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Evaluation of chemistry models on methane/air edge flame simulation
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Abstract

The integration of chemistry into a numerical fully compressible solver is carried out in this study using three models:
detailed chemistry, fully tabulated chemistry (CTC) and a model coupling both approaches called HTTC, for hybrid
transported-tabulated chemistry. With HTTC major species are transported while most minor species are tabulated.
As minor species are no longer transported with the flow, the time step is close to the values usually encountered for
non-reactive flows, far beyond what is found in detailed chemistry. The performance of HTTC for reproducing the
dynamics of a methane/air edge flame featuring a very strong mixture fraction gradient is also investigated. The results
agree favorably with the reference case simulated with detailed chemistry unlike the CTC model which is unable to
predict the topology of the flame. Finally, the shape of the flame, the flame speed and the flame stabilization height
are reasonably well captured with HTTC with a calculation cost divided by about 5 compared to the reference case.
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1. Introduction

Introducing fully detailed schemes in numerical sim-

ulations for combustion is still a scientific challenge. In
practical situations, it cannot be achieved because the
number of species and reactions are way too large [1].
Instead of detailed chemistry (acronym FTC), reduced
kinetics or tabulated thermochemistry (CTC) may be
used [2]. The first strategy may lead to inaccuracy if
the reduced scheme is not optimized [3] because minor
species and radicals are missing. If done carefully, the
resulting reduced schemes compare well with the origi-
nal detailed mechanism on the dedicated range of valid-
ity. The second approach is based on the tabulation of
chemical responses of canonical combustion problems
such as one-dimensional laminar premixed flames [4, 5].
These structures are often projected into a progress vari-
able and mixture fraction space to build a look-up ta-
ble. Thus, only these two variables need to be trans-
ported with the flow, dramatically reducing the com-
putational cost. However, such tables are cumbersome
to create, lack of flexibility and may lead to very large
database not suited to the context of high-performance
computing. Hence, table downsizing methods have been
discussed in the literature, using the self-similarity be-
havior of the radical species in laminar flamelets [6, 7]
or ignition phenomena [8, 9]. This property has been
further exploited by Ribert et al. [10] to develop a
strategy combining the detailed-chemistry solving for
the main species with the tabulation of the intermedi-
ate species, called Hybrid Transported-Tabulated Chem-
istry (HTTC).
CTC and HTTC models are presently evaluated on the
challenging configuration of a methane/air edge flame
featuring a large gradient of mixture fraction, and com-
pared with results coming from detailed chemistry. In
such configurations, the reactants are partially premixed
before burning, and an edge flame is present consisting
of a premixed flame front divided into a lean and a rich
zone, followed by a trailing diffusion flame, that burns
the excess of the reactants downstream [11]. The whole
range of equivalence ratio (¢) from pure fuel to pure ox-
idizer is then present making the simulation challenging
for any combustion models.

2. Chemistry modeling and numerical solver

Dealing with a chemical system composed of Ny
species (S = {1,---, Ng}) reacting through Ng reactions

(R = {1,---, Ng}) requires to write one transport equa-
tion for each species k € S when using a FTC solver:
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X;, t and u; are the spatial coordinates, time and ith-
velocity components, respectively. p is the density de-
fined as p = Y g px, with px = pY;. Yy is the mass frac-
tion of species k with > ¢ Y; = 1, Vy; is the diffusion ve-
locity of species k computed with the Hirschfelder and
Curtiss approximation [12], V{ is the correction velocity
to ensure the mass conservation and @y is the chemical
source term of species k with > ¢ w; = 0.

At the extreme opposite, CTC methods [13, 14] assume
that chemical evolutions in the composition space are
parameterized by a reduced set of N, variables such as
the progress variable, Y., the mixture fraction, Z, en-
thalpy, etc. that are transported with the flow. The Ny
transport equations used with the FTC solver are re-
placed in CTC by N, (<« Ng) equations plus a look-up
table containing all the expected flame structures. The
balance equation for Y, is formally written:
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with Y, = ZkES aiY, = YCOz + Yco in this study, and
W, = Wco, + Wco- The diffusion coefficient Dy, is com-
puted in the present work with the species diffusion co-
efficients, Dy, as
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to ensure a proper flame speed. w. and Dy, are part of
the look-up table and depend on N, variables. Z is trans-
ported with a unity Lewis number assumption as in [15].
With HTTC [10], the whole kinetic scheme is kept un-
altered meaning that the knowledge of the Ny species
mass fractions is required, but the set of chemical
species is splitted in a set of major (M = {1,--- ,Ny})
and minor (m = {1,---,N,}) species: Ny = Ny + Ny,.
Major species are transported with the flow and the mass
fractions of minor species come from generic laws ob-
served in the simulations of canonical problems. For
minor species, the self-similar flame tabulation (S2FT)
technique [6, 7, 8] is presently exploited. This reduced
look-up table is accessible by Y. and Z (or ¢) [16].
Eq. (1) is then replaced by
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plus a look-up table (S2FT),
Y= f(Ye,2),

In Eq. (4), the computation of w; requires the eval-
uation of the rate-of-progress of all elementary reac-
tions of the kinetic scheme. For any species k € m,
Y} is directly evaluated with Eq. (5) and not through a
transport equation anymore. Finally, Vi in Eq. (4) is
evaluated based on transported species only (k € M):
Ve = = (3w Vii¥x) / Som Ye. This strategy has been
successfully applied to the computation of 1D lami-
nar methane/air premixed flames with the REGATH nu-
merical code [17, 18] in which transport equations are
solved for a constant pressure with a Newton algorithm.
The three solvers FTC, CTC and HTTC are presently
considered within the finite volume solver DNS/LES
SiTCom-B [14, 19, 20] that explicitly solves the un-
steady fully compressible and reactive Navier-Stokes
equations on cartesian meshes. From a numerical point
of view, solving Egs. (4) in addition to the momentum
and energy equations in SiTCom-B requires to evaluate
the density at each time step based on the contribution of
major and minor species. However, the mass fractions
of minor species are only accessible through the knowl-
edge of the table parameters (Y., Z) which are unknown
at each time step n. As a consequence,

P = P+ P! ©)
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with (3, 00" < (3 p0)" for all n [10]. The error
on p" is estimated to be very small since the variations
of the quantities from two consecutive time steps should
be small with a compressible code. Once the density is
known, the mass fraction of major species can be deter-
mined by Y} = pj//p", k € M as well as the table param-
eters: Y and Z". Minor species are given by Eq. (5) and
any Wy, k € M can be properly computed.

The implementation of the three solvers into SiTCom-
B has been validated by simulating a stoichiometric
1D laminar premixed methane/air flame with a vari-
able Lewis number and without NO, chemistry. The
kinetic scheme of Lindstedt and co-workers is used [21]
(NS =29: H, OH, O, HOQ, Hz, HZO, 02, CO, COQ, Nz,
CH, HCO, CH,(S), CH,, CH,0, CH3, CH30, CH,O0H,
CH4, C,H, HCCO, C,H,, CH,CO, C,H3, C,Hy4, CyHs,
CyHg, C, and C,; Ng = 141) as in [10]. A compari-
son with the solution given by REGATH is provided in
Fig. 1. With HTTC, the following criterion is used to
split the Ny species in major and minor species: the re-
actants and products having a non-zero mass fraction,
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Figure 1: One-dimensional atmospheric CHy/air flame at ¢ = 1. Mesh
resolution in the flame front: Ax = 20 um. Squares: REGATH. Lines:
SiTCom-B (black solid: FTC, blue solid: HTTC, green solid: CTC).

ie. Yp > € = 1x107® for all ¢ used to compute
the look-up table, in the fresh and the burnt gases, are
transported. Accordingly, for ¢ € [0.6,1.4], Ny = 13
(02, Ny, CO,, CO, H,0, Hy, OH, O, H, HO,, HCO,
CH,0, CHy) and N,, = Ns — Ny; = 16. In Fig. 1 a very
good agreement is found between the three solvers used.
With SiTCom-B, a pressure jump across the flame front,
APnum = —1.01 Pa, is found in agreement with theory:
AP, = p,S? (1 -p,/pp) = —1.03 Pa with the flame
speed S, = 37.42 cm/s and the unburnt and burnt den-
sity set to p, = 1.130 kg/m> and p, = 0.1498 kg/m?,
respectively. To ensure a stable temporal integration,
the maximum time step used by the three solvers are
9.9 x 107 s for FTC and 3.1 x 107 s for HTTC and
CTC. For the last two, the computational cost is re-
duced by a factor 3 thanks to the increase of the global
time step, the cost per time step being roughly 10% less
with HTTC than with FTC using Lindstedt’s mechanism
for methane combustion. Indeed, tabulating the minor
species with HTTC allows for a strong increase of the
chemical time step, which is the bottleneck of fully ex-
plicit compressible FTC solvers. In the present simula-
tion, the data mining for CTC and HTTC has no impact
on the CPU time.

3. Simulation setup and HTTC generalization

3.1. Simulation setup

The simulation setup is a pure methane slot injector
surrounded by a co-flow of air, so that a steady lam-
inar edge flame can stabilize above the burner. The
width of the slot is Dy = 2 mm, and the thickness of
the injector wall is 0.5 mm. The simulated area along
with the boundary conditions is given in Fig. 2. It con-
sists in a two-dimensional domain, 15 millimeters wide
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Figure 2: Dimensions and boundary conditions of the simulation do-
main.

and 18 millimeters high, beginning at the injector out-
let, the goal being to simulate the tip of the edge flame.
The domain is uniformly meshed with 50 micrometer
cells. Simulations are performed with the three solvers:
FTC, CTC and HTTC. The detailed kinetic mechanism
of Lindstedt [21] without NOxX has been used as in [10].
For FTC and HTTC, species are transported with vari-
able Lewis numbers. The tabulated species mass frac-
tions are stored using uniform Y, and Z meshes, with
small discretization step AY, = 5x10~* and AZ = 0.001,
to ensure that the parts of the table with strong deriva-
tive of the tabulated species mass fraction with respect
to Z and Y, are described with a sufficient accuracy. A
change of table size would have a limited impact on
CPU time because the code used to access the table has
been carefully optimized. Unsteady simulations are run
until a steady state of the laminar flow is reached, i.e.
when the stabilisation height of the flame tip and the
maximum temperature in the domain become constant.
The flame tip (located at a height yy) is defined as the
intersection of the stoichiometric mixture fraction (Z,,)
isoline and an isoline of a small value of the progress
variable (Y, = 0.005).

3.2. Generalization of HTTC

The flame databases required in CTC and HTTC for-
mulations have been initially generated for a range of
equivalence ratio between the flammability limits of
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Figure 3: Species mass fraction of radical species C (left) and CoH;
(right) in the original 1D methane flame database (¢ € [0.5,5.0]), as a
function of Y, and ¢.

CHy/air premixed flames, i.e. for ¢ € [0.6,1.4]. For
cases where chemical reactions take place on a wider
range of ¢, such as in triple or edge flames, look-up
tables need to be completed [15, 22, 23] or prolonged
[14, 24]. The latter strategy is presently used for the
CTC method. It consists of an extension of all the tabu-
lated variables (temperature, transport coefficients, etc.)
out of the flammability range by a linear interpolation
between the fresh and equilibrium states. The chemistry
is not extended (&, = 0) since the chemical activity or
S 1, is low out of the flammability limits.

However, such a method cannot be directly transposed
for HTTC. Indeed, the tabulated minor species mass
fractions are zero both in the fresh gases and in the
burnt gases, at equilibrium. Then, for equivalence ratios
out of the flammability limits, their interpolated values
would be 0. For many minor species this would lead to
a gross error since they may take quite large values at
the flammability limit. In figure 3, the mass fraction of
C and C,H, in methane/air flames, extracted from the
1D premixed database are plotted in a (Y., ¢) space. It
appears that both these minor species are not equal to
zero at the rich boundary (¢ = 1.4). At the lean bound-
ary (¢ = 0.6), some radical species such as C,Hs, do not
fade to zero either (not shown). The proposed extension
method consists in generating additional flames out of
the flammability limits, using the 1D flame solver RE-
GATH. Even if it has been shown in experiments that
premixed flames cannot propagate beyond these limits,
REGATH is still able to provide data to extend the table.
Accordingly, the range of ¢ has been augmented from
[0.6,1.4] to [0.5, 5] even if the results given by the 1D
flame solver cannot strictly be considered as premixed
propagating flames for very lean or very rich mixtures.
Indeed for ¢ > 2.5, the flame front propagates at ve-
locities smaller than 1 cm/s and is very wide. The 10



meter-long domains used to generate the database are
not even sufficient to reach equilibrium values for all mi-
nor species. The extended HTTC table is also displayed
in Fig. 3. For most of the tabulated species, their mass
fraction reaches zero for values of the progress variable
smaller than the equilibrium value. Moreover, for ¢ > 2,
these species have a negligible mass fraction, whatever
the value of Y., so the part of the flame database for
high values of ¢ is not used. This is, for example, the
case for C. Such an extension of the table will then be a
satisfactory approach for such species. Nevertheless, a
few radical species are still present at high equivalence
ratios with a non-negligible mass fraction (e.g. CoH,).
For these high values of ¢, they do not even reach equi-
librium at the end of the computational domain, so a part
of the table is missing for these species. Besides, their
mass fractions at the rich equivalence ratio boundary of
the table are still not zero. These species will then be
transported instead of being tabulated. Consequently,
when using the extended table, 7 species (C,H,, C,H3,
C,H,4, C,H5, C,Hg, CH,CO, CHj3) are added to the set
M of the transported species (N, = 20). However, this
additional cost does not affect the maximum time step
used in simulations, the limiting species being still tab-
ulated, and does not change the code efficiency.

4. Edge flame simulations

4.1. Flame structure with FTC

The field of heat release rate (HRR) is displayed in
Fig. 4(a). A lean and a rich premixed zone exist along
with a trailing diffusion flame but the premixed wings
are merged with the diffusion flame exhibiting a mono-
brachial structure, as in [11], because of the large val-
ues of VZ (60 m™! < VZ < 120 m™! on the isoline
Z,) and the low value of the radius of curvature of the
flame, R., compared to the thermal flame thickness, d7.
A minimum value of R, = 0.5 mm is found on the iso-
line HRR = 0.05 GW/m?, significantly smaller than
0r ~ 1 mm. This is consistent with the observations
made by Kim er al. [25], where the curvatures of edge-
flames is found close to R, = 1 mm in flows featuring
gradients of mixture fraction around 50 m~! on the iso-
line Z;;. The maximum of HRR is located nearby the
stoichiometric line, at the triple point, where the three
parts of the flame merge. The temperature of the flow
increases along the stoichiometric line downstream of
the premixed front (Fig. 4(b)) because of the presence
of the diffusion trailing flame. The flame tip stabilizes
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Figure 4: Edge flame simulated with the FTC solver. In green: isolines
of Z corresponding to ¢ = 0.6, 1.0, 1.4 and 5.0. In pink: isolines of
heat release rate (0.05, 0.2, 0.5, 1.0, 1.5 and 2.0 GW/m?).

approximately 2 mm above the burner rim, at a radial
location where the velocity of the flow is small enough
to allow for the flame stabilization.

The contours of HRR plotted in Fig. 4(a) show that the
premixed flame front is inclined with respect to the axial
direction of the flow. Kim ef al. [25] have attributed this
phenomenon to the effect of the velocity gradient, which
is usually strong in jet flames. As a consequence, the
propagation velocity of the flame tip cannot be equal to
the axial velocity of the flow at the triple point. Follow-
ing [25], the propagation velocity is assumed to be equal
to the velocity U, normal to the premixed front, which
is presently calculated from the velocity vector U at the
flame tip: U, = U -VY,./|VY,|. U, = 0.209 m/s while
the 1D laminar flame speed is S (¢ = 1) = 0.367 m/s.
This smaller propagation speed is due to the strong gra-
dient of mixture fraction at the flame tip.

Finally, the reactive points of the simulated domain that
contribute to the HRR (HRR > 1% of max (HRR)) are
plotted in a (Y., Z) space in Fig. 5. The flammability
limits are here defined as the range of ¢ where reactive
points are found (as in [26]). Even if this definition of
the flammability range is different of what is used in
experimental studies, it is clear that the limits are ex-
tended in the premixed zone, for ¢ ranging from 0.15
to 2.73. However, the reactive points that contribute to
the diffusion flame are mainly found between ¢ = 0.6
and ¢ = 1.4, and for large values of Y., because they
are located in the burnt gases downstream of the pre-
mixed flame front. The maximum of HRR is found in
the premixed area of the flame, but HRR is still signif-
icant in the diffusion trailing flame. Finally, reactive
points are found beyond the equilibrium line, which is
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extracted from the 1D premixed flame database. Such a
phenomenon may be due to the presence of the diffusion
tail, and to the diffusion of Y, from the rich side to the
lean side of the flow.

4.2. Edge flame simulation with CTC and HTTC

CTC simulation. In figure 6(a), a stoichiometric isoline
of mixture fraction (Zy) and an isoline of progress vari-
able, Y. = 0.005, are plotted to visualize the shape and
the stabilization height of the edge flames. The CTC
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Figure 6: Comparison between CTC/HTTC and FTC simulations.
Isolines of Z (green) and Y. = 0.005 (black) for FTC (solid lines)
and CTC/HTTC (dashed lines). HRR in red.

method predicts that the flame is attached to the adi-
abatic burner wall contrary to what is observed with
the FTC approach. Indeed, the whole modeling of the
chemistry being constrained by the look-up table, and
only accessible by the local values of Z and Y., the im-
pact of VZ is totally overlooked since it has not been
taken into account in the generation of the table. As
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Figure 7: Radial profiles of temperature at two heights above the flame
tip (o), for FTC (symbols) and CTC (lines).

a consequence, the profiles of temperature taken at two
heights above the flame tip differ from the reference case
(FTC), even if the maximum values of the temperature
are close (Fig. 7). Enlarging the range of ¢ as for the
HTTC procedure has been tested without any further
improvement on the propagation speed. To alleviate this
issue inherent to tabulation methods, Nguyen et al. [27]
proposed a multi-dimensional tabulation approach that
takes the fluxes in the Z direction into account during the
generation of the manifold. However, a five dimensions
look-up table is needed, complicating the CTC proce-
dure and increasing its numerical cost.
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Figure 8: Mass fraction of CoHs (zoom) computed Z and Y, = Yco +
Yco,. Green: isolines of ¢. Black: isoline of Y. = 0.005.

HTTC simulation. In Fig. 6(b) the flame structure com-
puted with HTTC is found very close to the reference
flame (FTC). With HTTC, the flame stabilizes at yp =
0.89 mm, instead of 1.99 mm with FTC, because the
propagation speed is slightly higher (U, = 0.215 m/s)
than with FTC (U, = 0.209 m/s). A very good agree-
ment with the reference temperature and mass frac-
tions is obtained in Fig. 9 at three axial positions what-
ever the dominant combustion regime: premixing at
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Figure 9: Radial profiles of temperature (black), major products (CO in green, CO, in red and H>Ox1.2 in blue) and minor species (OH in purple
and H; in orange) at different heights above the flame tip (yp), for the FTC (symbols) and HTTC (lines) simulations.

height yp + 1 mm or diffusion at height yp + 5 mm and
yo + 10 mm. The differences between the two simu-
lations come from the tabulated values for radicals in
HTTC that are taken from premixed flamelets, which are
slightly different from what is observed in FTC. Thus,
some small discrepancies appear in the physical space
as shown in Fig. 8 for C,Hs species. Despite these im-
perfections, the mass fraction field of major species the
temperature and the propagation velocity of the flame
tip are well reproduced by HTTC. With HTTC, the
chemical time step is still larger than the convective
time step, and simulations are performed approximately
5 times faster than with FTC. Actually, simulations with
HTTC were first realized before switching to FTC ones
in order to speedup the flame establishment and conver-
gence.

Even though the HTTC simulations lead to satisfactory
results by making use of tables based on 1D premixed
flamelets, an even better agreement could be reached if
diffusion effects were included in S2FT tables.

5. Conclusion

A CHy/air edge flame with a strong mixture fraction
gradient is simulated with three solvers featuring differ-
ent models for detailed chemistry. The fully transported
chemistry (FTC) is the reference case for the tabulated
complex thermochemistry (CTC) and the hybrid chem-
istry (HTTC) approaches. Conventional techniques
such as CTC modeling fail to predict such complex
flame topology because only the structure of premixed



flamelets are tabulated without strain-rate-induced ef-
fects. However, it has been shown that the HTTC solver
is capable of better capturing the shape, the propaga-
tion speed and the height of flame stabilization, even
if the tabulated profiles are extracted from laminar pre-
mixed flames. With HTTC, the time-step is increased
compared with detailed chemistry, and reaches values
usually encountered for non-reactive flows with com-
pressible solvers. Thus, the edge flame configuration is
simulated with a computational cost divided by about 5.
Future works should focus on the table generation pro-
cedure that could integrate constrained chemical equi-
librium, on a direct comparison with a reduced chem-
istry on a challenging case and finally on the application
of HTTC in the framework of Large-Eddy Simulation.
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