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Modified diffusion model adapted to non-unity Lewis number mixtures for low flame
stretch using the thickened flame model

S. Poncet™!, C. Mehl!, K. Truffin!, and O. Colin!

Fp Energies Nouvelles, Institut Carnot IFPEN Transports Energie, 1-4 Avenue du Bois-Préau, 92500
Rueil-Malmaison, France

Abstract

This study proposes a methodology based on species diffusion adaptation to recover flame response to stretch in
the context of the Thickened Flame Model for non-unity Lewis mixtures. First, the flame speed variation induced
by low stretch, that is overestimated by the standard form of the TFM, is illustrated with stoichiometric CgH;g/air
(Le > 1) and lean Hy/air (Le < 1) stretched thickened flame fronts. Secondly, the model correction parameter
is deduced from spherical flame simulations for both mixture conditions. A posteriori validations, performed on
spherical flames and flame-vortex interaction configurations, finally illustrate the effectiveness of this method.
Keywords: Stretch, Diffusion, Non-unity Lewis number, Laminar premixed flame, Thickened Flame Model

Introduction

In Large Eddy Simulations (LES) of reactive flows,
the flame thickness is usually small compared to the
mesh size (Ax > 52). The Thickened Flame Model
(TFM), consisting in the artificial widening of the flame
front, is a competitive approach which ensures the
proper resolution of flame fronts [1], while preserving

the correct propagation speed.
In TFM with full species and transport resolution,

chemistry is solved using Arrhenius laws allowing for
various phenomena such as flame-wall interactions, ig-
nition and flame stabilization to be predicted accurately
[2, 3]. However, a flame front thickened by a factor F is
F times more sensitive to stretch than a real flame [2].
Various studies [4-6] proposed a tabulated adaptation
of the species diffusion coefficients to account for strain
effect of turbulent flows for CHy/air mixtures (Le ~ 1).
With a similar approach, Comer et al. [7] adapted the
TFM approach in the context of strain-induced extinc-
tion limits for lean C3Hg/air mixtures (Le > 1). Those
studies only consider counter-flow strained flame con-
figurations to determine their model correction param-
eters. Quillatre [8] proposed a diffusion-correction to
limit the error of flame response to low stretch with
TFM for non-unity Lewis mixtures based on asymptotic
theories. However, restrictive assumptions of asymp-
totic theories didn’t allow for the accurate preservation

of flame speed for stretched-flame configurations.
The aim of this study is to propose a model to re-

cover the flame response to low stretch in the context
of the TFM approach for non-unity Lewis number mix-
tures. Unlike previous studies [4—7], we propose to ad-
dress both strain and curvature effects by considering
curved flames configurations. In Sec 1, we briefly re-
call the theory of the stretch influence on flame speed
and the impact of the TFM on stretched flame configu-
rations. In Sec 2, we develop a methodology, based on
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the modification of species diffusivities, to correct the
over-sensitivity of thickened flame fronts to stretch. The
newly introduced method is assessed for a lean Hy/air
(Le < 1) and a stoichiometric CgH;g/air (Le > 1) mix-
tures. A posteriori validations are finally performed in
Sec. 3 on spherical flames and flame-vortex interactions.

1 Theoretical background
1.1 Premixed flame stretch sensitivity

The balance between thermal energy released by
oxidation reactions and the supply of chemical energy
from reactive species, sustaining the combustion pro-
cess in premixed flames, can be altered by flame stretch-
ing. Stretch is defined as the rate of change of the
surface A normalised by its area and is evaluated as
K =1/A x dA/dt. Under the assumptions of the asymp-
totic theory, the flame speed exhibits a linear trend that
scales with stretch [9]. The flame speed is linearly de-
pendant on stretch when either considering the flame
consumption speed S, or the flame displacement speed
SZ considered close to the burnt gas side [10]. On the
one hand, the flame consumption speed represents the
speed at which the flame consumes the reactants such
as:

1 x
Se = —7/ ay d 1
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where p, Yi, @ and n are respectively the density, the
mass fraction of species k, the reaction rate of species k
and the distance along the flame normal. x~ and x™ rep-
resent the coordinates in the unburnt and burnt gas side
of the reactive front. Indexes u and b refer to the un-
burnt and burnt gases, respectively. On the other hand,
the flame displacement speed SZ corresponds to the ve-
locity of an iso-surface of the flame considered in the
burnt gas.

The impact of stretch on flame speed is characterized by
the Markstein length L. Giannakopoulos et al. [10] dis-
tinguish the consumption Markstein length L. and the



displacement Markstein length LZ.

S, =8 —L.K 2)
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where SZ is the normalized displacement speed defined
by SZ = G_ISZ with the expansion ratio ¢ = p,/pp.
The difference LZ — L. is always positive (see Eq. (34)
in [10]), i.e. Lla’, > L., implying that these Markstein
lengths can have opposite signs.

1.2 Stretch sensitivity of thickened flames

Based on the asymptotic theory, the consumption
Markstein length scales with the flame thickness as
L. o< 51? (Le; — 1), where Le; is the Lewis number of the
limiting reactant of the mixture and is defined as the ra-
tio between thermal diffusivity @ and mass diffusivity
of species D;. Hence, for mixtures with large disparities
between species mass diffusion and thermal diffusion,
i.e Le; far from unity, the flame speed is significantly
modified by stretch. As a consequence, with TFM, L.
is proportional to the thickened flame thickness, F' 58
where F is the thickening factor. A modification of the
original TFM model is then necessary to account for
stretch effects in flames modeled with preferential dif-
fusion. Quillatre [8] proposed a corrected Lewis num-
ber Le}i for all species k based on the conservation of L.,
estimated from the asymptotic theory:
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This model was shown to reduce the over-estimation of
the stretch effect with TFM [8]. However, the asymp-
totic theory being only qualitative for real multi-species
chemistries, this approach still leads to important errors.
Therefore, we propose here a model based on flame
simulations which allows to accurately recover the real
Markstein length of the flame.

2 TFM with corrected stretch sensitivity
2.1 Model formulation

Following previous approaches [7, 8] we propose
to modify species diffusivities to correct the flame re-
sponse to stretch. We define effective diffusion coeffi-
cients Dy, and thus Lewis numbers Ley, as follows:

Dy

D; = 7 or Le;= = yLey 5)

Dy

where 7y is a model parameter determined so that the
flame sensitivity to stretch is correctly retrieved. 7 is
a priori dependent on the local thermo-chemical condi-
tions (pressure, temperature, equivalence ratio,...) and
the thickening factor F'. The modification of the diffu-
sive fluxes however leads to an alteration of the flame
speed and thickness. To recover the unstretched laminar
flame speed, the pre-exponential factors of all reaction

rates are multiplied by a parameter A. It is evaluated as
the ratioA = (Sg / SZ) 2, with S)L/ the flame speed obtained
by using the effective diffusivity D} without correcting
the pre-exponential factor.

2.2 Model parameter evaluation

The method to estimate the model parameter ¥ is
now described. In practice, we want to find the value
of 7 for each thickening factor F, written ¥, which sat-
isfies:

L(FY) =L(F=1,y=1) 6)

where L denotes here either the consumption or dis-

placement Markstein length. We consider the Markstein
number Ma defined as:

L(F.7)
F§)
Dividing Eq. (6) by F 5}3 leads to the following identity:
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The methodology adopted to determine ¥ is then as fol-
lows: (i) we compute a series of stretched flames with
varying values of 7, using each time the adequate cor-
rection factor A(y), and we record the Markstein num-
ber Ma(7y). These flames may be computed at any fixed
thickening F by virtue of the proportionality relation-
ship given in Eq. (7). (ii) We solve Eq. (8) for the un-
known variable ¥¥ using an adequate optimization al-
gorithm. The procedure is illustrated in Fig. 1. Step
(i) might be performed by considering either curved or
strained flames. In the present paper, the estimation of
¥ is performed by considering spherical curved flames.
A more detailed discussion of this choice is left for fu-
ture work. Additionally, yr might be determined consid-
ering the consumption or the displacement Markstein,
leading to different estimations. A discussion on this
aspect will be given in Sec. 3.

Ma(y =1) —9

Ma(y)

Figure 1: Illustration of the method to determine y*

2.3 Validation conditions

The proposed methodology is assessed on stoichio-
metric CgHjg/air (Le > 1) and lean Hy/air (Le < 1)



mixtures. Both mixtures are considered at temperature
T = 300K and pressure P = lbar. A 2-step mech-
anism involving 6 species [11] is used for the iso-
octane case while a detailed mechanism (21 reactions,
10 species) [12] is used for the lean hydrogen mixture
(® = 0.47). The laminar flame characteristics, obtained
from premixed adiabatic laminar flames computed with
the CANTERA 1D solver [13], are (i) S = 0.35m/s and
8 = 357um for the CgHs case (i) SY = 0.41m/s and
57 = 466um for the H, case.

3 Results and discussion

The application of the corrected TFM model to H,
and CgHg cases is explored here. It is first applied on
spherical flames in Sec. 3.1, which serve both to fit the y
parameter and as a first validation set-up. The model is
then validated on flame-vortex interactions in Sec. 3.2.

3.1 Spherical flames
3.1.1 Numerical set-up

Spherical-flame simulations are performed with the
CONVERGE CFD software [14], which features a finite
volume solver on Cartesian meshes. The present work
considers in particular the resolution of 1-D spherical
flame equations. This formulation enables an efficient
computation of these flames and avoids the presence of
intrinsic 3-D flame instabilities. The simulation domain
length a is scaled with the thickening factor F such that
a = F x 0.73m for both mixture cases. Mesh size is set
as A, = F x (8/10). Hence, for every thickening factor
considered, the flame front is solved on approximately
n ~ 10 grid points.

3.1.2 Markstein lengths for spherical flames

We consider a spherical flame front propagating in
the outwards direction into quiescent premixed fresh
gases. The rate of change of the flame surface is di-
rectly related to the flame radius Rpg, determined in the
burnt gas side:

2 dRpg

i b
= Rpo di KS, (&)

SZ and x represent respectively the flame front displace-
ment speed and the flame front curvature considered in
the burnt gas. The flame front radius is evaluated from
the burnt gas mass in the computational domain. The
flame displacement speed considered in the burnt gas
side is S5 = dRpg/dt.

The consumption and displacement Markstein
lengths are Adetermined by a linear regression of

Sc(K) and S5(K) on the stretch rate interval K =
[20/F;100/F]s~!. Figure 2 shows the displacement and
consumption Markstein numbers as a function of y for

the H, case.
Table 1 provides values of the Markstein lengths, for

thickening factors values equal to 1 and 8. It emphasizes

Ma(y)

-1 ® Mag )
® Ma.(y)

1 15 2 2,5 3
14

Figure 2: Markstein numbers with respect to y for H, mixture
(®=0.47,T =300K,P = 1bar)

in particular the impact of thickening factor F' on Mark-
stein lengths, with L(F = 8) ~ 8L(F = 1) regardless of
the definition selected for L.

Table 1: Markstein lengths evaluated from the linear regres-
sion of flame consumption speed S, (Eq2) and flame displace-

ment speed SZ (Eq3)

Fuel Variable | F=1 F=8 L(F =38)
L(F=1)
C8HI8 | L5(1,F) [ 0.099 [ 0.768 [ 7.8
L.(1,F) | 0.070 | 0.540 | 7.7
Lh—L. | 002 | 0228 |79
H2 L5(1,F) [ -0.399 | -3.126 | 7.8
L.(1,F) | -0.503 | -3.960 | 7.9
Ly—L. | 0.104 | 0.834 | 8.0

3.1.3 Estimation of 7"

The methodology presented in Sec. 2 is used to
determine the appropriate ¥ to retrieve the reference
Markstein length for a thickened flame. In particular,
the evolution of Ma(y) computed from spherical flames,
as represented in Fig. 2 for the H; case, is used to deter-
mine yr. Table 2 gives the correction factor values y"
for various thickening factors F', based either on M. ag (y)
or Ma,(y).

Table 2: Correction factor values y* based on Ma, and Mag.

(Fuel | Method | =% 75 719
C8H18 | displacement | 0.545 0.510 0.495
consumption | 0.622 0.589 0.574
H2 displacement | 1.621 1.829 1.959
consumption | 1.860 2211 2.472

3.1.4 A posteriori validation on spherical flames

Fig. 3 illustrates the evolution of S, with the stretch
K for the H; spherical flames. The reference case is rep-
resented by the continuous black line. For the present
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Figure 3: Flame consumption speed with respect to stretch for
the Hy mixture (¢ =0.47,T = 300K,P = lbar)
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Figure 4: Flame displacement speed with respect to stretch for
the H, mixture (& = 0.47,T = 300K, P = 1bar)

lean Hj/air mixture (Le < 1), the consumption Mark-
stein length is negative and S, is greatly overestimated
for the F = 8 thickened flame. A simulation with the
TFM correction proposed by Quillatre [8] is also added
in Fig. 3. According to Eq. (4), the corrected Lewis
numbers rapidly tends towards 1 as F increases. This
is evidenced here in Fig. 3 by the fact that S, computed
with Quillatre’s correction is insensitive to curvature.
The flame consumption speed is overestimated when us-
ing y*=8 estimated from Md/(y), as seen in Figure 3.
On the contrary, S, is perfectly recovered when using
yF'=8 estimated from Ma,(y). Similarly, stretched-flame

displacement speeds SZ(K ) obtained with those various
approaches are provided with Fig. 4. The flame dis-
placement speed is overestimated for the non-corrected
thickened flame while it is underestimated with Quilla-
tre correction and diffusion correction based on Ma.(7).

The evolution of SZ(K ) is accurately recovered with the
corrected TFM based on Md’(y).

Finally, the proposed corrected TFM enables to recover
an accurate flame response to stretch, either preserv-
ing the flame consumption speed or the flame displace-
ment speed of an iso-surface considered in the burnt

gas. However, it appears that preserving both consump-
tion Markstein lengths L. and Lz is impossible. It is
then necessary to understand which formulation per-
forms better in actual flame-turbulence interactions. A
first answer to this question is attempted in the next sec-
tion, where flame/vortex interactions are considered.

3.2 Validation on flame-vortex interactions
3.2.1 Numerical set-up

The validation set-up consists of a planar flame prop-
agating towards a vortex. The 2D computational domain
is square with [ = 2008 side length. The incoming vor-
tex is defined with radius R = 108 and its azimuthal ve-
locity at Ris u’' = 552. Hence, the characteristic vortex
time is Tyorrer = R/t = 2Tf1qme, Where Trigme = 87 /S?
is the flame time. The base mesh size is such that
the vortex radius is discretized on 12 grid points, i.e.
Ax = R/12 =0.88?, and the TFM-AMR model is used
to ensure a flame front resolution of n = 10 points in
the flame using Adaptive Mesh Refinement (AMR) [15].
Four simulations are carried out to evaluate the perfor-
mance of the newly developed corrected TFM model:
(i) a reference simulation with F = 1; (ii) a simulation
with F =4 and the standard TFM; (iii) a simulation with
F = 4 and the corrected TFM based on LZ? (iv) a sim-
ulation with F = 4 and the corrected TFM based on L.
The initial vortex position is adjusted so that the centre
of the vortex is equidistant from the peak reaction loca-
tion for the real and thickened flame cases. We consider
here the CgHg case only, since planar lean Hy/air flames
are subject to thermo-diffusive flame instabilities due to
the low Lewis number. Hence, the methodology can’t
be assessed on the lean H; case because small-scale in-
stability structures are nearly suppressed at F' = 4 while
they will appear at F = 1.

3.2.2 Results

Yconis

0 0.06
[—

Figure 5: CgHg mass fraction profiles at t = 1774y, with
(F=1,y=1) (top left),(F =4,y=1) (top right), (F =4;y=
0.622) (bottom left) and (F = 4;y = 0.545) (bottom right).
The white line represents the 7' = 400K isotherm.



Fig. 5 shows the fuel mass fraction field for various
configurations. The white line localizes the isotherm
T =400K. The reference case (F = 1) is a fully resolved
non-thickened flame front. Results using the standard
TFM model for F = 4 is represented on the top right
plot. A clear difference of flame front surface is ob-
served between the F' = 1 and F = 4 cases. The con-
cave region towards burnt gases enters deeper into the
fresh gases for the reference flame than for the thickened
flame. In fact, local flame speed is underestimated since
Markstein length is overestimated by a factor F =4 in
the thickened case. Using diffusion corrections based
on L. and LZ, respectively on the bottom left and right
in Fig. 5, the surface of the thickened flame is well re-
trieved.

A more quantitative comparison is performed con-
sidering space averaged properties of the flame. We de-
fine the flame length as:

Lptane = [ |Vellas (10)

Where ¢ is the progress variable defined as ¢ =
1 —Yeomyg /Yo, » Where Y¢ - corresponds to the value
in fresh gases. S refers to the 2-D computational do-
main. The evolution of L4y, in time is represented in
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Figure 6: Flame length with respect to flame times.

Fig. 6. It shows a significant under-estimation of the
flame length for the thickened case with standard TFM
compared to the non-thickened case. This is due to the
flame speed underestimation induced by TFM. For all
thickened flame fronts, with or without the corrected
diffusion coefficients, the maximal flame length is the
same. The underestimation of the flame length maxi-
mum value for thickened flames compared to the refer-
ence flame is due to a loss of flame surface for highly
curved zone encountered after the penetration of the
vortex in the flame (see the snapshots in Fig. 5). For
the thickened flame front without correction, the maxi-
mal flame length is reached with a delay equivalent to
1.5Tf14me compared to the reference case (Fig. 6). On
the contrary, the corrected TFM case based on displace-
ment Markstein numbers reaches the maximal peak of

flame length with an advance of 0.5Tf;4y.. The maxi-
mal flame length is obtained simultaneously for the real
flame and the thickened front with diffusion correction
based on consumption Markstein numbers.

For a given flame geometry, here estimated by the
flame length L ¢;4,¢, an averaged flame consumption can
be defined as:

_ 1 -1
S « / apds (1)
Lftame — Pu (qu - be) s

with index f referring to the fuel species.
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Figure 7: Averaged consumption speed with respect to the
flame length.

Fig. 7 displays the averaged consumption speed as
a function of the flame length. The laminar flame
speed deduced from the simulation of a 1D planar flame
with the CONVERGE solver [14], which equals S? =
0.37m/s is added to the plot. The flame-vortex inter-
action induces a flame length increase with a predom-
inantly concave curvature towards the burnt gases. As
Le > 1, this configuration leads to a decrease of the
flame speed as illustrated by the reference case in Fig. 7.
The thickened flame front without correction features
an overestimated decrease of the averaged speed, in line
with the over-sensitivity of the TFM model to stretch.
The averaged consumption speed obtained with the cor-
rection based on the displacement Markstein length is
on the contrary over-estimated which is consistent with
conclusions drawn from Fig. 3. For the thickened flame
front with diffusion correction deduced from the con-
sumption speed, S. coincides with the reference case.
Hence, the change of consumption speed induced by
preferential diffusion effects is accurately recovered for
a thickened flame front when modifying species diffu-
sion according to the proposed methodology performed
with the consumption Markstein number Ma,.

Conclusions

The present study proposes a framework to correctly
take into account stretch effects on artificially thickened
flames. The standard TFM approach induces an over-
sensitivity of thickened flame fronts to stretch, which
leads to a multiplication of the Markstein length by the



thickening factor factor F'. To overcome this limitation,
we proposed a TFM-adapted methodology to recover
the flame speed of weakly stretched flames. The model,
based on the adaptation of species Lewis numbers, was
evaluated both for a Le < 1 mixture (lean Hy/air case)
and for a Le > 1 mixture (stoichiometric CgHjg/air
case). The present work illustrates the distinction be-
tween the influence of stretch (i) on flame consumption
speed and (ii) on flame displacement speed, character-
ized respectively by a consumption Markstein length L.
and a displacement Markstein length LZ [10]. It was
shown that our TFM-adapted diffusion model can be
used either to recover the reference value of L. or Lz.
However, it is not possible to preserve both Markstein
lengths simultaneously. Both approaches were shown
to provide improved results compared to the standard
TFM on a flame-vortex interaction case. Choosing L. as
a target allows in addition to recover nearly exactly the
mean consumption speed. Both approaches will need to
be evaluated on practical burner cases in a future study.
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