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Table 2; it is seen that all species participate in the definition of the
progress variable, with important contribution from major ones, as
O2, H2O, CO, CO2, N2, and also from many other species as CH3, OH,
C2H2, etc. The progress variable is normalized (zero in fresh gases
and unity in burnt gases) and _xc ¼

PN
i¼1ai _xi, the chemical source

of progress of reaction, and some representative species evolution
are plotted in Figs. 3 and 4; the resulting composition space trajec-
tories of species and progress variable production source are well
defined and may be retained for chemistry tabulation and coupling
with flow solvers. For some species (see for instance OH), the evolu-
tion in Yc-space is quite stiff in the burnt gases and this may be con-
trolled by either imposing a given b value in method A.1 or fixing y to
a given level in method A.2 of Table 1.

In the former (method A.2 with y fixed), a solution is found in
which species are well defined vs Yc and as expected, decreasing y
leads to an increase of the slope j@Yi/@Ycj; this is illustrated with
OH in Fig. 5, where the maximum slope amplitude is also given.
Choosing the A.1 strategy provides almost similar results for b rang-
ing between 8 and 10 (see Fig. 6). Overall, the formulation A.2 is
preferred to define a single progress variable, because it provides
a solution for a very small amount of computing time compared
to A.1, with the possibility of controlling species slope in Yc-space.

5.2. Kerosene–air premixed flame

In many practical systems, hydrocarbon fuels higher than meth-
ane are considered and a more stringent test case of the method
discussed in this paper is conducted for a kerosene/air mixture,
with equivalence ratios covering flammability limits. The kerosene
is modeled as a mixture of n-decane C10H22, n-propylcyclohexane
C9H18 and n-propylbenzene C9H12, with the molar fractions
XC10H22 ¼ 0:74, XC9H18 ¼ 0:15, and XC9H12 ¼ 0:11. To approach gas
turbine conditions, the premixed flame database was built within
flammability limits at a pressure of 18.6 atmosphere from the skel-
eton chemical scheme proposed by Luche et al. [44], involving 91
species and 1328 chemical steps.

A solution providing a single progress variable valid for all
equivalence ratios is obtained with method A.2 of Table 1. Figure 7
shows selected species evolution for lean (/ = 0.3), stoichiometric
(/ = 1), and rich (/ = 1.5) conditions, the species distributions vs.
the normalized progress variable confirm that the obtained
Yc-chemical trajectories can be used readily for building a chemical
look-up table.

5.3. n-Heptane–air autoignition with cool-flame effects

In addition to kerosene/air, an n-heptane-air mixture is now
considered under stoichiometric condition and at a pressure of
15 atm, to test the capabilities of the proposed approach in the case
of chemical trajectories in which molecular diffusion is not acting.
The initial temperature of the mixture is set at 650 K, to then un-
dergo self-ignition in a zero-dimensional model problem. The cal-
culation is performed with the mechanism developed by Zeuch
et al. [45], which consists of 110 species and 1170 forward and
backward reactions, a mechanism that was tested under quite a
large range of conditions [45], the SENKIN software is used [46].

The temperature rise vs. time is decomposed into two parts
(Fig. 8), with the appearance of two ignition delays, representative
of autoignition of high-hydrocarbon fuels for which some cool-
flame effects may be observed. After the cool-flame first ignition
delay of about 32.5 ms, the temperature increases slightly, while
after the main ignition delay (35 ms), the temperature increases
significantly, up to its equilibrium value. Method A.2 of Table 1 is
found to provide a progress variable definition allowing for chem-
istry tabulation, as observed in Fig. 9, showing representative spe-
cies evolutions.

6. Summary

The tabulation of detailed chemistry for simulating turbulent
flames was first discussed in the literature within the framework
of flamelet modeling [23,47], to be further revisited after the intro-
duction of chemical look-up tables based on progress variables
[3,5,11,24]. These tabulations implicitly assume that combustion
smoothly evolves over trajectories, defined either versus physical
space from steady state problems as laminar premixed flames, or
versus time from zero-dimensional detailed chemistry simulations.

The definition of progress variables, in order to map these tra-
jectories over a composition space defined as linear combinations
of species involved in the detailed chemical mechanism, was left
as an open problem, specifically for high-hydrocarbon fuels. In
most cases, only major species (CO, CO2, H2O, O2, and the fuel)
were considered to build ad hoc progress variables, not always va-
lid for tabulating all species up to equilibrium.

Under the hypothesis that canonical combustion problems are
representative of chemical trajectories in turbulent flames, a meth-
od based on optimization tools is proposed to automatically deter-
mine these progress variables, which is based on inequalities that
must be verified by the species trajectories in progress variable
space.
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Fig. 5. OH mass fraction in CH4/air combustion at / = 1, method A.2 of Table 1. Line:
y = 103, maxj@YOH/@Ycj = 0.0371. Dashed: y = 102, maxj@YOH/@Ycj = 0.0397. Dotted:
y = 10, maxj@YOH/@Ycj = 0.0453.
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Fig. 6. OH mass fraction in CH4/air combustion at / = 1 (stoichiometric condition),
method A.1 of Table 1. Line: b = 8, maxj@YOH/@Ycj = 0.0319. Dashed: b = 9, maxj@YOH/
@Ycj = 0.0359. Dotted: b = 10, maxj@YOH/@Ycj = 0.04.

782 Y.-S. Niu et al. / Combustion and Flame 160 (2013) 776–785


