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Abstract Reacting numerical simulations today are often based on either fitted global reaction
schemes, comprised of a few empirical reactions, or pre-tabulated laminar flame solutions computed
with detailed chemistry. Although both methods can accurately predict global quantities such as
laminar flame speed and burnt gas composition, they have significant limitations. In particular,
neither are able to directly and adequately describe the complexity of pollutant chemistry. In the
context of reducing harmful emissions, however, including these needed additional kinetic details in
combustion simulations is becoming essential. Direct integration of detailed chemistry in accurate
turbulent combustion models is not a viable option in the foreseeable future. In this context,
Analytically Reduced Chemistry (ARC) represents an attractive compromise between accuracy and
efficiency, and is already employed in relatively complex Direct Numerical Simulations (DNS) and
Large Eddy Simulations (LES). ARCs are knowledge-based compact mechanisms retaining only the
most relevant kinetic information as extracted directly, and without fitting, from detailed chemical
models using specialized reduction techniques. YARC is a multi-step automated reduction tool,
composed of a selected subset of very efficient reduction techniques (DRGEP, Chemical Lumping,
and QSS species identification), that generates ARCs from detailed mechanisms with minimum
input and knowledge from the user. This paper presents a review of recently YARC-derived ARCs
for fuels ranging from methane to Jet-A aviation kerosene, along with validations in canonical test
cases and, whenever possible, references of use in 3D DNS and LES.

Keywords Chemical kinetics · Reduced chemistry · Gas Turbines

1 The Analytically Reduced Chemistry (ARC) concept in numerical simulations

In the context of increasing air traffic and energy demand in the aeronautic sector, experienced over
the past 30 years, the pollutants released by the combustion of aviation fuels (kerosenes, biofuels)
have become a major worldwide concern. This awareness has motivated considerable actions from
engine manufacturers towards the development of a new fuel-efficient generation of aeroengine com-
bustors with low emissions. However, the simultaneous improvement of efficiency and minimization
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of harmful emissions results in somewhat contradictory design trends, further complicated by con-
straining safety and operability specifications [50]. In particular, the intricacies of the combustion
process -still not nearly enough understood today, prevent a direct control of all the parameters,
prompting further research. The advent of numerical simulation tools such as Reynolds averaged
Navier-Stokes (RANS), Direct Numerical Simulation (DNS), and Large Eddy Simulation (LES)
[95,3,10,77], coupled to the continuously increasing available computational power, now provides a
way to tackle these issues with more and more accuracy [8]. Numerical simulations of complex de-
vices that include the description of turbulent reacting flows, are progressively becoming affordable
at a design stage [8,26]. However, the capability to predict pollutant emissions relies heavily upon
the fidelity of the chemistry description [100], and insights must be provided on both the dynamics
of the fluid and the chemistry of the flame, as well as on their possible interactions. Unfortunately,
the accurate computation of combustion chemistry -including interactions with turbulence in the
context of LES, remains challenging in numerical simulations [57,10,19]. One main reason is that
combustion proceeds through complex and highly non-linear processes that involve up to hundreds
of different chemical compounds, with various associated time and length scales. As a result, if the
progress made during the second half of the 20th century regarding fundamental measurements and
quantum chemistry calculations led to an improved understanding of the underlying physics, al-
lowing the development of accurate and comprehensive detailed kinetic mechanisms, taking them
into account without any simplification in large scale computations prohibitively increases the
computational time and often induces stiffness in the resolved equations.

The most common simplification employed to include detailed kinetic mechanisms in CFD
today is to assume that thermo-chemical evolutions in the composition/temperature space can be
parameterized by a reduced set of variables. Usually, these include the mixture fraction and the
progress variable. With this assumption, any thermochemical quantity of interest can be retrieved
by interpolation in a database, pre-computed with detailed chemistry [60,68,27,69,75,74,2,12].
This approach drastically reduces the number of transport equations to be solved, and is thus very
computationally efficient. On the downside, simulations using tabulation are very much dependent
upon the type of canonical configurations chosen to build the look-up table [18,96] (premixed
or diffusion archetypes, in modern tabulation techniques). If recent studies have addressed this
issue [46,67,20], it remains often necessary to resort to a few additional controlling parameters,
which can eventually lead to excessive memory requirements and Input/Output cost. Another
major disadvantage, particularly in LES of complex real geometries, is that interactions between the
flame and the flow are oversimplified. Taking into account complex phenomena such as preferential
diffusion, dilution, liquid fuel, heat losses or slow pollutant chemistry then requires additional
modeling efforts that can be far from trivial: additional parametrization variables are introduced,
for which transport equations must be solved [17,36,63,64], resulting in additional unclosed terms.
In that regard, there is also a need to formulate a priori assumptions about the nature of the flow.

Another classical approach consists in using globally-fitted chemical mechanisms [101,42,21,
34,84,24,44]. The idea is to split the global reaction of fuel oxidation into empirical intermediate
steps. Usually, from one to four steps are considered, involving important intermediates such as
CO or H2. The reaction rate constants are expressed in an Arrhenius form, the various parameters
of which are fitted against detailed chemistry results or experiments within a specified operating
range, to yield good results on global flame parameters (namely, temperature and laminar flame
speed). Here also, the method is CPU-efficient due to the small number of transported variables.
However, the physics of the problem (i.e., the true chemical pathways) is completely lost, and only
a very narrow range of operating conditions is covered. Furthermore, pollutant information is either
unavailable (soot, NOx) or inaccurate (CO). A possible remedy to these drawbacks is to employ
so-called ”hybrid” techniques, relying upon the definition of a progress variable compatible with
that of a tabulation technique so as to retrieve missing information (soot precursors, intermediate
species, NOx) from a look-up table [49,39]. However, the drawbacks associated with tabulation are
retrieved.

Driven by the same necessity to reduce the high dimensionality of detailed chemistry for further
investigation, physics-oriented reduction techniques have been developed [73,32,1,31]. By perform-
ing a targeted mathematical analysis of the timescales and species fluxes in a detailed reaction
mechanism, the main competing chemical pathways involved in specific combustion applications
can be identified, and unnecessary kinetic information can be safely discarded. The fundamen-
tal aspect of reduced mechanisms obtained by these methods, referred to below as Analytically
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Reduced Chemistry or ARC, is that expressions for the evolution of all species of interest are ana-
lytically obtained, and rely directly upon the detailed chemistry model. In particular, the reaction
rate constants are not modified. Of particular interest with such a chemistry description is the fact
that when integrated directly in a CFD code, flame/flow interactions are not frozen, and there
is no need to formulate a priori assumptions about the nature of the flow or the complexity of
the configuration. Additionally, if the key kinetic pathways are properly identified and retained,
one can reasonably expect a reduced chemical model to yield realistic species compositions even
outside of its strictly demonstrated domain of validity, adding well-needed robustness to complex
reactive simulations.

Two different types of reduction can be applied to a detailed reaction mechanism, to yield either
a skeletal mechanism, where a set of unnecessary species and reactions has been discarded, or an
analytical mechanism, where reactions are combined in order to express the evolution of a few well-
chosen species through algebraic relations. Both reductions have their respective set of tools and
techniques, an overview of which is provided in Table 1. The most common procedure for skeletal
reduction is to first identify and eliminate redundant species (and associated reactions), before
identifying and eliminating redundant reactions (terminology from [90]). Techniques pertaining to
analytical reduction mostly deal with stiffness removal through an investigation of the system’s
timescales. Usually, it is the combination of both reductions, skeletal followed by analytical, that
leads to a fully reduced mechanism, or an ARC.

Skeletal reduction Sensitivity Analysis [91,33], Principal Component Analysis [94,32]
Path Flux analysis [79,23], Jacobian Investigations [1]

Graph search: DRG [54], DRGX [58], DRGASA [82], DRGEP [72]
Chemical Lumping [35,71]

Analytical reduction Quasi-Steady State approximation: via CSP pointers [30,48],
via LOI [52,70], via production/consumption analysis [105],

via error estimation [1], via chemical intuition [73]

Table 1 Common methods to obtain ARC. Note that the provided list of references is non-exhaustive.

The concept is not new: ARCs have been obtained in a brute force way, through sensitivity
and uncertainty analysis using experience, chemical intuition, and a trial-and-error approach even
long before the advent of modern computers [73,32]. In fact, the Quasi-Steady State (QSS) ap-
proximation, used in the analytical part of the reduction, dates back to the early 1920’s, where it
was referred to as the Bodenstein method [92]. In particular, detailed mechanisms for the oxida-
tion of hydrogen and methane have been widely investigated [87,73] during the second half of the
last century; noteworthy are the series of papers by Turanyi and co-workers on the subject [89].
The limitation in these early studies to small hydrocarbons is due to several facts [8]. First, the
investigated mechanisms were all that computational capacities were able to handle at that time.
More importantly, a comprehensive understanding of the underlying kinetic processes of heavier
hydrocarbons is a rather recent development and still an active area of research. Finally, it has
long been known that the heaviest hydrocarbon mechanisms rely strongly on lighter hydrocarbon
mechanisms, from which they derive their main features. In the past decade, however, the growing
need for more detailed kinetic information in relatively large and complex numerical simulations
has motivated efforts towards the development of accurate ARCs for large hydrocarbons, specifi-
cally tailored for an implementation in CFD codes [51,104,13]. Typically, retaining from 10 to 30
species (depending upon the fuel) is nowadays affordable in relatively large LES [66,43,28,25,40,
83,16,22,15]. Additionally, this interest outside of the ”pure chemistry” community has driven the
emergence of efficient numerical tools to help perform kinetic reductions in a systematic fashion.
These tools usually implement several techniques amongst the ones listed in Table 1, in so-called
multi-step reduction strategies, in order to reach the maximum level of reduction possible.

In the present context, where ARCs are on the verge of becoming affordable at a design stage,
the authors believe that it is of interest to compile recently derived LES-compliant ARCs for various
hydrocarbons, in order to make them available to the community. As a first step towards achieving
this goal, the present paper summarizes ARCs derived over the past 5 years with the multi-step
reduction tool YARC [70]. Information about the applicability and range of validity of each derived
mechanism are given, as well as references to further DNS or LES studies, whenever applicable.
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Note that when deriving an ARC, the ultimate reference is the original detailed kinetic mechanism,
and therefore, exhaustive comparisons between experiments and YARC-derived ARCs fall outside
of the scope of this paper. All ARCs derived in this study are based upon well-accepted detailed
kinetic mechanisms, and readers are referred to the original publications for their validation.

The paper is organized as follows: Section 2 briefly introduces the multi-step reduction concept,
focusing specifically on the tool YARC [70]. Section 3 then presents a detailed example of an ARC
derivation with YARC, for the case of ethylene-air oxidation, while Section 4 summarizes YARC-
derived ARCs for various hydrocarbons ranging from methane to aviation kerosene. These reduced
mechanisms together with a few other LES-compliant ARCs reported in the literature are analyzed
in Section 5, and the data are employed to address CFD-specific issues such as the usual size and
stiffness to be expected from such a chemistry description.

2 Multi-step reduction strategies: the YARC tool

2.1 Principle of multi-step reduction strategies

The different reduction techniques can be classified according to the level of reduction they allow
to achieve, as done in Table 1. It is obvious that techniques belonging to different categories
complement each other, and that one cannot hope to obtain the best possible ARC by employing
only one of them. In fact, the ”know-how” developed in the combustion community over the past
decades reveals that to perform an efficient reduction, it is best to proceed in steps, starting
with a skeletal reduction before searching for potential QSS species. This led to the design of
multi-reduction strategies, where each step is enabled by borrowing from techniques belonging to
each category. Note that the skeletal reduction can be comprised of several steps. To illustrate
the discussion, Table 2 reports three multi-step reduction strategies reported in the literature:
consistently with the previous remarks, all follow the same organization.

Strategy I Strategy II : YARC Strategy III : KINALC
[55] [70] [90]

STEP I DRG(X/ASA) DRGEP Jacobian investigations
Species reduction Chemical Lumping
STEP II DRG(X/ASA) DRGEP PCA
Reactions reduction
STEP III QSS via CSP pointers QSS via LOI QSS via error estimation

Examples [55,56] [72,71,39,13] [88]
and more online: [53] and more online: [7] and more online: [89]

Table 2 Literature review of multi-step reduction strategies. See Table 1 for references to the reduction techniques.

The required inputs to such multi-step reductions consist of a detailed mechanism, a set of
targets, and some error tolerance. Targets, in this context, stand for both the canonical problem
employed for the reduction, and the quantities for the ARC to reproduce with the best accuracy. For
example, if say, the ultimate goal is to investigate a sooting ethylene non-premixed jet, generating
an ARC for ethylene oxidation with a good prediction of soot precursors (like acetylene for example)
based on 1-D counterflow configurations is desirable.

Note that as many reduction techniques are well designed for numerical implementation, these
multi-step reduction strategies are usually automated, in multi-step reduction tools. Pioneering
programs were exclusively post-processors, requiring outputs from pre-existing chemistry simula-
tion codes, and often producing results that required further adjustment to be used in chemistry
or CFD solvers. This was the case of KINAL(C) [93] or CARM [9], post-processing CHEMKIN
simulations [45], or the S-STEP [61] working on results from RUN-1DL [81]. More recent tools are
fully coupled with chemistry solvers, and are thus able to sequentially run the canonical test cases,
carry the model reduction based upon the results, perform the subsequent numerical integration of
the derived set of differential equations -thus simplifying the crucial validation step, and properly
format the result for further use in CFD codes. This is the case, for example, of YARC [70], em-
ployed in this work, or the tool developed recently at CORIA [37]. Obviously, designing a reduction
process as systematic as possible is highly desirable in order to facilitate the derivation of reduced
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mechanisms for non-experienced users. The presentation of the YARC tool is the subject of the
next section.

2.2 The YARC tool

2.2.1 Presentation

The multi-step automated reduction tool YARC was developed a few years ago by one of the
authors [70]. The tool consists of a series of libraries written in Pearl, implementing the DRGEP
and Chemical Lumping for skeletal reduction, and the LOI for QSS selection, as summarized in
Table 2 (references given in Table 1). It is fully coupled with the chemistry solver FlameMaster [76],
which solves the targeted canonical cases to reproduce. The reduction can be performed on a
combination of various cases, by targeting a number of important quantities such as, for example,
specific species mass fractions. The canonical cases and targets employed to guide the reduction
will be discussed in more depth in subsection 2.2.2.

During the reduction process, YARC generates several reduced mechanisms with increasing
error level, as well as many output files containing information about each reduced mechanism. In
particular, error levels pertaining to each targeted quantity can be easily monitored. The overall
reduction process with YARC is illustrated on Fig. 1. Eventually, given a set of user-specified error
levels on each targeted quantity, the best possible reduced mechanism is readily identified.

YARC

- Detailed mechanism 
- Target canonical test case(s) 
and operating range 
- Targeted quantities

Log files:!
- List of ARCs and error logs 
for targeted quantities 
- Ordered list of species(/
reactions/QSS)

ARCs and routine for source 
terms:!
- FM format 
- CHEMKIN format

FlameMaster

Chemistry Solver 
(Cantera, …)

CFD Solver

Internal exchanges

generates FM input files

provide solutions of  
canonical test cases

Reduction  
algorithms

- Detailed mechanism 
- Canonical test case(s) 
- Targeted quantities

Generates input files

Provides solutions of 
canonical test case(s)

- Various formats

Fig. 1 Diagram of YARC

2.2.2 Targeted canonical test cases and targeted quantities

The canonical test cases employed to perform and assess the validity of the reduction of a detailed
mechanism include 0-D and 1-D configurations. Belonging to the first category are constant volume
or pressure batch reactors (CVR/CPR) and perfectly stirred reactors (PSR), while belonging to
the second category are steady unstretched premixed laminar flames (UPF), as well as steady
strained laminar diffusion flames (SDF).

When employing batch reactors, the quantity of interest is the auto-ignition timing (τig). When
using PSR, the quantity of interest is the minimum residence time, commonly accepted as a
marker of extinction. In the present work, both quantities are estimated based upon the gradient
of temperature. In laminar premixed or diffusion flame configurations, it is obviously of interest to
recover the correct evolution of the temperature and major species (fuel, OH, CO, NO, etc.) across
flame fronts. But global quantities such as the laminar flame speed (sl), the burnt gas temperature
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(Tb), the global fuel consumption (ω̇tot
F ), or the global production of major pollutants such as CO

or NO (ω̇tot
CO/NO) across flame fronts are also often monitored. In the present work, sl is taken to

be the inlet velocity (in UPF); while the global consumption/formation of a specific species X is
estimated as:

ω̇tot
X =

∫
c<0.98

ω̇Xdx (1)

where x is the spatial coordinate and c is the progress variable, typically based on the evolution
of CO and CO2.

In the following (sections 3 & 4), for clarity of exposition and to ensure that a broad range
of ARCs are covered, the validity of the derived ARCs is only demonstrated on a selected subset
of canonical test cases, namely CVR and UPF; and for a limited range of operability consistent
with respective derivation ranges. However, the range of validity (known to us) is specified for each
ARC, along with references to further validation and/or applications for the interested reader. In
the next section, the derivation of an ARC for ethylene-air oxidation is presented in details.

3 Example of a YARC reduction: ethylene-air oxidation

3.1 Choice of the detailed mechanism

The first step in deriving an ARC is, of course, the choice of a detailed mechanism. It is a very
important step, as one cannot expect any reduced mechanism to perform better than what the
detailed mechanism was designed for. Ethylene is the smallest of alkenes, and is commonly em-
ployed to investigate soot phenomena. As such, it has been widely studied from both experimental
and computational points of view, and many authors have developed their own specific detailed
mechanisms. Amongst them, 5 have been selected based on their availability, operating range, size,
and general acceptance in the community. They are listed in Table 3.

Acronym Reference Size
W&F Wang & Frenklach [97] 99 species 533 reactions
W&L Wang et al. [98] 75 species 529 reactions
USCII Wang et al. [99] 111 species 784 reactions

CRECK Ranzi et al. [78] 107 species 2642 reactions
(C1-C3 high and low T mechanism)

N&B Narayanaswamy et al. [65] 158 species 1049 reactions

Table 3 Detailed mechanisms for ethylene-air oxidation

A series of experimental laminar flame speed and auto-ignition data for various initial pressures,
temperatures and compositions are reported in the review by Ranzi et al. [78] as well as on the
website of Prof. H. Wang 1. A subset of these data was employed to evaluate and compare the
global performance of each of these mechanisms. The solver Cantera [29] is used, along with a
complex evaluation of the transport data.

Figure 2 (top row) reports sl at an initial temperature of 300 K, for different initial pressures. All
mechanisms perform reasonably well, with the exception of the W&F scheme, overpredicting sl over
the entire range of equivalence ratio reported. The USCII and CRECK mechanisms underpredict
sl around stoichiometry for P = 5 atm. The computations with both the W&F and CRECK
mechanisms are difficult to converge, even in these simple laminar test cases. A rapid analysis of
timescales (based on the diagonal of the Jacobian) did not reveal any overly small timescale for
these mechanisms; however, the CRECK mechanism exhibits a lot of lumped reactions which might
slow down the computation. These lumped reactions are not convenient for species reduction. In
view of the auto-ignition delays shown in Fig. 2 (bottom row), the W&F mechanism is suspected to
exhibit strong nonlinearities in the reaction rate expressions, although this has not been thoroughly
investigated and is just the general impression after using this mechanism on simple test cases.
Based on these observations, the mechanisms retained at this point are the W&L and the N&B.

1 http://ignis.usc.edu/Mechanisms/USC-Mech%20II/USC Mech%20II.htm
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Fig. 2 Comparison of experimental laminar flame speeds (top) and auto-ignition (bottom) results with computa-
tions performed with the solver Cantera [29] and various detailed kinetic schemes (see Table 3).

The N&B is finally chosen, because it is more recent, and part of a modular comprehensive reaction
mechanism still under development 2.

3.2 Choice of the targets and canonical test cases

The tool YARC is now used to perform a series of multi-step skeletal and analytical reductions of
the N&B mechanism, targeting a series of operating ranges and canonical test cases, to illustrate
the flexibility and efficiency of the procedure and to investigate the overall effect on the produced
skeletal mechanisms. Since the detailed mechanism is of reasonable size and the targeted hydrocar-
bon is small, the DRGEP is only employed to remove unnecessary species. Likewise, no lumping
is considered. The list and acronyms of each reduction performed is listed in Table 4. The search
for QSS candidates and the derivation of a fully reduced ARC is performed in a final step, with
the C2H2 case solely.

Case name Canonical test cases Targeted range Targeted constraints
AI HT case CVR 3 atm / 1300-1700 K / φ = 0.5-1.5 τig , Teq , CO, CO2, OH
AI LT case CVR 3 atm / 800-1100 K / φ = 0.5-1.5 τig , Teq , CO, CO2, OH
UPF case UPF 3 atm / 300 K / φ = 0.5-1.5 sl, Tb, CO, CO2, OH
Ref case CVR 3 atm / 1300-1700 K / φ = 0.5-1.5 τig , Teq , CO, CO2, OH

UPF 3 atm / 300K / φ = 0.5-1.5 sl, Tb, CO, CO2, OH
C2H2 case CVR 3 atm / 1300-1700 K / φ = 0.5-1.5 τig , Teq , CO, CO2, OH, C2H2

UPF 3 atm / 300K / φ = 0.5-1.5 sl, Tb, CO, CO2, OH, C2H2

Table 4 List and specifications of skeletal reductions performed with YARC.

2 http://krithikasivaram.github.io/
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3.3 Effect of the targeted canonical test cases and operating range

3.3.1 CVR test cases

Two skeletal reductions exclusively on 0-D test cases have been performed, one targeting high-
temperature auto-ignition (AI HT), and the other one, low-temperature autoignition (AI LT).

Derivation of an AI HT skeletal mechanismThe detailed mechanism (N&B [65]) contains 158
species. Applying the DRGEP algorithm results in a ranked list of those species, from most impor-
tant to least important, and a series of reduced mechanisms are constructed (one every 5 removed
species) before being tested. The error on the prediction of the constraining targets is then calcu-
lated. For example, Fig. 3 (a) shows the error made on τig as a function of the number of species
kept in the mechanism. The error is negligible until the size of the mechanism reaches about 40
species, as evidenced by the clear jump in the error levels. Since the DRGEP only relies on the
data provided by the mechanism it is applied to, in this case the detailed mechanism, it is often
worthwhile to reapply it to intermediate skeletal mechanisms to take into account the eventual
reorganization of kinetic pathways induced by the removal of species. This procedure is detailed
next.
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Fig. 3 Illustration of the first two DRGEP procedure: (a) on the detailed mechanism and (b) on the AI HT SK1
skeletal mechanism (44 species and 563 reactions).

Authorizing a maximum error of 1.5% on τig on the first DRGEP reduction leads to the selection
of a mechanism containing 44 species and 563 reactions, labelled AI HT SK1 in the following. If
the DRGEP process is reiterated on AI HT SK1, a second mechanism comprised of 31 species and
379 reactions (AI HT SK2) is identified by the jump in the error on τig, as shown on Fig. 3 (b). Of
course, errors are now relative to AI HT SK1, and eventually, it is necessary to estimate the error
relative to the original detailed mechanism. The process is reiterated once more (third DRGEP
procedure), and a final mechanism of 28 species and 316 irreversible reactions (AI HT SK3) is
obtained before the error levels become too important. A quick error estimation against the detailed
mechanism on the targeted range reveals that the maximum error on τig is < 10% for T > 1400
K, and peaks around 30% for T = 1300 K; with a maximum error for the species evolution always
< 5%. For the sake of simplicity, only auto-ignition delay predictions are considered in the rest of
the discussion to assess the accuracy of a skeletal mechanism -verified to be the most constraining
target in the present case.

As predicted, the subsequent DRGEP processes have reordered the species. For instance, keep-
ing the order determined by the second DRGEP process to derive a 28 species mechanism directly
would have resulted in a mechanism containing 28 species and 323 reactions, labelled AI HT SK2b,
as shown in Fig. 3 (b). However, the list of species considered AI HT SK2b and AI HT SK3 dif-
fer: AI HT SK2b, for example, does not retain C3H3 nor C3H2O, two species contained in the
AI HT SK3 because the third DRGEP procedure placed them at the top of the importance list.
It is then interesting to compare those two 28 species mechanisms and to investigate their dif-
ferences. In this case, the global performances of the AI HT SK2b mechanism are slightly better,
since the error on τig is consistently < 20% for T > 1300 K (so, in the entire derivation range). A
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closer investigation reveals that this mechanism performs better in the medium/high temperature
range, whereas the AI HT SK3 performs better in the very high temperature range, see Fig. 4:
indeed, successive DRGEP procedures tend to strengthen the targeted operating range (T > 1300
K corresponds to 10000/T < 7.7).

(a) (b)

(c)

Er
ro

r [
%

]

“HT” case

“HT” case

“HT” case
“LT” case “LT” case

“LT” case

Fig. 4 Example of auto-ignition delays with the AI HT skeletal mechanisms: (a) targeted operating range, (b)
non-targeted operating pressure. Relative errors to the detailed mechanism predictions are shown in (c).

In an attempt to derive an even smaller skeletal mechanism targeting the HT range with enough
accuracy (i. e. τig < 10−20 %), and since the performances of both 28 species skeletal mechanisms
seem acceptable for T > 1400 K, a mechanism comprised of only those species present in both
AI HT SK2b and AI HT SK3 is derived. It is comprised of 26 species and 291 reactions, and will be
referred to as the AI HT SK. In the present case, this attempt was successful, with the AI HT SK
exhibiting error levels similar to those of the worst 28 species mechanism in each temperature
region (see Fig. 4). Note, however, that this result is by no means generalizable to any reduction
procedure. Indeed, very often, the conservation of different sets of species in reduced mechanisms
stems from the reorganization of pathways which could be severed entirely by such a blind way of
proceeding. The validity of this approach in some cases can be attributed to reduction algorithms
failures, that are to be linked to the complexity and non-linearity inherent to any chemistry process
(not enough/poorly distributed samples, locally erroneous criteria, etc.) In fact, after a certain level
of reduction has been attained, some trial-and-error and/or sensitivity analysis is almost always
inevitable. Nonetheless, this example has demonstrated that most of the reduction process can be
done systematically, without prior chemistry knowledge: amongst the three skeletal mechanisms
derived for the prediction of HT AI in this section, the AI HT SK2b and AI HT SK3 perform
extremely well in the derivation range 1400 < T < 2000 K, with errors on τig and targeted species
evolution never exceeding 20% and 5%, respectively. These skeletal mechanisms were obtained
directly, with respectively 2 and 3 successive DRGEP procedures applied on successively reduced
mechanisms, simply by an investigation of the YARC error logs. Note that going from 158 to 28
species represents a species reduction (so, CPU cost reduction at least) of 82%.

To finish, note that the performances of all skeletal mechanisms in predicting HT AI remain
acceptable even well outside of the targeted operating range, as for example at P = 10 atm, φ = 1.0
shown on Fig. 4 (b) & (c). This is the result of the reduction process being ”physics-oriented” and
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Fig. 5 Example of sl computations for P = 3 bars and Ti = 300 K, with the AI HT skeletal mechanisms. Com-
parisons are performed with the N&B detailed mechanism.

conserving the main relevant pathways, and of the kinetic process under investigation evolving
continuously within the operating range, so that an ARC performance will slowly worsen outside
of its derivation range. One has to be careful, however that this conclusion does not necessarily
apply to other canonical test cases (in particular, when transport plays an important role). In the
present case for example, global performances of the smallest skeletal mechanisms (AI HT SK2b,
AI HT SK3, AI HT SK) on simple premixed laminar 1D test cases, such as sl, are very poorly
predicted (see Fig. 5). This is an important observation. Indeed, it is often argued in the literature
that auto-ignition and extinction delays are most constraining in that they require to consider more
pathways than laminar premixed or diffusion flames. However, recently, Jaouen et al. [38] derived
a reduced mechanism for methane/vitiated-air combustion along various trajectories in the phase
space, and found that the inclusion of laminar premixed flames as a target in their algorithm was
necessary to retrieve the laminar flame speed accurately. This supports the findings of the present
study.

AI HT versus AI LT skeletal mechanismsTwo successive DRGEP procedure on the detailed N&B
mechanism in the range targeted by the AI LT case (see Table 4) results in a skeletal mechanism
comprised of 27 species and 271 reactions, labelled AI LT SK. A first observation is that among
the species retained in the HT and LT skeletal mechanisms, only 21 are common to both. Another
observation is that the performances of these mechanisms in predicting auto-ignition delay, when
confronted to each other and to the detailed mechanism for the entire temperature range, are
very different (see Fig. 6). This is not surprising since they have each been drastically reduced to
perform very well only in their respective targeted range.

However, it is also readily observed that AI LT SK is more accurate over the entire temperature
range: the maximum error on the prediction of τig never exceeds 80% when it almost reaches 100%
on the LT range with AI HT SK, see Fig. 6. If it is a well known fact that the medium/low
temperature range auto-ignition is more challenging to capture in heavy hydrocarbons (typically,
with a carbon content greater than 3), resulting usually in more exhaustive mechanisms containing
heavy oxygenated species, the observed trends in the present study cannot be entirely attributed
to this phenomenon.

A skeletal mechanism to predict AI on the entire temperature rangeOnce again, some user input
at this point enables to derive a skeletal mechanism valid over the entire temperature range. Note
that the AI LT SK performances are excellent everywhere except in the very high temperature
range where the AI HT SK results are more accurate. As previously mentioned, both skeletal
mechanisms only share 21 species in common. As a result, it is attempted to include a subset of
species exclusively contained in the AI HT SK in the AI LT SK in order to improve its predictive
capabilities on the HT range. A path flux analysis performed on the HT range with the AI HT SK,
directly in Cantera, reveals that the CH2CO species -discarded in the AI LT SK, is part of a
major pathway. The new LT skeletal mechanism considering the CH2CO kinetics now contains 28
species and 291 reactions, and is labelled AI LT SK+. Its performances are good over the entire
temperature range, as shown on Fig. 6.
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Fig. 6 Example of auto-ignition delays with the AI HT SK and AI LT skeletal mechanisms: (a) targeted operating
range, (b) non-targeted operating pressure. Relative errors to the detailed mechanism predictions are shown in (c).

3.3.2 UPF test cases

As previously said (Fig. 5), none of the skeletal mechanism derived on CVR test cases was able to
reproduce the correct behavior in laminar 1-D premixed test cases. Thus, including UPF test cases
in the reduction loop appears necessary to capture, in particular, the correct sl. A few questions
come to mind at this point, that can be summarized as follows:

– Is a reduction solely based on 1-D test cases able to retrieve auto-ignition delays ?
– Which test case is the most constraining in practice (in terms of number of species to keep) ?
– Is a reduction based on UPF able to account for strain ?
– Is a reduction based on UPF able to account for diffusion structures ?

From literature review, it is expected that the answer to the last two points is positive. To shed
some light on the other interrogations, a reduction is performed on the basis of UPF solely (UPF
case in Table 4).

Derivation of a skeletal mechanism on UPF test casesThe reduction, when targeting 1-D test cases,
is a bit more involved than for auto-ignition problems. For example, capturing the species spatial
evolutions does not guarantee a correct laminar flame speed. Of course, this observation goes both
ways. Capturing the species/temperature distribution and overall behavior in the flame zone does
not guarantee that proper equilibrium levels are reached. This amounts to saying that there are
more quantities to monitor, and that regular checks need to be performed during the reduction
process.

A first DRGEP procedure for species elimination produces a mechanism with 34 species and
409 reactions, labelled PF SK1, performing extremely well in the targeted range of reduction
(Fig. 7). The resulting error on sl stays below 5% in the derivation range (0.5 < φ < 1.5), and is
contained within 20% if the range is extended to φ < 2.0. The evolution of all species of interest,
characterized by peak values -usually found in the flame front, and equilibrium values, are also
very well captured. CO peaks and equilibrium levels are particularly well reproduced, throughout
the entire extended equivalence ratio range. The error on OH maxima is found to rapidly worsen
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(a) (b)

(c)
Position [mm]

0.0 2.00.4 0.8 1.2 1.6

Fig. 7 Simulations of UPF for P = 3 bars and Ti = 300 K, with the UPF skeletal mechanisms: (a) laminar flame
speeds, (b) maximum of CO and OH species reached in the flame fronts and (c) evolution of the major species and
temperature across a stoichiometric UPF (detailed and PF SK mechanisms).

outside of the targeted equivalence ratio range, but remains acceptable considering the very low
levels found in very lean and very rich UPF (Fig. 7 (b)).

Performing these few 1D test cases reveals that the C2H5O species has a characteristic timescale
much smaller than all other species. When deriving reduced mechanisms in view of an implemen-
tation in CFD codes, short lived species should be avoided, due to the complications that they
induce in the numerical resolution (oscillations, stiffness, etc.). However, YARC places the C2H5O
species very high in the list of species to keep. A rapid check reveals that this species remains
in relatively low concentration, and only appears in a few reactions: it is thus attempted to force
its elimination and all associated reactions. This does not affect the mechanism performances too
much in the derivation range. A second DRGEP species reduction on this ”PF SK1 minus C2H5O”
mechanism produces a skeletal mechanism composed of 29 species and 356 reactions (PF SK2),
predicting equally well sl as well as major species and temperature evolutions throughout the
extended equivalence ratio range (Fig. 7).
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Fig. 8 Illustration of the final DRGEP procedure on the PF SK2 skeletal mechanism (29 species and 356 reactions).
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A final DRGEP procedure enables to further reduce the PF SK2 to 20 species and 176 reac-
tions (PF SK3). From there, just as for the AI reductions, a certain amount of input from the user
is needed to remove a few more species. In this case, a close inspection at the YARC error logs
reveals several ”jumps” in the error levels, see Fig. 8. These suggest the removal of CH2O, leading
to a reduction of error levels. The final skeletal mechanism, PF SK, is composed of 19 species and
137 reactions, and its performances inside the targeted range and on the targeted quantities (reac-
tants, CO and OH) remain acceptable (Fig. 7). Note however that predictions worsen -sometimes
dramatically- outside the derivation range.

An important conclusion of the present derivation is that it was possible, at least in this case,
to reduce the number of species and reactions more drastically by targeting 1-D test cases than
0-D test cases. Thus, it is expected that the UPF skeletal mechanisms will perform poorly on AI
test cases. This question is addressed hereafter.

Performances of the UPF mechanism on AI test casesA mechanisms comparison reveals that the
PF SK1 contains the AI LT SK+ as a sub-mechanism. As such, the PF SK1 is found to perform
really well on the range targeted by the two AI cases. However, Fig. 9 confirms that both smaller
UPF mechanisms performances (PF SK2 and PF SK) worsen considerably on the LT range -
the mixture is even unable to auto-ignite for T > 1250 K with the PF SK mechanism. Note
that the PF SK2 and AI LT SK+ contain the same number of species. This analysis leads to
the conclusion that, in the present case, targeting auto-ignition or premixed laminar flames lead
to very different reduced mechanisms, and that one cannot hope to obtain the smallest possible
mechanism accounting for both sl and τig without considering both canonical test cases. Another
conclusion is that auto-ignition phenomena are more constraining, and requires the consideration
of more species and pathways.

(a) (b)

“HT” case “HT” case

“LT” case “LT” case

Fig. 9 Example of auto-ignition delays with the UPF mechanisms: (a) targeted operating range, (b) non-targeted
operating pressure. The performance of the AI LT SK+ is also reported for comparison.

Other 1-D test casesA comparison of temperature and major species (CO, OH) evolutions across
strained laminar premixed flames (same operating range than the UPF case) with various strain
rates reveals that the performances of all PF mechanisms remain very good (due to a lack of
space, the results are not summarized here, but details can be found elsewhere [13]). In fact,
this conclusion is not that surprising, since strained premixed structures are mainly dominated
by kinetic processes, and the kinetic pathways are preserved by the reduction process. Diffusion
flames, on the other hand, are more controlled by the flow than the chemistry. As a consequence,
diffusion structures are less accurately captured by the UPF mechanisms: profiles of temperature
and major species across flame fronts exhibit the right trends, but errors increase non negligibly
with increasing strain rate. The extinction strain rate, in particular, is not necessarily correctly
predicted by any mechanism.

Since diffusion structures are fundamentally different from premixed structures, tests on these
canonical test cases are also performed with the AI LT SK+ mechanism. If, globally, the perfor-
mances of this mechanism are better than that of the PF SK mechanism, the extinction strain
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rate is still poorly predicted. The extinction strain rate, is thus pinpointed as being a separated
phenomenon, requiring additional targets. In the literature, it is argued that targeting extinctions
in constant pressure reactors rather than AI in CVR might enable to preserve the required kinetic
pathways. It was not attempted in this work, but this is a possible way for improvements of the
reduction process.

3.3.3 Summary

In this Section, two ”standard” canonical cases and operating ranges have been considered for the
derivation of reduced skeletal mechanisms, with the multi-step reduction tool YARC. Overall, it
is demonstrated that the reduction process is facilitated by the automatization of the reduction
procedures such as the DRGEP for species reduction, and that most of it can be carried out
without any input from the user, by using the generated log files (Fig. 1). Prior knowledge from
the user is only necessary in order to finalize the skeletal reduction, to remove a few more species
and reactions or to merge (parts of) pre-existing kinetic schemes in a clever way.

Additionally from these remarks, a few conclusions can be drawn from these elementary tests,
in order to provide a set of guidelines, tips and general ”know-how” for future users of YARC
and/or users of similar reduction tools:

– From a literature review, it seems undeniable that accounting for τig on the LT range usu-
ally requires to consider more species and to preserve more pathways than accounting for τig
on the HT range, at least for ”heavy” hydrocarbons (Negative Temperature Coefficient be-
havior, oxygenated pathways). These results seem to extend also in the present case (”small”
hydrocarbon).

– Species evolutions across PF can be recovered with a mechanism reduced by targeting AI cases,
but properly accounting for sl requires to consider PF test cases in the reduction process.

– Targeting AI or PF test cases separately eventually lead to distinct reduced mechanisms, each
preserving distinct kinetic pathways; and one cannot hope to derive the smallest possible ARC
accounting for both sl and τig without considering all canonical test cases.

– From all considered test cases in this work, targeting specifically PF test cases results in the
smallest set of species.

– With the exception of the extinction strain rate, the predicting capabilities of an ARC targeting
PF test cases exhibit similar levels of error on the prediction of strained premixed and diffusion
flames.

– None of the test cases considered in this work allow to retrieve the correct extinction strain
rate.

Of course, one must bear in mind that the case employed remain fairly simple, and that the situation
can get more complicated when dealing with heavier hydrocarbons, or a blend of hydrocarbons.

Following these simple guidelines, a fully-reduced ARC is derived in the next subsection, by
considering both AI and PF canonical test cases. The effect of adding C2H2 as a target is discussed.

3.4 Derivation of an ARC for ethylene-air oxidation, with C2H2 as a target

3.4.1 Skeletal reduction

The exact characteristics of the skeletal reduction with C2H2 as a target are reported in Table 4
(C2H2 case). The reduction procedure is similar to what has been described in details in the first
part of this Section, and is sketched in Fig. 10. Here also, some user input was required to reach
the best possible skeletal mechanism (to go from 31 to 29 species).

From the analysis of the reactions kept in the 31 species and 380 mechanism, it appears that the
species involved in the least reactions are CH3O2 and CH3O. Both species are eventually discarded,
and a mechanism comprised of 29 species and 355 reactions is obtained, referred to as the SK NB
mechanism in what follows. In this case, adding C2H2 as a target did not change significantly the
species order when compared to a reduction performed on the Ref. case (see Table 4). The main
effect is an overall importance increase of species like HCCO and CH2CO, since they are involved
in many C2H2 pathways. The 29 species conserved are: N2, H, H2, O, O2, C, OH, HO2, H2O,
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N&B 34 species,  
409 reactions

DRGEP  
species

29 species,  
355 reactions
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DRGEP  
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Path Flux   
analysis

Fig. 10 Reduction process of the C2H2 case.

H2O2, CH, S-CH2, T-CH2, CH3, CH4, C2H2, C2H3, C2H4, C2H5, C2H6, CO, CO2, HCO, CH2O,
HCCO, CH2CO, CH2CHO, CH3CHO, C2H5O. Note that accounting for both CVR and UPF test
cases lead to a reorganization of the pathways, such that it is now necessary to keep the C2H5O
species to reach the best accuracy on all targets. However, note that this species could be discarded
altogether, with the major effect being a worsening of performances in the AI LT range (not in
the derivation range), and both a small over-prediction of sl and C2H2 on rich UPF. Since, as will
be discussed shortly, this species will be identified as a potential QSS candidate, it was decided to
retain it.

3.4.2 Analytical reduction

The last step of the reduction process consists in identifying QSS candidates. This step is now
performed, with the LOI technique implemented in YARC (Table 2), on the SK NB. The targets
remain unchanged (C2H2 case in Table 4). In one run, 11 species are put in QSS: C, CH, S-CH2,
T-CH2, C2H3, C2H5, HCO, HCCO, CH2CHO, CH3CHO, C2H5O. The resulting mechanism is
labelled ARC NB in what follows. Note that the QSS assumption should degrade very little the
mechanism’s performances. Indeed, the error log of computations with successive ARC, resulting
from incrementing the number of QSS, usually present a very distinct jump: the error goes from
virtually nothing to 100%. The maximum set of QSS species is thus easily identified.

3.4.3 Validations and range of application

Global Error Extended range (T,P for AI, φ,T,P for PF) Targeted range (see Table 4)
φ = 0.5 : <50% (τig) - < 2% (T-CO,OH)

Auto-ignition (AI) φ = 1.0 : <60% (τig) - < 2% (T-CO,OH) < 50% (τig) - < 1% (T-CO,OH)
φ = 1.5 : <70% (τig) - < 2% (T-CO,OH)

<12% (sl) - < 10% (CO,C2H2) < 2% (sl) - < 5% (CO,OH)
Premixed flames (PF) <1% (Tad) - < 50% (OH) <1% (Tad) - < 10% (C2H2)

Table 5 Summary of error levels of the ARC NB mechanism on various test cases.

The performances of both the SK NB and ARC NB have been extensively validated against
the detailed mechanism on various 0-D and 1-D test cases [15,13]. The global performances over
the derivation range, as well as over an extended validation range are provided in Table 5. Indeed,
as was already mentioned, one major advantage of ARCs is that they usually remain valid outside
of their derivation range, or at the very least, their performances worsen slowly outside of targeted
operating range. The extended range of operating conditions consist of AI with Tini = 1200-3000
K and P = 1-40 bars and UPF with Tini = 300-700 K and P = 1-10 bars. In fact, the extended
range of operating conditions on AI test cases could be further extended to T < 1050 K: it is the
region of intermediate temperatures 1100 K < T < 1300 K that is poorly accounted for with the
ARC NB. Errors refer to maximum relative errors to the detailed N&B mechanism. Examples of
results are provided in Fig. 11, for both targeted and non-targeted operating points. It is stressed
again that, when including CVR test cases in the derivation process, the most constraining target
is τig: as reported on Table 5, species evolutions are usually very well reproduced.
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(a) (b)

(c) Position [mm]
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Fig. 11 Example of performances of the ARC NB on (a) canonical UPF test cases and (b) canonical CVR test
cases. (c) Evolution of the major species and temperature across a canonical UPF for P = 3 bar, Ti = 300 K and
φ = 1.0, computed with the ARC NB. Comparisons are performed with the N&B detailed mechanism

3.4.4 Summary

Fuel/Oxidant Ethylene/Air
Purpose Premixed applications, CO and soot analysis
Detailed mechanism N&B [65]

Number of transported 18/355/11
species/reactions/QSS
Transported species H H2 O O2 OH H2O HO2

H2O2 CH3 CH4 C2H2 C2H4 C2H6

CO CO2 CH2O CH2CO N2

QSS species C CH S-CH2 T-CH2 C2H3 C2H5

HCO HCCO CH2CHO CH3CHO C2H5O

Targeted canonical UPF:
test cases P = 3 atm T = 300 K φ = [0.5-1.5]

AI:
P = 3 atm T = [1300-1700] K φ = [0.5-1.5]

Targeted quantities UPF:
sl, Tb, CO, CO2, OH, C2H2

AI:
τig , Teq , CO, CO2, OH, C2H2

Validation range UPF:
(for the targeted P = [1-10] bars T = [300-700] K φ = [0.5-2.5]
quantities) AI:

P = [1-40] bars T = [1200-3000] K φ = [0.5-1.5]

Refs (more validations) [13,15]

Table 6 YARC derived ARC for ethylene combustion

The derivation of a fully reduced ARC for ethylene-air oxidation, considering C2H2 as a target,
was performed with the multi-step reduction tool YARC. Details regarding the derivation pro-
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cess were provided. The final reduced mechanism is labelled ARC NB, and its characteristics and
performances are summarized in Table 6 and illustrated in Fig. 11.

In the next section, YARC-derived ARC mechanisms for various hydrocarbons are presented.
For each of them, details regarding the derivation process are omitted. The most important in-
formation and data are summarized in tables similar to Table 6, and the validity is illustrated on
representative canonical cases, as done in Fig. 11.

4 YARC reduction: from methane to kerosene

All mechanisms that are presented in this section are available in a Cantera format online [7].
Alternatively, the transported and QSS species are listed for each reduced mechanism, along with
references to the detailed mechanism, so that it is possible to reconstruct each ARC easily. Note
that to that end, the species names are those of the original detailed mechanisms, and the reader
is referred to the reference publications for further details regarding specific species properties.

4.1 Methane

Fuel/Oxidant Methane/Air Methane/Air
Purpose Premixed applications and NO analysis Premixed applications and NO analysis
Detailed mechanism GRI 2.11 [6] GRI 3.0 [5]

Number of transported 22/320/18 22/266/21
species/reactions/QSS

H H2 O O2 OH
H2O HO2 H2O2

Transported species CH3 CH4 C2H2 C2H4 C2H6 same set
CO CO2 CH2O CH3OH
NO NO2 N2 N2O HCN

QSS species C CH CH2 1-CH2 C2H3

C2H5 HCO CH3O HCCO same set + CH2OH
N NH NH2 NNH HNO H2CN CN

NCO HCNO HNCO HOCN

Targeted canonical UPF: UPF:
test cases P = 1 atm T = 300 K φ = [0.6-1.4] P = 1 atm T = 300 K φ = [0.6-1.4]
Targeted quantities UPF: UPF:

sl, Tb, CO, NO sl, Tb, CO, NO
Validation range UPF: UPF:
(for the targeted P = [1-6] bars T = [300-700] K φ = [0.4-1.6] P = [1-6] bars T = [300-700] K φ = [0.4-1.6]
quantities) AI:

P = [1-15] bars T = [1000-3000] K φ = [0.5-1.5]

Refs (more validations) [39,40,83,62] [39]

Table 7 YARC derived ARCs for methane combustion

Two ARCs for methane-air combustion have been derived, based on either the GRIMech 2.11 [6]
(ARC GRI211) or the GRIMech 3.0 [5] (ARC GRI30) detailed mechanisms. They were both de-
signed to target premixed applications, and to preserve NO accuracy (global and local production);
using the same canonical test cases and set of targets. Details about the derivation and validation
range as well as the list of retained transported and QSS species are provided in Table 7. As in the
ethylene-air case, both ARCs are shown to have a validation range that extends outside of their
respective derivation range. To illustrate this, Fig. 12 (a) reports laminar flame speed values for
several initial equivalence ratios and pressures. In fact, the ARC GRI211 has also been validated
on HT auto-ignition (AI) test cases, for a broad range of initial pressures (see Fig. 12 (b)).

Aside from these global quantities, the local flame structure is also very well predicted by each
ARC (Fig. 13 (a) & (b)).
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(a) (b)

Fig. 12 (a) Example of performances of the ARC GRI211 and ARC GRI30 on canonical UPF test cases. (b)
Example of performances of the ARC GRI211 on canonical CVR test cases. Comparisons are performed with the
relevant detailed mechanism.

Position [mm] Position [mm]
0.0 1.0 2.0 3.0 4.0 0.0 1.0 2.0 3.0 4.0

(a) (b)

Fig. 13 Evolution of the major species and temperature across a canonical UPF for P = 1 bar, Ti = 300 K and φ
= 1.0 with (a) the ARC GRI211 and (b) the ARC GRI30. Comparisons are performed with the relevant detailed
mechanism.
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4.2 Propane

An ARC for propane-air combustion has been derived, based on the Jerzembeck (High Temper-
ature) version of the LLNL mechanism for iso-octane and n-heptane mixtures [41,47]. It was
designed to target premixed applications (with emphasis on lean premixed applications), and to
preserve CO accuracy (global and local production). Details about the derivation and validation
range as well as the list of retained transported and QSS species are provided in Table 8. Fig-
ure 14 illustrates the performances of this ARC mechanism (ARC LLNL) on various canonical test
cases (targeted and non-targeted by the derivation). Note that if the mechanism is able to cor-
rectly account for τig over a large operating range it should not be employed for high temperature
auto-ignition, due to large errors on the final temperature (about 6% for T > 1600 K).

Fuel/Oxidant Propane/Air
Purpose Premixed applications and CO analysis
Detailed mechanism LLNL [41,47]

Number of transported 22/173/12
species/reactions/QSS

H H2 O O2 OH H2O HO2 H2O2

Transported species CH3 CH4 C2H2 C2H4 C2H6

C3H6 C3H8 CO CO2 CH2O CH3O2

CH3O2H C3H5O N2

QSS species CH2(S) C2H3 C2H5 C3H5-a
i-C3H7 n-C3H7 i-C3H7O2 n-C3H7O2

HCO CH3O HCCO CH2CHO

Targeted canonical UPF:
test cases P = 1 atm T = 288 K φ = [0.6-1.6]
Targeted quantities UPF:

sl, Tb, CO, CO2

Validation range UPF:
(for the targeted P = [1-5] bars T = [288-300] K φ = [0.6-1.6]
quantities) AI:

P = [1-20] bars T = [1500-3000] K φ = 1.0

Refs (more validations) [80]

Table 8 YARC derived ARC for propane combustion
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(a) (b)
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Fig. 14 Example of performances of the ARC LLNL on (a) canonical UPF test cases and (b) canonical CVR test
cases. (c) Evolution of the major species and temperature across a canonical UPF for P = 1 bar, Ti = 300 K and
φ = 1.0, with the ARC LLNL. Comparisons are performed with the relevant detailed mechanism [41].



A library of ARC schemes for CFD 21

4.3 Heptane

An ARC for heptane-air combustion has been derived, based on the Jerzembeck (High Temper-
ature) version of the LLNL mechanism for iso-octane and n-heptane mixtures [41,47]. It was
designed to target premixed applications, and to preserve CO/CO2 equilibrium. Details about the
derivation and validation range as well as the list of retained transported and QSS species are pro-
vided in Table 9. Figure 15 illustrates the performances of this ARC mechanism (ARC LLNL C7H16)
on targeted canonical test cases.

Fuel/Oxidant Heptane/Air
Purpose Premixed applications
Detailed mechanism LLNL [41,47]

Number of transported 25/210/27
species/reactions/QSS

H H2 O O2 OH H2O HO2 H2O2

Transported species CH3 CH4 C2H2 C2H4 C2H6

C3H4-a C3H6 C4H6 C4H8-1 n-C7H16

CO CO2 CH2O HOCHO CH3OH CH2CO N2

QSS species CH CH2(S) CH2 C2H3 C2H5 C3H2 C3H3

C3H5-a n-C3H7 C4H7 p-C4H9

C5H9 C5H10-1 C5H11-1 C6H12-1 C7H15-2
HCO CH3O CH3O2 CH3O2H HCCO CH2CHO
CH3CO C2H5O C2H5O2 n-C3H7O2 p-C4H9O2

Targeted canonical UPF:
test cases P = 1 atm T = 298 K φ = [0.6-1.6]
Targeted quantities UPF:

sl, Tb

Validation range UPF:
(for the targeted P = [1-5] bars T = 300 K φ = [0.5-2.0]
quantities)

Table 9 YARC derived ARCs for heptane combustion

(a) (b)

C7H16

Position [mm]
0.0 1.0 2.0 3.0 4.0

Fig. 15 Example of performances of the ARC LLNL C7H16 on canonical UPF test cases: (a) laminar flame speed
and (b) evolution of the major species and temperature across a canonical UPF for P = 1 bar, Ti = 300 K and φ
= 1.0. Comparisons are performed with the relevant detailed mechanism [41,47].

4.4 n-dodecane

Two ARCs for n-dodecane-air combustion have been derived based on the JetSurF 1.0-l [85], a sim-
plified version of JetSurF 1.0 [86]. The JetSurF 1.0-l features a lumped model for n-alkane cracking,
and the detailed USC Mech II [99] for the pyrolysis and oxidation of C1-C4 hydrocarbons. Both
were designed to target premixed applications at high pressure and temperature, representative of
realistic operating conditions in high overall pressure ratio engines [4]. The ARC JetSurf NOx was
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specifically derived to preserve NO accuracy (global and local production), while the ARC JetSurf
was derived to preserve accuracy of the major soot precursor, namely, acetylene (C2H2), and to
extend to smaller operating temperatures. Details about the derivation and validation range as well
as the list of retained transported and QSS species in each ARC are provided in Table 10. Figure 16
illustrates the performances of the ARCs in various canonical test cases, targeted and non-targeted
by the derivation. The ARC JetSurf NOx is able to correctly account for auto-ignition over a large
operating range, while the validity range of the ARC JetSurf extends to atmospheric conditions.

Fuel/Oxidant n-dodecane/Air n-dodecane/Air
Purpose Partially premixed applications Partially premixed applications

NO and CO analysis CO and soot analysis
Detailed mechanism JetSurF 1.0 [86,85] JetSurF 1.0 [86,85]

Number of transported 27/452/20 25/373/27
species/reactions/QSS

H H2 O O2 OH H H2 O O2 OH
H2O HO2 CH3 CH4 C2H2 H2O HO2 H2O2 CH3 CH4 C2H2

Transported species C2H4 C2H6 C3H6 C4H6 C2H4 C2H6 C3H6 C4H6

C5H10 C6H12 n-C12H26 C4H8 − 1 C5H10 C6H6 C6H12

C4H81 CO CO2 CH2O CH2CO n-C12H26 CO CO2 CH2O CH2CO
NO NO2 N2 N2O HCN N2

QSS species H2O2 CH CH2 CH2* C2H CH CH2 CH2* C2H H2CC
C2H3 C2H5 aC3H5 nC3H7 C2H3 C2H5 C3H3 pC3H4

C4H7 HCO CH3O HCCO CH2CHO aC3H5 CH3CHCH nC3H7 C4H2

N NH NH2 HNO NCO HNCO C4H4 iC4H5 C4H5-2 C4H7

o-C6H4 C6H5 C6H5CH3

C2O HCO CH3O HCCO CH2CHO
H2C4O C6H5CO

Targeted canonical UPF: UPF:
test cases P = 10 bars T = 700 K φ = [0.6-1.4] P = 9 bars T = [400-700] K φ = [0.6-1.4]
Targeted quantities UPF: UPF:

sl, Tb, CO, NO sl, Tb, CO, C2H2

Validation range UPF: UPF:
(for the targeted P = [5-15] bars T = [700-900] K φ = [0.5-2.0] P = [1-10] bars T = [300-700] K φ = [0.5-2.0]
quantities) AI:

P = [10-40] bars T = [1100-2900] K φ = [0.5-1.5]

Refs (more validations) [39]

Table 10 YARC derived ARCs for n-dodecane combustion
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(a) (b)

(d) Position [mm]
0.2 0.70.3 0.4 0.5(c) Position [mm]

0.0 1.00.2 0.4 0.6 0.8

(e)

0.6

Fig. 16 Example of performances of the ARC JetSurf and ARC JetSurf NOx on canonical UPF test cases: (a)-(b)
laminar flame speed versus equivalence ratio for different pressure and initial temperature, (c)-(d) evolution of the
major species and temperature across a canonical UPF for P = 10 bars, Ti = 700 K and φ = 1.0. (d) Example of CVR
cases results with the ARC JetSurf NOx. Comparisons are performed with the relevant detailed mechanism [86,85].



24 Anne Felden et al.

4.5 Jet A

4.6 HyChem model for the Jet A POSF10325

Very often, the surrogate formulation for a real fuel like aviation kerosene relies upon the selection of
a few representative hydrocarbon components. Typically, from one to four components are retained,
including n/iso/cyclo-alkanes and aromatics [11]. However, an alternative approach was recently
proposed, based on experimental observations: the HyChem model [103,102]. The methodology
relies on the assumption that any fuel, no matter its complexity, decompose into a handful of
components, and that it is the distribution of these pyrolysis products in the reaction zone that
impacts the subsequent radical buildup and heat release rate. The pyrolysis intermediates are
dominated by hydrogen (H2), methane (CH4), ethylene (C2H4), propene (C3H6), iso-butene (i-
C4H8), 1-butene (1-C4H8), benzene (C6H6) and toluene (C7H8). In that sense, the combustion
process can be decomposed into a fuel pyrolysis step and a subsequent oxidation of the pyrolysis
products. The kinetic model for a particular real fuel can thus be obtained by merging a fuel-specific
pyrolysis model comprised of a few lumped reactions, yielding the composition of the primary
pyrolysis products, and a detailed foundational fuel chemistry model (C1-C4 kinetic mechanism).
The ”fuel”, in that case, is a mono-component lumped species. Its pyrolysis model is derived
from shock-tube and flow-reactor experiments. The resulting HyChem model captures shock-tube
ignition delay times and laminar flame speeds over a wide range of pressure, temperature and
equivalence ratio. It also predicts the counterflow non-premixed flame extinction strain rates over
a range of fuel dilution.

Molecular Composition (mass fraction [%]) Mol. Weight
formula Aromatics iso-Paraffins n-Paraffins Cycloparaffins Alkenes [kg/mol]

C11.4H22.1 18.66 29.45 20.03 31.86 <0.001 156.0
H/C ∆hc DCN T10 T90 − T10 µl(300 K) ρl(300 K)

[MJ/kg] [K] [K] [mPa s] [kg/m3]

1.91 43.1 48.3 450.0 67.8 1.37 794

Table 11 Properties of the Jet-A POSF10325

The specific HyChem model considered for the reduction is that of an average, commercial Jet
A fuel (POSF10325), which was procured from the Shell Mobile refinery in June 2013 as a part of
tests conducted by the National Jet Fuel Combustion Program. Its properties are summarized in
Table 11.

4.7 Derivation of ARCs for the Jet A POSF10325

Based on the HyChem model, two ARCs for the oxidation of Jet A have been derived. They
were both designed to target partially premixed applications under atmospheric conditions, and to
properly account for the decomposition of the main pyrolysis products (C2H4, C6H6, C2H2). One
of the ARCs, referred to as the ARC HYCHEM NOx, was supplemented with a reduced version of
the Luche NOx submechanism [59] to account for NO global and local production. Details about
the derivation and validation range as well as the list of retained transported and QSS species
are provided in Table 12. Figure 17 and 18 illustrate the performances of both ARCs on various
canonical test cases, targeted and non-targeted by the derivation. In particular, note that the
reduced mechanisms are still valid (provided that the detailed mechanism is still valid!) under
relatively high operating pressures, more representative of current aero-engines design.



A library of ARC schemes for CFD 25

Fuel/Oxidant Jet A (POSF10325)/Air Jet A (POSF10325)/Air
Purpose Partially premixed applications Partially premixed applications

CO analysis NO and CO analysis
Detailed mechanism USC II [99] USC II [99]

+ pyrolysis steps [103,102] + pyrolysis steps [103,102]

Number of transported 27/268/12 29/518/17
species/reactions/QSS

H H2 O O2 OH H2O HO2 H H2 O O2 OH H2O HO2

H2O2 CH3 CH4 C2H2 H2O2 CH3 CH4 C2H2

Transported species C2H4 C2H6 C3H6 aC3H4 C2H4 C2H6 C3H6

i-C4H8 C5H6 C6H6 C6H5CH3 i-C4H8 C5H6 C6H6 C6H5CH3

CO CO2 CH2O CH2CO C6H5O C6H4O2 CO CO2 CH2O CH2CO C6H5O C6H4O2

N2 POSF10325 N2 NO NO2 HCN POSF10325
QSS species CH2 CH2* C2H3 CH CH2 CH2* C2H3

C2H5 aC3H5 C6H5 C6H5CH2 C2H5 aC3H5 C6H5

HCO CH3O HCCO CH2CHO HCO CH3O HCCO CH2CHO
C6H5CHO N NH CN H2CN HNO NCO

Targeted canonical UPF: UPF:
test cases P = 1 bar T = 300 K φ = [0.8-1.3] P = 1 bar T = 300 K φ = [0.8-1.3]

AI: AI:
P = 1 bar T = [1300-1700] K φ = [0.8-1.3] P = 1 bar T = [1300-1700] K φ = [0.8-1.3]

Targeted quantities UPF: UPF:
sl, Tb, OH, CO, pyrolysis products sl, Tb, OH, CO, NO, pyrolysis products

AI: AI:
τig , T, OH, CO τig , T, OH, CO

Validation range UPF: UPF:
(for the targeted P = [1-10] bars T = [300] K φ = [0.5-1.5] P = [1-10] bars T = [300] K φ = [0.5-1.5]
quantities) AI: AI:

P = [1-40] bars T = [1000-3000] K φ = [0.5-1.5] P = [1-40] bars T = [1000-3000] K φ = [0.5-1.5]

Refs (more validations) [13,16] [13,14]

Table 12 YARC derived ARCs for Jet A combustion

(a) (b)

Fig. 17 Example of performances of the ARC HYCHEM and ARC HYCHEM NOx on (a) canonical UPF test cases
and (b) canonical CVR test cases. Comparisons are performed with the relevant detailed HYCHEM model [102,99].
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Position [mm]
0.0 1.0 2.0 3.0 5.0

(a)

(b)

4.0
Position [mm]

0.0 1.0 2.0 3.0 5.04.0

Position [mm]
0.0 2.0

Position [mm]
0.0 2.0

Fig. 18 Evolution of (a) major species and temperature and (b) major intermediates across canonical UPF for P =
1 bar, Ti = 300 K and φ = 1.0, with both ARCs derived based on the HYCHEM model. Comparisons are performed
with the relevant detailed HYCHEM model [102,99].
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5 ARC for LES of turbulent combustion: general trends

5.1 Size of ARCs

Figure 19 reports correlations between species and reactions contained in a collection of ARCs.
Two ARCs for methane-air combustion and one ARC for ethylene-air oxidation reported in the
literature [53] were added to those presented in this paper. Data from an in-house ARC for iso-
octane combustion were also added, to bridge the gap between the small hydrocarbons and kerosene
surrogates. Each circle represents one ARC. Red circles represent ARCs containing a NOx sub-
mechanism, blue circles represent ARCs with the prospect of soot modeling, and dark circles
represent ARCs not targeting pollutants.
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Fig. 19 Number of (a) transported species (b) QSS species (c) reactions versus number of carbon content in each
hydrocarbon. (d) Number of reactions versus the total number of species contained (transported + QSS) in each
ARC. The line reports the tendency observed by Lu & Law [57].

One interesting observation is that the number of reactions to consider (Fig. 19 (d)) seem
to be greatly impacted by the decision to include the formation of pollutants. It is particularly
true of NO, requiring to take into account many additional pathways involving azoted species. Of
course, these additional reactions are associated with an additional set of species, that must also
be accounted for in the ARC. However, as can be seen in Figs. 19 (a)&(b), the overcost of species
is less pronounced than the overcost of reactions. This causes the correlation between species and
reactions contained in ARCs retaining a NOx sub-mechanism to stray from the theoretical line
of [57], reported in Fig. 19 (d). This is an important observation, indicating that, at least in terms
of number of species to transport, any hydrocarbon can be accommodated in CFD.

5.2 Species to consider

Another interesting observation from the analysis of each ARC, either reported in the literature
or YARC-derived, is that there appears to be a ”core” of 14 species systematically identified as
necessary and thus, retained whatever the hydrocarbon. These are: H, H2, O, O2, OH, H2O, HO2,
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H2O2, CH3, CH4, CO, CO2, CH2O and N2. For hydrocarbons with a carbon content of 2 or more,
this list is appended with C2H2, C2H4 and C2H6. Note that HO2, H2O2 or CH3 are sometimes
identified as potential QSS species, due to their small associated timescales. Moreover, most of the
time, the 6 following species are retained as QSS: CH2, CH2*, C2H3, C2H5, HCO and HCCO.

If NO is of interest, NO2, N2O and HCN are usually retained, to account for the various NO
pathways. These species are added to the list of transported species. Additionally in this case, CH
becomes necessary, being a key intermediate in many thermal pathways. It is usually put in QSS.

5.3 Stiffness of ARCs

One major drawback associated with the use of ARC in CFD is that the chemical timescales
involved can span a large range. Radical species are consumed as soon as they are produced,
while the formation of NO or soot spreads over a few seconds. ARCs are thus always associated
with stiffness. However, in most cases and with a careful derivation, stiffness can be reduced to a
minimum by limiting the transport of species with very short associated timescales.

To that end, it is of interest to identify these ”absolutely necessary” species, that are seen to
induce stiffness. From an investigation of the ARCs considered in this paper, it appears that:

– For a fuel carbon content below 3, H2O2 is usually the species with the smallest associated
timescale.

– For a fuel carbon content above 8 (typical kerosene surrogates), the fuel is usually the species
with the smallest associated timescale.

– For propane and n-heptane, just as for many fuel species of intermediate size, the consideration
of very short-lived radicals (C-4/C-5) will generally be required, complexifying the reduction
process and possibly resulting in relatively stiff mechanisms.

These considerations are illustrated in Fig. 20, showing the minimum chemical timescales involved
in a laminar flame under atmospheric conditions, in a collection of ARCs. The timescale evaluation
is based upon a Jacobian evaluation performed with perturbations.
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Fig. 20 Estimation of the minimum timescales involved in a canonical UPF case, under atmospheric conditions.
The ARCs reported are YARC-derived ARCs, valid under atmospheric conditions.

6 Conclusions

In this paper, a multi-reduction automated tool, YARC, was employed to derive LES-compliant
ARCs for various hydrocarbons and applications. The methodology is proven to be very efficient,
enabling in particular to fully control stiffness and the maximum allowed error on targeted quan-
tities. One major finding of this study is that any hydrocarbon, from the smallest, methane or
ethylene, to the heavier multi-component aviation kerosenes can be directly accommodated in
modern CFD applications, with the current available CPU resources.

The reported ARCs are made available to the community, and can be found online [7].
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