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1 Introduction

A transient piloted turbulent non-premixed methane jet flame approaching its blow-
off limit is numerically studied by high-resolution Large-Eddy Simulations (LES).
In the statistically steady jet phase, the high turbulence intensity leads to local flame
extinction and re-ignition events. During the transient phase, the pulsation leads
to a global flame extinction soon after the blow-off velocity is reached. The flame
then re-ignites when the strain is relaxed. To model turbulent combustion with a
minimum set of equations in order to reduce the computational effort, a tabulated
detailed chemistry approach is tested.

The non-premixed transient piloted flame experiments reported by Wang et al. [1]
are based on the original Sydney Piloted Flame L investigated by Dibble et al. [2],
where the transient effects are introduced by pulsing the axial velocity of the fuel
jet. The statistically steady [2] and the transient [1] non-premixed piloted flame ex-
periments have been described extensively before, therefore the details are omitted
for brevity (refer to [1] for additional information).

2 Modelling

Combustion is modelled with the Flamelet Generated Manifold (FGM) approach [3],
together with the Artificially Thickened Flame (ATF) technique [4]. Flame wrin-
kling is considered based on the work by Charlette et al. [5]. An assumed top-hat
flitered density function (FDF) for the mixture fraction Z is used to account for the
sub-filter distribution of Z. The detailed formulations are omitted for brevity.

The flamelets are computed with the detailed chemical mechanism GRI-3.0 [7]
and a unity Lewis number assumption. The manifold of flamelet solutions is ini-
tially stored in a two-dimensional equidistant look-up table, which is then accessed
in the subsequent LES calculations by the transported Z̃ and reaction progress vari-
able Ỹp = ỸCO2 + ỸCO, and the mixture fraction variance Z̃′′2 is calculated with an
analytical expression.
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Two separate manifolds are created, where the first manifold (premixed FGM
denoted as PFGM) uses the thermochemical data obtained from solving freely prop-
agating flamelets with varying mixture composition, while the second manifold
(non-premixed FGM denoted as NFGM) uses the data of the counter-flow diffu-
sion flamelets with various strain rates. The strain rate contribution is included in
the LES by adjusting the source term with an exponential function, taken from the
work of Proch [6].

The simulations are performed with the in-house LES solver PsiPhi [6, 8] in
a low-Mach number formulation. The computational domain has 800x200x200
equidistant grid points with ∆ = 0.36 mm. The inflow conditions are prescribed
at all boundaries as suggested by Clayton and Jones [9], and the inflow turbulence
is generated by the method by Klein [10]. Nicoud’s σ -model [11] is employed to
close the momentum equations. The simulation setup described above takes 5000
CPUh until 250 samples are acquired.

3 Results
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Fig. 1 Radial mean and rms profiles of axial velocity (top row), mixture fraction (middle row)
and temperature.

In the first part, the simulation results with NFGM and PFGM methods without
strain rate correction are compared with the OH-PLIF Flame L measurements by
Juddoo et al. [12] at three axial locations x/D = 10, 20 and 30 on the centreline. Ra-
dial profiles of the mean and root mean square (rms) axial velocity, mixture fraction
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and temperature are shown in Fig. 1. A good agreement is achieved for the veloc-
ity fluctuations, whilst the simulations under-predict the mean axial velocities. The
mixture fraction is well predicted by the NFGM method, on the contrary the tem-
peratures are better predicted with the PFGM method. Both the NFGM and PFGM
show a good agreement for the scalars’ rms values at the pilot (0.5 < r < 1.5) and
co-flow (1.5 < r) sides, however, these methods slightly over-predict the scalars at
the fuel side (r < 0.5).

The experimental radial temperature profiles imply that the flame extinction level
further increases towards higher downstream locations, which is well-captured by
the PFGM method. It should be noted that the flame is stabilized by a strong pilot
near the nozzle so that extinction happens more likely where the pilot looses its
stabilizing effect, at x > 15D. In the tested combustion model, the falsely predicted
trend of increased extinction levels at downstream locations of the NFGM model
could be explained by the abandoned scalar dissipation rate as control variable.
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Fig. 2 Conditional mean temperatures (top row), mass fractions of CO2 (middle row) and H2O. A
one-dimensional steady counter-flow flamelet solution with strain rate of a = 1 s−1 is also shown
to analyze the flame extinction and re-ignition events.

The conditional mean plots for the temperature, and the mass fractions of CO2
and H2O over the mixture fraction are presented in Fig. 2 for three different axial
locations x/D = 10, 20 and 30 on the centreline. The temperature versus mixture
fraction plots show that the local extinction level in the experiments at upstream
locations is quite low, which is interpreted from the steady flamelet solution pro-
file that is matching the experimental profile. At further downstream locations, the
experimental conditional mean temperatures drop, which is a result of increasing
levels of extinction towards downstream locations, which is well captured by the
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PFGM. On the other hand, the NFGM only shows a constant level of local flame
extinction. The NFGM shows good predictions for the CO2 mass fractions, and
PFGM predicts H2O concentrations well, where this observation is consistent with
the findings of the work by Vreman et al. [13].

In the second part of this section, the Flame L simulation results with PFGM
method together with the applied strain rate correction technique are presented qual-
itatively. The qualitative experimental results [1] are omitted for brevity. It should
be noted that the strain rate effects in the transient phase of the jet is not negligible,
hence the global flame quenching is fully observed if the strain correction method
is applied to the simulations.

In Figure 3, the time series of OH mass fractions are presented during a single
pulsation. During the initial ramp-up phase, the pulsation interacts with the flame
front (OH concentrations) after a convective time delay at downstream locations of
the jet. The flame is expected to be globally quenched since the blow-off velocity
of the Flame L is reached during this acceleration phase. Because of the convection
time delay, the flame globally quenches at the downstream locations at the following
phase when the jet is suddenly decelerated. At the last phase where the strain is
relaxed, the flame re-ignites at the same location, where the initial global flame
quenching happened, again with a convection time delay.

4 Conclusion

It was observed that the local flame extinction events happen more likely where
the pilot loses its stabilizing effect, at x > 15D. The temperatures were successfully
captured by the PFGM method, where the NFGM method predicted CO2 concen-
trations better, which is consistent with the literature [13].

As it was shown by Vreman et al. [13], employing premixed flamelet chemistry to
the turbulent flame calculations was plausible, however with aforementioned draw-
backs. The fact is that the turbulent flame region consists of both premixed and
non-premixed zones.

An issue was faced for the missing strain rate (or scalar dissipation rate) infor-
mation in the premixed manifold, which was less of a problem in the (statistically)
steady phase of the jet, where the mixture fraction fluctuations were smaller. The
flame quenched globally only after the strain rate effects were included for the tran-
sient jet. Additionally, the applied ATF with flame wrinkling model in LES/PFGM
resulted in additional flame thickening due to the premixed laminar flame thickness
that was smaller than the non-premixed one.

The tested combustion model captured the local and global flame extinction and
re-ignition events and imposed a minimal additional computational cost to the LES
in spite of not having been optimized for such non-premixed cases. Hence, the mod-
eling is well suited as a basis for further work on transient flames and development
of more suitable models. Meanwhile, the flame quenching and re-ignition events
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Fig. 3 Snapshots of the temperature (top row) and the OH mass fractions from the LES/PFGM
simulation of the transient jet flame at different times that are indicated in the subplots. The boxes
emphasize the expected location of the global flame extinction and re-ignition events.
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in thickened flames raised questions that only flame resolved investigations could
answer.
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