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Abstract

This paper investigates the importance of chemical modelling
on the sound generation by planar, premixed laminar flame an-
nihilation. A stoichiometric, methane/air flame at atmospheric
pressure and unburnt gas temperature of 300K is considered
with four different chemical mechanisms of increasing com-
plexity [6, 11, 4, 15].

The laminar flame speeds obtained from these different mecha-
nisms are first found to be very similar and consistent with the
literature. However, differences in their heat release rate profiles
lead to differing pressure fluctuations in the far field. Specifi-
cally, when more complex mechanisms are used, the later stages
of the annihilation process are characterized by a slower de-
crease of the heat release rate which, in turn, affects the radi-
ated pressure fluctuations. Analysis of the contribution of the
reaction rates of different species then shows that it is essential
to model CO to CO2 oxidation accurately in the post-flame re-
gion in order to accurately model the acoustics. Nonetheless,
the overall pressure difference between the burnt and unburnt
gases is found to be independent of the mechanism since, as
the theory of Talei et al. [17] showed, this only depends on the
flame speed and the flame temperature.

Introduction

Lean premixed combustion is a promising method to decrease
nitrogen oxide emissions in modern gas turbines. However, the
combustors operating under lean conditions are susceptible to
the so called thermo-acoustic instabilities [13]. This resonance
phenomenon involves a strong coupling between the flame dy-
namics and the acoustic waves and results in large pressure
fluctuations, leading to the combustor failure in extreme cases
[12, 16]. As a result, achieving an improved understanding of
premixed flame acoustics is of great importance for environ-
mental and safety reasons.

The fluctuations of the heat release rate O have been shown to
be the acoustics leading cause in reacting flows [5, 9]. One
mechanism that can lead to large fluctuations of Q is flame an-
nihilation. When two flame surfaces approach each other, the
unburned gas trapped between them is rapidly consumed, re-
sulting in large fluctuations of the heat release rate. Their con-
tribution to the acoustics has been shown in experimental stud-
ies of forced laminar premixed flame [3, 14]. Candel et al. [3]
have even argued that they could be a major source of noise in
turbulent combustors. Schuller et al. [14] have also showed that
the acoustics induced by annihilation events could lead to self
sustained oscillations of the flame front, if the pressure fluctua-
tions were in phase with the velocity fluctuations at the burner’s
inlet. This result therefore shows the potential implication of
annihilation events in flame instabilities.

Following these investigations, Talei et al. [17, 18] have high-
lighted the importance of flame annihilation in the sound gener-
ation process for one-dimensional (1-D) premixed flames. They
developed a theoretical framework for calculating the sound
produced by planar, axisymmetric and spherically symmetric
annihilation events. In subsequent direct numerical simulation

(DNS) studies, annihilation events were observed to be a signif-
icant source of noise in two-dimensional (2-D) forced laminar
premixed flames. More recently, Haghiri et al. [8] analysed
the acoustics from three-dimensional (3-D) turbulent premixed
flames. Their simple acoustic model based on flame annihila-
tions highlighted their contribution to the overall sound genera-
tion. However, all those studies used simple chemistry schemes
to perform their DNS.

Jimenez et al. [10] have done a comparison of the sound gen-
erated by 1-D H2/air premixed flame annihilation, using simple
and detailed chemistry. They found that the simple chemistry
was predicting accurately the pressure fluctuation amplitude for
Lewis number smaller or equal to unity. On the other hand,
Ghani & Poinsot [7] found that simple kinetics for CH4/air sto-
ichiometric flames resulted in a significant over-estimation of
the pressure amplitude, in a 1-D head on quenching configura-
tion. This difference was explained by a too fast extinction of
the heat release rate after quenching, as the simple mechanism
did not take into account the kinetics of minor and intermediate
species.

Overall, few studies have analysed the effect of chemistry on
the sound generation process in premixed flames. The goal of
this paper is to examine and explain the acoustic differences
due to different chemistry mechanisms, for a 1-D CH4/air flame
annihilation. For this purpose, 4 different schemes, with various
complexity, are used to model the chemistry.

DNS dataset

The DNS were performed using the code for reacting flows
NTMIX-CHEMKIN. The complete set of equations and the
species molecular transport model used can be found in Baum
et al. [1]. NTMIX-CHEMKIN uses a 8" order central differ-
encing scheme with a 3" order Runge-Kutta algorithm and a
10" order filtering scheme. The simulations represent a 1-D
laminar CH4/air premixed flame annihilation with an unburned
gas temperature 7, = 300K and an equivalence ratio ¢ = 1 at at-
mospheric pressure. A stretched grid with a total of 2500 points
was used on the 6003,,-long domain, where J,; represents the
thermal flame thickness. The stretching ratio was kept under
0.5% and at least 40 points per J&;, was used in the reaction
zone. The 1-D NSCBC adapted to reacting flows [2] is applied
at the outlet while a symmetry condition is used at the lower
boundary (fig. 1), so that only half the domain had to be com-
puted.
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Figure 1: Sketch of DNS configuration.

If not specified otherwise, the results presented are non-



dimensionalized by the reference values of speed cp.r =
353 m/s, density p,r = 1.12 kg/m> and temperature T, r =
116 K. The reference length is set up to 103,;, based on the
GRI3.0 flame, so that L,y = 4.81 mm. The annihilation time,
instant when the peak of heat release rate reaches the symmetry
line, is taken as reference t = 0.

Four chemistry mechanisms were used, namely the 2-steps
BFER (2S-BFER) [6], 4-steps Jones & Lindstedt (J&L) [11],
39-reactions Coffee [4] and 325-reactions GRI 3.0 [15] schemes
(see table 1). The reduced 2S-BFER mechanism has been val-
idated for a range of unburnt gas temperature (300K to 700K),
pressure (1 atm to 15 atm) and equivalence ratio (0.6 to 1.4) by
comparing the laminar flame speed and adiabatic temperature
to GRI3.0 results. The J&L scheme is a global reaction scheme
for hydrocarbons, featuring a two-reaction zone flame model.
It has been validated against experimental data for methane/air
premixed flames by analysing the laminar flame speed and the
main species profiles, for ¢ = 0.85 to ¢ = 1.25. The Coffee
scheme as been also validated with experimental data of pre-
mixed methane/air flames at 7;, = 300K and atmospheric pres-
sure. Species and temperature profiles, as well as laminar flame
speed, were compared for equivalence ratios from 0.85 to 1.25.
The GRI3.0 mechanism is the most complex one and taken as
reference in this study.

Scheme Species # Reactions #
2S-BFER 6 2

J&L 7 4
Coffee 14 38
GRI 3.0 53 325

Table 1: Chemistry schemes characteristics.

Results

Table 2 shows the laminar flame speed S; obtained with the
different mechanisms. Overall, there are in accordance with
the values from the literature. Figure 2 shows the heat release
rate profile for the freely propagating flame. Coffee (dot-dashed
line) and GRI3.0 (solid line) are extremely similar, with the
former having a slightly larger peak amplitude. The heat re-
lease rate obtained with the 2S-BFER mechanim (dotted line)
decreases quickly to zero in the post-flame region, while the
more complex mechanisms feature a non-negligible Q. This
can be explained by the lack of intermediate or minor species in
the 2-steps mechanism. Note the J&L mechanism (dashed line)
manages to capture partially the slow decrease in the post-flame
region, as it features a secondary reaction zone, where oxidation
to CO2 occurs.

Scheme Sz in this study Sy, from literature
2S-BFER 40.5 40.6 [6]
J&L 41.8 40.9 [11]
Coffee 39.9 39.7 [4]
GRI 3.0 37.4 37.9 [15]

Table 2: Laminar flame speed Sy, in cm/s for the mechanisms
considered in this paper.

The flame speed Uy, normalized by Sg, is shown in fig. 3
for the instants before the annihilation time. The flame’s po-
sition was estimated based of the heat release rate peak and its
speed computed through a 1% order numerical central difference
scheme. Despite the differences between the mechanisms, the
flame’s acceleration prior to annihilation is well predicted by all
of them.

The pressure fluctuations induced by the annihilation event are
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Figure 2: Heat release rate of the freely propagating flame for
2S-BFER (dotted line), J&L (dashed line), Coffee (dot-dashed
line) and GRI3.0 (solid line).

Figure 3: Flame displacement speed before annihilation for 2S-
BFER (dotted line), J&L (dashed line), Coffee (dot-dashed line)
and GRI3.0 (solid line).

now analysed. In the following, the pressure before annihilation
Do 1s taken as reference. First of all, the total pressure difference
Ap induced at the symmetry line is shown in table 3, from the
numerical results and the theory from Talei et al. [17]:

Ap = —pyucp(1 =T,/ Tp)SL )

where the subscript ;, refers to the values in the burnt gases.
The numerical results are in accordance with the theoretical val-
ues. Furthermore, all schemes have similar values, showing that
even simplified chemistries can predict accurately the far-field
sound pressure level in this configuration.

The spatial shape of the pressure waves in the far-field are now
discussed (fig 4). All mechanisms, except J&L, feature first a
small positive pressure peak. Then, the pressure abruptly de-
creases. While the 2S-BFER pressure (dotted line) remains
steady, the other mechanisms feature a slower decrease. We
will show now that this result is linked to the heat release rate
post-flame behaviour, discussed in fig. 2.

Scheme Ap fromeq. 1  Numerical Ap  Difference
2S-BFER 2.78E-3 2.45E-3 11.8 %
J&L 2.77E-3 2.44E-3 11.7%
Coffee 2.64E-3 2.55E-3 3.5%
GRI3.0 2.49E-3 2.22E-3 10.8%

Table 3: Pressure difference Ap obtained with several schemes.

It can be shown [17] that in a 1-D planar case, the pressure
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Figure 4: Pressure fluctuations in the far-field after annihila-
tion for 2S-BFER (dotted line), J&L (dashed line), Coffee (dot-
dashed line) and GRI3.0 (solid line).

fluctuation at a point x in the far-field and time ¢ is given by
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where Vj represents the flame’s region, i.e. where Q is non-zero.
Equation 1 shows that, in a planar configuration, the acoustics
are proportional to the integral of heat release rate. Figure 5
shows the temporal evolution of the heat release rate for the four
mechanisms. The fast Q decrease after # = 0 is obvious for the
2S-BFER mechanism (top left). On the other hand, the peak in
the post-flame region, representing the secondary reaction zone,
can be noticed in the J&L case (top right). Overall, the slower
and minor reactions present in the more complex mechanisms
(J&L, Coftee and GRI3.0) explain the slower decay of heat re-
lease rate after + = 0, and therefore the pressure behaviour from
fig. 4.
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Figure 5: Heat release rate profiles for 2S-BFER (top left), J&L
(top right), Coffee (bottom left) and GRI3.0 (bottom right). The
lines represent different time instants: freely propagating flame
(solid line far right), = —7 (left solid line), = 0 (dashed line),
t = 0.5 (dotted line) and ¢ = 5 (dot-dashed line).

We are now comparing in more details the 2S-BFER and J&L
mechanisms in order to establish which reactions are necessary
to predict more realistically the heat release rate decay. 2S-

BFER comprises the following reactions:

CHy+1.50, = CO+2H>0 3)
CO+0.50, & CO, )

while J&L has the 4 following steps:

CHy;+0.50, = CO+2H, (&)
CHy+H,O= CO+3H, (6)
H, +0.50, & H,O 7

CO+H,0& COy+H; ®)

Figure 6 represents the contribution from the main species to the
overall heat release rate, at several instants. By analysing the
2S-BFER results (left column), it can be seen that there is only
one reaction rate peak, that coincide with the overall heat release
rate. This results in a complete consumption of reactants after
the flame reaches the symmetry point. On the other hand, the
J&L mechanism (right column) features a first peak of reactants
for CH4 (orange line) and CO (blue line) in the pre-heat region,
caused by reactions 6 and 7. The overall heat release rate peak
is associated with the H20 production (green line) in reaction 8
and production of CO2 (purple line) by reaction 8 explains the
heat release rate decay in the secondary reaction zone.

The results at t = 0 and + = 0.5 show that this latest reaction
is responsible for the heat release rate behaviour after annihila-
tion time. Even if the CO to CO2 oxidation was taken into ac-
count in the 2S-BFER scheme, the overall mechanism did not
capture the secondary reaction zone, contrary to J&L, Coffee
and GRI3.0. These results suggest that a realistic representa-
tion of CO oxidation is necessary to predict accurately the heat
release rate and pressure behaviour when considering a planar
premixed flame.

Conclusions

This paper investigated the importance of chemical modelling
on the sound generation by planar, premixed laminar flame an-
nihilation. A stoichiometric, methane/air flame at atmospheric
pressure and unburnt gas temperature of 300K was considered
with four different chemical mechanisms of increasing com-
plexity [6, 11, 4, 15].

The flame speeds obtained from these different mechanisms
were first found to be very similar and consistent with the lit-
erature, showing that the flame kinematics were well predicted
by all mechanisms. However, differences in their heat release
rate profiles led to differing pressure fluctuations in the far field.
Specifically, when more complex mechanisms were used, the
later stages of the annihilation process were characterized by
a slower decrease of the heat release rate which, in turn, af-
fected the radiated pressure fluctuations. Analysis of the con-
tribution of the reaction rates of different species then showed
that it is essential to model CO to CO2 oxidation accurately in
the post-flame region in order to accurately model the acoustics.
Nonetheless, the overall pressure difference between the burnt
and unburnt gases was found to be independent of the mecha-
nism since, as the theory of Talei et al. [17] showed, this only
depends on the flame speed and the flame temperature.

As the relation between the heat release rate and the far-field
acoustics changes in axisymmetric and spherically symmetric
flames, a similar study in higher dimensions could give more
insight into the limitations of some mechanisms in more realis-
tic configurations. For instance, in a 3-D domain, the pressure
fluctuations are proportional to the time derivative of heat re-
lease rate 9Q/dt. It is still unclear if slow reactions occurring in
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Figure 6: Heat release rate contributions for 2S-BFER (left col-
umn) and J&L (right column), for the freely propagating flame
(top row), at r = 0 (middle row) and # = 0.5 (bottom row). The
coloured lines represent the contributions from CH4 (orange),
CO2 (purple), H20 (green) and CO (blue). Overall Q is shown
by the solid black line.

the post-flame region will matter to predict accurately the gen-
erated sound. Future work will investigate the significance of
these findings for 3-D turbulent premixed flames.
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