DNS that flamelets subjected to unsteady 
strain might exhibit quasi-steady behaviour. 

While the observations mentioned above are worthwhile, no systematic study has been 
reported in which flamelet solutions obtained in different canonical configurations are compared. 
Furthermore, regardless of the configuration there is no consensus regarding the choice of the 
optimal parameters to tabulate the detailed flamelet solution. Aside from the progress variable, C, 
which maps the chemical states, variables such as elemental mass fractions (H, O, and N for a 
hydrogen/air flame) [6], CO mass fraction (YCO) [14], OH mass fraction (YOH) [15], temperature 
[16], and scalar dissipation rate of C [13] have been used to characterize the flamelet.  In a recent 

study involving a methane (CH4)-air mixture with an equivalence ratio  = 0.7 and unburned 
mixture temperature Tu = 800 K, Knudsen et al. [3] utilized the H mass fraction (YH) as a tabulation 
parameter based on its monotonic behaviour. However, and as it will be discussed below, a non-
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monotonic behaviour of YH with K has been observed by the authors using, similarly to Ref. 3, the 
T-F configuration but with Tu = 300 K. 

In view of the aforementioned considerations, the main goal of this study was to assess the 
effects of flame configuration, choice of parameter, and non-equidiffusion on chemistry tabulation 
for CH4–air flames. The first step of this work was to construct detailed solutions for CH4/air 

mixtures with different  and K using the various configurations. Non-equidiffusion effects were 
studied by modifying the Lennard-Jones (L-J) parameters of CH4 to be that of hydrogen (H2) with 
increased diffusivity and that of n-dodecane (n-C12H26) with reduced diffusivity. Next, the 
solutions were used to generate flamelets parameterized by C. Different tabulation parameters such 
as H/OH/CO mass fractions and temperature were investigated for their potential to be used as 
tabulation parameters to parameterize stretch effects. Flamelet libraries generated in this manner 
were compared using contour plots of different quantities such as source term of C, temperature, 
source term of CO, etc., in order to identify configuration dependent differences. Finally, a laminar 
reacting flow configuration was simulated using flamelet libraries derived from different 
configurations. 

2. Modelling approach 

CFFs (T-F and R-to-P) were simulated using a one-dimensional opposed-jet flow code [17,18] 
that integrates the conservation equations of mass, momentum, energy and species concentrations 
along the stagnation streamline. In the T-F configuration, the symmetry of the problem allows for 
the solution of only half the physical domain. In the R-to-P configuration, the temperature and 
composition of the products at the inlet of the burner is computed using an equilibrium calculation 
[19]. The velocities of the upper and lower jets in the R-to-P configuration were chosen to balance 
the momentum and establish the stagnation plane at the center of the computational domain. To 
capture the flame response at low K, a large separation distance (10 cm) was chosen to avoid heat 
loss to the inlet boundary. Grid independent solutions were achieved by using adaptive meshing 
method and confining the first and second gradients in the solutions. The reported K values 
correspond to the maximum absolute value of the axial velocity gradient in the hydrodynamic zone 
[18]. SEFs and SIFs were simulated using a recently developed transient one-dimensional reacting 
flow code (TORC) [20], using the Premix code [21] as framework.  The conservation equations 
are integrated in spherical co-ordinates using a method of lines approach. An initial condition 
consisting of a stagnant pocket of hot burned gas is used to ignite the surrounding unburned 
mixture for SEFs while a premixed flame at a sufficiently large radius is used to initiate SIFs. K 
for SEFs and SIFs is equal to (2/Rf)(dRf/dt) (e.g. [20], where Rf is the instantaneous radius of the 
flame. 

All codes were integrated with the CHEMKIN [22] and the Sandia transport [23] subroutine 
libraries. The H and H2 diffusion coefficients of several key pairs are based on the recently updated 
set [24]. Mixture averaged formulation was utilized in all cases of the current study. The USC 
Mech II kinetic model [25] that consists of 111 species and 784 elementary reactions was reduced 
using the DRG method [26] to 24 species and 137 reactions.  Both models were used to simulate 
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CFFs, while the reduced model was used in the SEF and SIF simulations that are computationally 
intensive.  All simulations were carried out at 1 atm and Tu = 300 K. 

 
 
 
 

Table 1. Effective Lewis number and ratio of fuel to oxygen diffusivities for various L-J 
parameters and equivalence ratios. 

 Leeff Dfuel/Doxygen 

CH4 L-J Parameters: Original Fuel Diffusivity 
0.7 0.99 1.14 
1 1.03 1.16 
1.4 1.09 1.17 

n-C12H26 L-J Parameters: Decreased Fuel Diffusivity 
0.7 2.13 0.45 
1 1.61 0.48 
1.4 1.16 0.51 

H2 L-J Parameters: Increased Fuel Diffusivity 
0.7 0.76 1.67 
1 0.93 1.67 
1.4 1.12 1.68 

The effects of differential diffusion were studied by varying the diffusivity of the fuel to mimic 
the behaviour of heavier and lighter fuels.  Using a CH4-air mixture as a baseline case, the Lennard-
Jones (L-J) parameters of CH4 were adjusted to reflect those of H2 and n-C12H26 as was done by 
Jayachandran et al. [20].  The three cases are respectively referred to as ‘original fuel diffusivity’ 
(OFD), ‘increased fuel diffusivity’ (IFD), and ‘decreased fuel diffusivity’ (DFD).  This 
modification allows for the isolation and study of non-equidiffusion effects keeping the chemistry 
the same and avoiding thus complications, for example, from fuel cracking if a heavier 
hydrocarbon had to be used.  Table 1 lists the effective Lewis number (Leeff) [27] and ratio of 

diffusivities to the mixture of fuel (Dfuel) and oxygen (Doxygen) for different  with the original and 
modified L-J parameters. Leeff is defined as a weighted average of the fuel Lewis number, LeF, and 
oxidizer Lewis number, LeO. Leeff becomes the average of LeF and LeO for a stoichiometric mixture 
while for an off-stoichiometric mixture Le of the deficient component is more heavily weighted 
[27].  

3. Tabulation co-ordinate selection 

The flamelet solutions were tabulated in a two-parameter space.  One of the parameters is C, 
defined as C = YCO + YCO2 + YH2 + YH2O [8,28].  A key requirement of the second mapping 
parameter is that its maximum (or minimum) value varies monotonically across the library of 
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flamelet solutions when plotted in C space, so that unique interpolations can be performed between 
solutions obtained for two different Ks.  This is illustrated in Fig. 1 that depicts YH as a function of 

C for selected points on the S-curve generated for a CH4-air flame at  = 1.4; note that YH is plotted 
on a log-scale. The YH profiles shift consistently downward resulting in the monotonic reduction 
of its maximum value (YH,max) which ensures a unique mapping.  A second desirable feature is for 
the mapping parameter is to be as orthogonal as possible to C [29]. 

 
Figure 1.  YH variation with C for different K using the T-F configuration for the  = 1.4 OFD 
case.  The case with K of 213 s-1 lies to the left of the extinction point in the unstable branch. 
YH,max plotted as a function of K shows monotonically decreasing behaviour. 

The monotonicity of various parameters that can be used for chemistry tabulation of the 
flamelet solutions generated was investigated for the cases listed in Table 1 using T-F, R-to-P, 
SEF, and SIF configurations.  

3.1 Twin-flame counterflow configuration 

The variation of YH,max with K is shown in Fig. 2 for 9 cases using the T-F configuration. Both 
YH,max and K are plotted on log-scales. Monotonically decreasing behaviour is observed for 4 of 
the 9 cases.  The results are lumped into three groups depending on the leading order effect. For 
all cases, YH,max decreases monotonically in the unstable branch of the S-curve where the reduction 
in temperature has a leading order effect on chain branching. 

For  = 0.7 and  = 1.0, Leeff > 1 for the DFD case.  Thus, with increasing K thermo-diffusive 
effects reduce the overall reactivity [30] resulting in a monotonically decreasing YH,max.  For the 
same cases, (reactant) differential diffusion tends to make the mixture leaner locally, reducing 

further the reactivity and thus YH,max [20,30]. For  = 1.4, Leeff > 1 for the OFD and IFD cases and 
YH,max decreases monotonically as well.  In these cases, differential diffusion tends to make the 
mixture richer thus reducing its reactivity and YH,max. 

For  = 0.7 and  = 1.0 with IFD, Leeff < 1.  In these cases, increasing K results in a 
corresponding increase in the reaction rate until reaching the extinction state.  This response is 
further enhanced by differential diffusion that tends to make the mixture richer.  A non-monotonic 

0E+0

2E‐5

4E‐5

6E‐5

8E‐5

0.00 0.10 0.20 0.30

H
 m

as
s 
fr
a
ct
io
n
, Y

H

Progress variable, C

31

70

169

200

213

120

18

Movement down 
the S‐curve

s‐1

s‐1

s‐1

s‐1

s‐1

s‐1

s‐1

1.0E‐8

1.0E‐7

1.0E‐6

1.0E‐5

1.0E‐4

1.0E‐3

1 10 100 1000
M
ax
. H

 m
a
ss
 f
ra
ct
io
n

Stretch rate [s‐1]

Stable branch
Unstable branch

Monotonically 
decreasing



 

 
 

6

behaviour is thus observed, with YH,max increasing as the extinction state is approached followed 
by a decreasing trend within the unstable solution branch. 

For  = 0.7 and  = 1.0 with OFD, Leeff  1.  For these cases, as K increases, the flame 
approaches the stagnation plane.  After the reaction zone reaches the stagnation plane, any further 
increase in stretch results in incomplete reaction due to insufficient residence time, causing thus 
increasing peak values of the H, OH, and fuel mass fractions prior to a sharp reduction at 
extinction.  This phenomenon has been consistently observed in several fundamental 
investigations such as those performed by Dixon-Lewis [31] and Rogg [32].  Being a slow process, 
CO oxidation is particularly affected resulting in reduced temperatures and integrated heat release 
rates.  These effects result in a non-monotonic behaviour for YH,max. 
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Figure 2.  YH,max variation with K for different  and fuel diffusivities in the T-F configuration. 

For  = 1.4 with DFD, a considerable increase in YH,max is observed with increasing K prior to 
extinction.  This is driven primarily by differential diffusion of oxygen into the reaction zone 
causing the mixture to become leaner locally.  When the flame reaches the stagnation plane, 
differential diffusion effects are overshadowed by residence time, i.e. Damköhler number effects, 
which result in incomplete reaction and an overall non-monotonic behaviour for YH,max. 
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Figure 3.  YOH,max variation with K for different  and fuel diffusivities in the T-F configuration. 

Figure 3 depicts the variation of the maximum OH mass fraction (YOH,max) as a function of K.  
Monotonically decreasing behaviour is observed for 6 of the 9 cases.  The reasons for the non-
monotonic behaviour of YOH,max are exactly the same as that mentioned in the previous section for 

YH,max. However, for the cases of  = 1.0 with OFD and IFD, in which YH,max exhibits non-
monotonicity, YOH,max varies monotonically with K. Analysis of the computed flame structures 
reveals that the main reactions contributing to the production and consumption of OH are the chain 

branching (H + O2  OH + O) and the CO oxidation (CO + OH  CO2 + H) reactions 
respectively. With increasing K, the maximum temperature decreases monotonically causing a 
reduction in the reaction rate (peak and integrated) of both aforementioned reactions.  Due to its 
higher activation energy, the chain branching reaction rate decreases faster than the CO oxidation 
reaction rate resulting in monotonically decreasing YOH,max.  The same effect results in the non-
monotonic behaviour of YH,max. 

The response of the maximum CO mass fraction (YCO,max) to K is similar to YH,max except for 

 = 0.7 and  = 1.0 with IFD for which YCO,max increases monotonically.  This is because the 
increasing reactivity with increasing K (Leeff < 1) is followed by incomplete reaction as the flame 
approaches the stagnation plane with both contributing to a monotonically increasing YCO,max. 

Figure 4 depicts the variation of the maximum temperature (Tmax) as a function of K. Other 

than a slight increase prior to the extinction point for two cases ( = 0.7 with IFD and  = 1.4 with 

DFD), Tmax decreases monotonically. The slight increase in Tmax for  = 0.7 with IFD (Leeff < 1) 

can be attributed to Lewis number effects. The similar behaviour for  = 1.4 with DFD is due to 

the progressive reduction of  with K just upstream of the reaction zone due to differential diffusion 
as dictated by Dfuel/Doxygen = 0.51 indicating the higher diffusion rate towards the reaction zone of 
O2 compared to fuel [20]. These observations are consistent with the trends obtained for integrated 
heat release rates. Since temperature closely follows C, it is not always the best choice for the 

tabulation parameter [3]. However, neglecting a relatively low K range of two cases ( = 0.7 with 
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IFD and  = 1.4 with DFD), it shows monotonic behaviour for all cases investigated here. As the 
flame reaches the stagnation plane and becomes restrained, residence time decreases leading to a 
drop in reaction rate and hence maximum temperature. 

 
Figure 4.  Tmax variation with K for different  and fuel diffusivities in the T-F configuration. 

In summary, it was determined that for conditions under which increasing K weakens the 
mixture reactivity through Lewis number and differential diffusion effects, a monotonically 
decreasing behaviour is observed for YH,max and YOH,max making thus YH and YOH viable tabulation 
parameters.  This is not the case though when non-monotonic behaviour is caused either by the 
reactivity being strengthened due to stretch effects or due to the flame merging at the stagnation 
plane resulting in incomplete reaction before extinction.  In some cases this could be resolved by 
choosing YCO,max as the tabulation parameter given that it increases both with increasing reactivity 
and incomplete reaction. Temperature is suitable for all cases.  However, since it follows C closely, 
temperature profiles plotted as a function of C exhibit minor sensitivity to K making thus 
temperature an unsuitable tabulation parameter.  In a practical LES it is possible to span a range 

of  for a single operating condition [33]. In this case temperature might be the only viable 
parameter to characterize K variation since it monotonically decreases for all conditions.  
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3.2 Reactant-to-product counterflow configuration 

 
Figure 5.  YH,max variation with K for different  and fuel diffusivities in the R-to-P 
configuration. 

The variation of YH,max with K in the R-to-P configuration is shown in Fig. 5, and a monotonic 

behaviour is seen for all but two cases ( = 0.7 with IFD and  = 1.4 with DFD).  Due to the 
presence of high temperature equilibrium products downstream of the stagnation plane, as K 
increases abrupt extinction is not observed as in the T-F case, but instead a gradual transition 
occurs from a vigorous burning flame to a state in which a small but finite reactivity is sustained.  
At even higher K, this low reactivity region migrates on the product side and is sustained by the 
diffusive flux of reactants across the stagnation plane [34]. 

For  = 1.4 and DFD, the diffusion of O2 makes the mixture locally leaner, increasing the 

reaction rate and YH,max until the flame approaches the stagnation plane.  For  = 0.7 with IFD, the 
differential diffusion effect is further aided by the thermo-diffusive effect given that Leeff < 1.0, 
but only very minor non-monotonicity is observed. 

For  = 0.7 and  = 1.0 with OFD, a monotonic behaviour is observed for YH,max contrary to 
the T-F results.  This is due to the ability of H and other species to diffuse into the product side 
driven by concentration gradients.  Thus, with the R-to-P configuration, except for two cases, 
monotonic behaviour of YH,max is observed and YH can be used as a tabulation parameter.  Similar 
trends were observed also for YOH and YCO. 

Temperature profiles show similar dependence to C as with the T-F configuration making it 
unsuitable as a tabulation parameter. Furthermore, in the case of the R-to-P flames the diffusion 
of heat from the burned gases across the stagnation plane raises the temperature profile on the 
reactant side and further reduces sensitivity of temperature profiles to variations in K. However, 

for the two cases ( = 0.7 with IFD and  = 1.4 with DFD) that YH and YOH show non-monotonic 
behaviour, temperature may be the only viable tabulation parameter. 
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3.3 Spherically expanding flame configuration 

 
Figure 6.  YH,max variation with K for different  and fuel diffusivities in the SEF configuration. 

The variation of YH,max with K in the SEF configuration is shown in Fig. 6, and either a 
monotonic increase or decrease is seen for all the cases.  The trends are exactly the same as those 
seen in the T-F configuration for non near-extinction conditions. This makes SEF solutions 
amenable to tabulation using YH, YOH, or YCO.  However, the need to initiate a SEF using an ignition 
kernel of small but finite radius implies that the maximum achievable K values are at least an order 
of magnitude smaller than those achievable using T-F and R-to-P flamelets. This could make SEF 
flamelets unsuitable for LES calculations that involve considerable stretching and possible local 
extinction of the flamelets.  

3.4 Spherically imploding flame configuration 

The variation of YH,max with K in the SIF configuration is shown in Fig. 7 for  = 0.7 with OFD, 
IFD, and DFD. Results for negative stretch in Fig. 7 correspond to the SIF solutions while the 
results for positive stretch correspond to SEF solutions. The YH,max profiles shown in Fig. 7 are in 

general continuous for  = 0.7 with IFD and DFD. However, the  = 0.7 case with OFD exhibits 
a change in slope going from positive to negative K. Such behaviour is consistent with changes in 
Markstein number during the transition from SEFs to SIFs observed by Ibareta et al. [35] and can 
be attributed to differences in Markstein numbers associated with strain and curvature [9,36]. 
However, a key result from the flamelet modelling perspective is presented in Fig. 8 which shows 

YH profiles as a function of C for selected solutions from SEFs and SIFs for  = 0.7 with IFD and 
DFD. Clearly, it can be seen that negative stretch produces distinct flamelet solutions that vary 
continuously from positive to zero to negative K. It is important to emphasize this point since in 
several previous LES investigations [3,13], negatively stretched flamelets have not been 
incorporated in the tabulation, and any negative stretch encountered in the simulation adopted a 
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solution corresponding to K = 0. For the  = 0.7 case whose solutions are plotted in Fig. 7-8, YH,max 
varies monotonically across the range of solutions going from positive to negative K. However, 

non-monotonic behaviour was observed for  = 1.0 and  = 1.4. This requires additional 
consideration as regards incorporating the flamelets into the chemistry tabulation. 

 
Figure 7.  YH,max variation with K for  = 0.7 and different fuel diffusivities in the SIF 
configuration. 

 
Figure 8.  YH variation with C for solutions extracted from SEFs and SIFs. Solutions for  = 0.7 

with IFD are plotted on the left and solutions for  = 0.7 with DFD are plotted on the right. 

4. Comparing flame configurations 

The coupling of chemistry to fluid dynamics in the tabulated chemistry approach is through 
the solution of the transport equation for C.  In this equation, the source term of C ( ) has a 
leading order effect on laminar flame speed as well as on the fuel consumption and heat release 
rates.  Hence, it is important to verify that the tabulated values of  are not configuration 
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dependent.  Other parameters to consider are temperature and production rates of pollutants such 
as nitrous oxides (NOx) and soot; NOx and soot chemistry are not included in the kinetic model 
but conclusions can be drawn based on temperature. Only the configurations for positively 
stretched flames are considered in this analysis since no other negatively stretched flame solutions 
are as yet available to compare with the SIF solutions. 

The configuration-dependent features associated with chemistry tabulation were assessed, by 

considering  = 1.0 and  = 1.4 flames with OFD in the T-F, R-to-P, and SEF configurations. For 

the  = 0.7 flame with OFD, no suitable parameter is available for tabulating the T-F solution.  For 
all cases, the simulations were carried out using the reduced 24-species kinetic model so that the 
comparisons can focus on the configuration effects. 

Furthermore, the tabulation parameters were YH and YOH for  = 1.4 and  = 1.0 respectively.  
The T-F solutions were considered as the baseline case and the differences on a percentage basis 
of each parameter was computed from the R-to-P and SEF configurations and presented in the 
form of contour plots in log scale. 

 
Figure 9.  Contour plots of  plotted as a function of YH and C for the  = 1.4 OFD case. Left: 
SEF; Center: T-F; Right: R-to-P. 

Figure 9 depicts contour plots of  as a function of C and YH for the three configurations with 

 = 1.4.  The limited range of high K for the SEF configuration is reflected in the smaller area 
encompassed by the corresponding contour plot.  The highest K for this case from the SEF 
configuration is 213 s-1. The T-F and R-to-P configurations however, produce solutions that extend 
smoothly to very low but finite reaction rates and cover a larger area of the contour plot. 

Figure 10 depicts contour plots of the percentage difference with respect to T-F in  for the 

SEF and R-to-P configurations with  = 1.4. The contours of the percentage difference are plotted 
on a log-scale. It is important to note not just the magnitude of differences between the 
configurations, but also the corresponding location in the flamelet where the differences occur.  
For this case, the peak values of  occur for 0.23 < C < 0.26 and 2x10-5 < YH < 6x10-5.  Any 
major differences in  in this region will have a leading order effect on the overall reactivity as 
mentioned earlier.  The maximum differences observed in this region are of the order of less than 
0.1%.  Higher variation is observed in the oxidation region (C > 0.27) and at the lower edge of the 
contour surface that corresponds to high, near-extinction K (YH < 10-5), but the source terms are 
also smaller in these regions. This behaviour was found not to depend on the second variable used 
for tabulation.  For example, nearly identical results were obtained by using YOH for chemistry 
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tabulation instead of YH.  Analysis showed a maximum of 2.5% difference in temperature between 
R-to-P and T-F and a 2% difference between SEF and T-F configurations, both being minor. 

 
Figure 10.  Contour plots of the percentage differences of  for the  = 1.4 OFD case in log 
scale. Bottom: SEF vs. T-F; Top: R-to-P vs. T-F.  

 
Figure 11.  Contour plots of  plotted as a function of YOH and C for the  = 1.0 OFD case. 
Left: SEF; Center: T-F; Right: R-to-P. 

Figure 11 depicts contour plots of  as a function of C and YOH for the three configurations 

with  = 1.0.  A very small range of variation is obtained for YOH using the SEF configuration 
resulting in a narrow band of values in its contour plot. The highest K for this case from the SEF 
configuration is 737 s-1. Again, the T-F and R-to-P configurations produce solutions that extend 
smoothly to very low but finite reaction rates. 

Figure 12 depicts contour plots of the percentage difference with respect to T-F in  for the 

SEF and R-to-P configurations with  = 1.0. Larger differences compared to the T-F configuration 
can be seen compared to the previous case. The differences between the R-to-P and T-F 
configurations range from 1-3% in the peak reaction rate zone.  Comparing temperatures, 
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maximum differences of 5% and 4% are obtained for the R-to-P and SEF configurations when 
compared to the T-F configuration. 

  
Figure 12.  Contour plots of the percentage differences of  for the  = 1.0 OFD case in log 
scale. Bottom: SEF vs. T-F; Top: R-to-P vs. T-F. 

Overall, the conclusion that can be drawn from comparing the source terms,  using the 
different flamelet configurations is that differences in the peak reaction zone are less than 3%. This 
implies that no significant differences in flame speed or heat release rate would be observed in 
LES studies that employ either configuration. The differences observed in the post-flame region 
could have some impact on the final gas temperature, and pollutant formation processes, which 
follow a slower timescale.  

6. Concluding remarks 

Detailed numerical simulations of counterflow twin flames, counterflow reactant-to-product 
flames, as well as spherically expanding and imploding flames were carried out in order to 
investigate the effects of each configuration on the tabulation of chemistry that is used in flamelet 
approaches in large eddy simulations.  Methane/air mixtures at standard conditions were modelled, 
using detailed description of chemical kinetics and molecular transport.  Additionally, the fuel 
diffusivity was varied significantly in order to assess effects associated with lighter and heavier 
fuels. 

In past studies, the H mass fraction has been suggested as a tabulation parameter.  However, 
in the present study it was determined that in twin flames its variation with stretch rate can be non-
monotonic and thus it cannot be used as a universal tabulation parameter.  Analysis showed that 
transport as well as kinetic effects for near-extinction conditions, cause this non-monotonic 
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behaviour. The variations of OH and CO mass fractions with stretch rate were found to be similar 
to H in most but not all cases. Temperature appears to be the only universal parameter capable of 
tabulating flamelet solutions using twin flames.  

Reactant-to-product flames show a smooth transition from low to very high stretch rates due 
to the ability of the reaction zone to cross over to the product side thus eliminating near-extinction 
stagnation plane effects that cause non-monotonicity in twin flame solutions. Other than one case 
with a rich mixture and reduced diffusivity, reactant-to-product flames are amenable to tabulation 
using H/OH/CO mass fractions and are the ideal flamelets to use in LES computations utilizing 
tabulated chemistry. The same can be said about spherically expanding flames except for the fact 
that these flames cannot achieve high stretch rates unlike the other two configurations due to 
ignition effects. This limits the capability of spherically expanding flames to be used for 
simulations involving high stretch rates and local extinction. 

Spherically imploding flame solutions provide flamelets corresponding to negative stretch. 
Results combining flamelet solutions from spherically expanding and imploding flames show a 
continuous variation going from positive to zero to negative stretch. Thus, negatively stretched 
flamelets should not be approximated by a zero stretch flamelet. This emphasizes the need to 
incorporate negatively stretch flamelets into tabulations used in large eddy simulations where it is 
likely to occur as demonstrated by previous detailed numerical simulations of turbulent flames. 

 The values of the source term of the progress variable as determined in the three positively 
stretched configurations were compared for stoichiometric and rich flames.  Differences of less 
than 3% at the peak reaction rate location and of the order of 5-10% in the post-flame region were 
identified.  The differences in predicted temperatures were smaller, of the order of 2-5%. 

While the observed differences between the various flamelet configurations in the present 
investigation are relatively small, the conditions of each problem solved by LES need to be 
critically evaluated to assess potentially larger effects based on a variety of conditions and the 
effects of negative stretch that does not seem to be accounted for at present.  It is recommended 
also that negatively stretched flamelets are incorporated in the tabulation by considering a number 
of configurations as is the case for positively stretched flamelets. 

7. Future work 

In order to further elucidate the role of configuration dependent features on chemistry tabulation, 
DNS simulation results of turbulent premixed methane/air flames have been obtained from work 

performed by Lapointe et al. [37]. These simulations are performed for  = 0.9, initial pressure of 
1 atm and unburned temperature of 300 K. The Karlovitz number for these simulations is about 
200. The data is currently being post-processed with an aim of obtaining joint probability density 
functions (PDF’s) of fuel consumption rate and source term of the progress variable as a function 
of temperature. These joint PDF’s will be overlaid with solutions of strained flamelets from 
different configurations. Further, the temperature and species distributions across various flame 
cross-sections through the DNS simulation domain will be compared with 1-D flamelets from 
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different configurations having similar strain rates. These analyses will hopefully shed some light 
on configuration dependent effects on chemistry tabulation. 
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