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A multipurpose reduced chemical-kinetic mechanism for methanol combustion comprising 8
overall reactions and 11 reacting chemical species is presented. The development starts by in-
vestigating the minimum set of elementary reactions needed to describe methanol combustion
with reasonable accuracy over a range of conditions of temperature, pressure, and composi-
tion of interest in combustion. Starting from a 27-step mechanism, previously tested and
found to give accurate predictions of ignition processes for these conditions, it is determined
that addition of 11 elementary reactions taken from its basis (San Diego) mechanism ex-
tends the validity of the description to premixed-flame propagation, strain-induced extinction
of nonpremixed flames, and equilibrium composition and temperatures, giving results that
compare favorably with experimental measurements and also with computations using the
247-step detailed San Diego mechanism involving 50 reactive species. Specifically, premixed-
flame propagation velocities and extinction strain rates for nonpremixed counterflow flames
calculated with the 38-step mechanism show departures from experimental measurements and
detailed-chemistry computations that are roughly on the order of 10%, comparable with ex-
pected experimental uncertainties. Similar accuracy is found in comparisons of autoignition
times over the range considered, except at very high temperatures, under which conditions
the computations tend to overpredict induction times for all of the chemistry descriptions
tested. From this 38-step mechanism the simplification is continued by introducing steady-
state approximations for the intermediate species CH3, CH4, HCO, CH3O, CH2OH, and O,
leading to an 8-step reduced mechanism that provides satisfactory accuracy for all conditions
tested. The flame computations indicate that thermal diffusion has a negligible influence on
methanol combustion in all cases considered and that a mixture-average species-transport
model is sufficiently accurate for premixed and nonpremixed flames, whereas for the former
an even simpler constant-Lewis-number description gives equally satisfactory results.

Keywords: methanol combustion, reduced chemistry, autoignition, deflagration,
diffusion-flame extinction

1. Introduction

The global demand for methanol has increased steadily in recent decades because
of its direct use as liquid fuel to power passenger cars [1] and its role as feed-
stock for the production of dimethyl ether, which was of interest as a potentially
clean alternative to diesel fuel for trucks and buses [2]. Compared to normal gaso-
line, methanol has a lower energy density, resulting in the requirement of a larger
fuel tank for the same vehicle range, but this drawback is partially offset by the
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higher efficiency of engines running with methanol [3]. Its efficient and economical
production from different renewable sources, including biomass and CO2, and its
potential for integration into the existing liquid hydrocarbon distribution infras-
tructure emerge as additional advantageous features that strengthen the candidacy
of methanol as an attractive alternative to liquid hydrocarbons.

Sufficiently detailed knowledge of the chemistry involved in the oxidation of
methanol under most conditions of practical interest is available. A detailed mech-
anism was compiled by Westbrook and Dryer in 1980 [4] and a number of up-
dated descriptions are currently accessible (see [5] for an extensive chronological
list of mechanisms available prior to 2011). While detailed-chemistry descriptions
extending beyond the C1 chemistry require consideration of a few hundred reac-
tions among several dozen species, shorter mechanisms are useful for describing
many features of methanol combustion. An example of these short-chemistry de-
scriptions, obtained by eliminating reactions of lesser importance, is the 17-species
and 40-step scheme proposed by Liao et al. [5].

Even simpler chemistry descriptions, involving fewer relevant chemical species
and a reduced number of overall reactions, follow from introducing steady-state
approximations for intermediaries whose rates of production and consumption are
large compared with their transport rate. The associated reduced mechanisms re-
sult in shorter computational times, while providing sufficient accuracy to yield
reliable computational results. For methanol, this strategy has been pursued in
seeking reduced descriptions for specific combustion conditions, yielding different
mechanisms for premixed combustion [6, 7], nonpremixed combustion [8, 9], and
autoignition processes [10, 11]. In many combustion systems, however, it is not
known in advance, at the start of a calculation, in exactly what manner the com-
bustion will develop. That is often the case in spray-combustion systems, in which
we may find regions in the combustor where autoignition and premixed-flame prop-
agation are the predominant combustion modes, where in others the fuel burns in
a diffusion-controlled flame [12]. What is needed for these systems, therefore, is
sufficiently accurate reduced chemistry that encompasses all of these combustion
processes. The purpose of the present investigation is to derive such a systemati-
cally reduced description for methanol-oxygen combustion. Multipurpose reduced
descriptions of this type are available for hydrogen [13, 14], for example, but none
are yet available for methanol. Since the focus will be on fuel oxidation, rather
than on pollutant generation, the slow chemistry associated with the production of
nitrogen oxides, included specifically in the 23-species and 19-step reduced mecha-
nism developed by Lindstedt and Meyer [15], will not be considered here, thereby
simplifying considerably the description.

The development will begin by identifying the minimum set of reactions and
chemical species needed to describe methanol combustion, including key magni-
tudes such as equilibrium temperatures and compositions, laminar burning rates,
critical conditions for extinction, and autoignition times. The resulting skeletal
mechanism comprises 17 chemical species and 38 elementary reactions, only 13 of
which are reversible. Subsequent introduction of steady-state approximations for
six species, to reduce the total number of reactive species out of steady state to
eleven, leads to a reduced mechanism with eight overall reactions when the atom
conservation equations for C, O, and H are additionally taken into account. It is
seen that the associated global rates, expressed in terms of those of the elemen-
tary reactions, can be evaluated explicitly without necessitating truncation of the
algebraic expressions for the steady-state species. The skeletal and reduced mecha-
nisms are tested through comparisons of numerical results with detailed-chemistry
computations using the complete C1-C3 San Diego mechanism [16] (247 reactions
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and 50 species) and also through comparisons with available experimental mea-
surements.

2. Development of the skeletal mechanism

The chemistry description presented in the original detailed mechanism proposed
by Westbrook and Dryer in 1980 [4] was improved in somewhat later years, lead-
ing to more accurate kinetic schemes (e.g., [15–18]). Some of the improvements
stemmed from the inclusion of additional elementary steps not considered in the
early mechanism. For instance, reactions describing the H attack on CH2OH to
form CH3 and others involving CH3, CH2, CH, and CH3O were found to be nec-
essary to improve accuracy in comparisons with experiments [19, 20]. Other im-
provements followed from modifications to the rates of important rate-controlling
elementary reactions, in particular those involving the initiation steps [21, 22] and
the fuel attack by radicals. An example of the latter is the rate constants of re-
actions CH3OH + OH → CH2OH + H2O and CH3OH + OH → CH3O + H2O,
whose temperature dependences, assumed to be identical in initial studies [19, 23],
exhibit differences that were accounted for to quantify better the CH3O yield at
high temperatures [20]. An additional modification to the rate of the reaction
CH3OH + H → CH2OH + H2 was introduced subsequently [21] to be needed to
describe better the effect of temperature on the total consumption rate of CH3OH
in counterflow diffusion flames.

In the following, we shall consider the complete San Diego mechanism [16] as
a basis for comparison with the predictions of the skeletal and reduced mecha-
nisms derived below. Correspondingly, the rate parameters of the most updated
version of this mechanism [16] have been employed in evaluating the rates of the
different elementary reactions of the skeletal and reduced mechanisms. It is worth
mentioning that the computations reported below motivated a change in one of the
reaction rates used in the San Diego mechanism, namely that of the hydroperoxyl-
consumption reaction HO2 + OH 
 H2O + O2, now assigned the two-term bi-
Arrhenius expression recommended by Hong et al. [25], including a term with neg-
ative activation energy to describe the low-temperature range. The previous rate
selection [24] was also a two-term expression with the positive-activation-energy
term of [25], but employing instead the rate parameters suggested in [26] for the
negative-activation-energy term. The methanol computations carried out in this
study revealed that the premixed-flame propagation velocity is very sensitive to
the rate of this elementary step and that use of the rate parameters of [25] for both
terms in the bi-Arrhenius expression improves considerably the accuracy of the
comparisons with experiments, especially at the higher pressures, thereby motivat-
ing the modification adopted, which also improves agreement with the experimental
results reported in [27].

In using the current San Diego mechanism as the basis for comparison of the
present reductions, it is important to identify the range of conditions over which
that mechanism is designed to apply. It is developed for application to combustion
problems under prevalent conditions of interest. Specifically, temperatures between
roughly 1000 K and 3000 K, pressures including about 1 atm to 10 atm, and
equivalence ratios of premixed systems between about 0.5 and 2.0 are addressed,
although atmospheric diffusion flames, portions of which are outside this range
of equivalence ratio, also are included, and additions have been recently made to
encompass some lower-temperature aspects of NTC chemistry. Methanol portions
of that mechanism, including methoxy and hydroxy methyl reactions, have not
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been up-dated recently, and the only specifically methanol-related falloff is that for
splitting off OH from CH3 in methanol. These limitations are especially noteworthy
in view of extensive research during the last five years on the chemical kinetics of
methanol and related systems [28–36]. Further reference to research prior to 2014
may be found in a recent review [37]. While many of the new investigations concern
conditions at higher pressures and lower temperatures than those identified above
(conditions which, however, also are of considerable interest in combustion, even
though very few applications of the new results to premixed or diffusion flames
have been reported), the new results may well have significant implications for the
rate parameters in the mechanism that was selected as the basis for the present
work. Despite whatever deficiencies may exist in the basis mechanism, the good
agreement of its predictions with the experiments to be addressed here (coupled
with its relative simplicity), to be seen later, is considered to constitute sufficient
motivation for its selection.

A first step towards reducing chemical-kinetic mechanisms is to identify a skele-
tal mechanism, in which a number of species and steps are eliminated to facilitate
proceeding with a systematic reduction. While many compilations of skeletal mech-
anisms use the complete detailed description as a starting point and proceed by
discarding elementary reactions with negligible influence, in the present develop-
ment we choose an alternative strategy, taking an opposite approach, by extending
the successful 27-step ignition mechanism of Seiser et al. [11] to achieve sufficiently
accurate predictions of other combustion processes. It was found that, by addition
of 11 elementary reactions, needed to ensure reasonable accuracy in computations
of premixed and nonpremixed flames, a suitable skeletal mechanism could be ob-
tained.

The selection of the additional reactions was guided by the previous work by
Zhang et al. [38], Card et al. [39] and Yang et al [40], leading to the skeletal scheme
shown in Table 1. The resulting description, restricted to C1 chemistry, involves
17 reactive species and 38 elementary reactions. The same species are considered
in the short mechanism of Liao et al. [5], which contains, however, 40 reactions.
Unlike the previous compilation, the fuel-attack step CH3OH + H → CH3O + H2

was not included in this skeletal mechanism, because it was found to be unim-
portant under the whole range conditions explored in the investigation, nor were
the methoxy-radical consumption steps retained, since they, too, were found incon-
sequential, and they are not in the detailed San Diego mechanism [16], in which
methoxy largely isomerizes to the more stable hydroxy methyl prior to its con-

sumption. By way of contrast, the methanol dissociation reaction CH3OH + M
38→

CH3 + OH + M, not present in [5], is retained here because of its essential role
in describing high-temperature autoignition events [11] with this mechanism. An-
other noticeable difference is that, while all 40 reactions in [5] are reversible, in
the present mechanism the backward rates of only 13 reactions are considered in
Table 1, the remaining 25 reverse steps having been found to exert a negligible
influence in all cases studied.

3. Derivation of the systematically reduced eight-step mechanism

The reduction continues by introducing steady-state assumptions for intermedi-
ates, an approximation that is very accurate for HCO, CH3O, CH4, CH3, O, and
CH2OH, as indicated by our computations. Our decision to test the steady states
for these particular species was based on previous experience. The tests were made
by calculating the relative fractional differences between the production and con-
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sumption rates |(ωp − ωc)/max(ωp, ωc)| in the test problems to be discussed later
and requiring the relative fractional differences to be sufficiently small, always
less than 0.1, for example. Further tests were based on comparisons of predictions
with experimental measurements, presented later. While the validity of the steady
states fo the radicals is perhaps not surprising, the steady state for CH4 may not
have been expected. This occurs because, like the steady state for H2O2 in high
temperature combustion processes, for example, in the methanol chemistry CH4

is created in very small concentrations as a side reaction and is then efficiently
consumed by radicals.

With these approximations, the chemistry of methanol oxidation reduces to the
eight overall steps

3 H2 + O2

I

 2 H2O + 2 H

H2 + OH
II

 H2O + H

H + H + M
III

 H2 + M

HO2 + H
IV

 2 OH

H2O2 + M
V

 2 OH + M

CO + H2O
VI

 CO2 + H2

CH2O
VII

 CO + 2H

CH3OH + O2

VIII

 CH2O + H2O2

with rates (moles per unit volume per unit time) given in terms of the different
elementary-reaction rates by the expressions

ωI = ω1 + ω5 − ω8 − ω10 − ω11 − ω13 + ω18

+ ω26 − ω28 − ω29 − ω31 + ω32 − ω34 + ω37 − ω38, (1)

ωII = −2ω1 + ω3 − ω4 + ω5 − 2ω5 + 2ω8 + ω9 + 2ω10 + 3ω11

+ 2ω13 + ω14 + ω17 − 2ω18 + ω21 − 2ω26 + 2ω28

+ 2ω29 + ω33 + 2ω31 − 2ω32 + 3ω34 − 2ω37 + 2ω38, (2)

ωIII = ω5 + ω6 − ω13 + ω16 + ω17 + ω18 + ω19 + ω20 + ω21 + ω25

+ ω26 − ω31 + ω32 + ω33 + ω35 + ω37, (3)

ωIV = −ω5 + ω7 + ω8 + ω9 + ω10 + ω11 + 2ω13 − ω18 + ω22 − ω26 + ω28

+ ω29 + ω31 − ω32 − ω33 − ω35 − 2ω37, (4)

ωV = ω12 − ω13 − ω22 + ω33 + ω34 + ω35 + ω37 + ω38, (5)

ωVI = ω14, (6)

ωVII = ω19 + ω20 + ω21 + ω22, (7)

ωVIII = ω33 + ω34 + ω35 + ω36 + ω37 + ω38. (8)
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The concentrations of the steady-state species, needed for the evaluation of the
above elementary rates, can be computed in terms of those of the eleven reactive
species retained in the reduced description (CH3OH, O2, CO2, H2O, H2, CO, H,
OH, HO2, H2O2, and CH2O) through

CO =
k1 fCHCO2

+ k2 bCOHCH + k4 bCOHCOH + k9 fCHO2
CH

k1 bCOH + k2 fCH2
+ k4 fCH2O + k9 bCH2O + k10 fCHO2

+ k20 fCCH2O
,

(9)

CCH2OH = CCH3OH × (A/B), (10)

CHCO = CCH2O
k19 fCH + k20 fCO + k21 fCOH + k22 fCHO2

k15 fCM4
+ k16 fCH + k17 fCOH + k18 fCO2

, (11)

CCH3O =
k32 bCCH2OHCM5

+ k34 fCCH3OHCOH

k26 fCO2
+ k27 fCM5

+ k32 fCM5

, (12)

CCH4
=

(
k29 fCCH2OHCH + k38 fCCH3OH

k23 fCH

)(
k23 bCH2

+ k25 fCH

k24 fCO + k29 bCOH

)
, (13)

CCH3
=
k29 fCCH2OHCH + k38 fCCH3OH

k24 fCO + k29 bCOH
, (14)

obtained by algebraic manipulation of the steady-state equations, with the compact
expressions

A =
k32 fk34 fCOH

k26 fCO2
/CM5

+ k27 f + k32 f
+ k33 fCOH + k35 fCH + k36 fCHO2

+ k37 fCO2

(15)

B = CH(k28 f + k29 f) + k30 fCO2
+ CM5

(k31 f + k32 b)

− k29 fCH

(k24 f/k29 b)(CO/COH) + 1
−

k32 bCM5

(k26 f/k32 f)(CO2
/CM5

) + k27 f/k32 f + 1

introduced in (10) for writing the concentration of hydroxymethyl. The subscripts
f and b are used in (9)–(15) to denote the forward and backward rate constants for
the reactions in Table 1. The order in which the expressions (9)–(14) are arranged
is intended to facilitate the evaluation, in that the concentration of O is to be
computed first, followed by that of CH2OH, which depends on CO, and those
of the remaining steady-state species, which exhibit dependences on CO and/or
CCH2OH.

It is of interest that, besides the six steady-state species in (9)–(14), OH also
was found to follow a good steady-state approximation in all of the test cases. An
accurate seven-step reduced mechanism therefore exists. An explicit description
such as that given above, however, could not be derived when OH was placed in
steady state because OH is so strongly coupled to the other species. Although
automatic programs capable of handling complex systems of algebraic equations
would enable the use of a seven-step mechanism, readily derived from the eight-
step mechanism by use of step II in steps IV and V, the small advantage in going
from eight to seven steps, with ten rather than eleven reactive species, seems more
than offset by the relative simplicity of the explicit result.
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4. Test for equilibrium conditions

A first set of computations pertains to adiabatic equilibrium states, with results
shown in Fig. 1 for a methanol-air mixture of varying equivalence ratio φ at nor-
mal atmospheric initial conditions. As can be seen, the adiabatic flame temper-
ature and the associated equilibrium mass fractions of CO2, H2O, CO, and H2

obtained with the skeletal and reduced mechanisms, indicated by the solid and
dashed curves, respectively, are indistinguishable from the values obtained with
the detailed chemistry, denoted by symbols, except for very rich mixtures, where
small relative deviations of the results of the skeletal mechanism are observed, al-
though the extent of the departures is quite limited. The plots seem to indicate
that the minor species that are left out of the skeletal mechanism, and that there-
fore do not appear in Fig. 1, are in fact present in larger concentrations for richer
mixtures, which would explain the increasing deviations seen in the figure. In ad-
dition, it was found that the steady-state approximations introduced in developing
the reduced chemistry (especially that for CH4) modify the species balance in such
a way that the agreement with the detailed-chemistry results is unexpectedly im-
proved in Fig. 1. There is similar agreement at other initial conditions, such as
elevated pressures or initial temperatures. It is worth emphasizing that not all po-
tential reductions preserve this degree of agreement; there were notable differences
in some of our earlier attempts.

FIGURE 1 HERE

5. Test for burning velocities of laminar premixed flames

To test the degree of accuracy of the chemistry simplifications, results of com-
putations employing the skeletal and reduced mechanisms were compared with
detailed-chemistry computations and also with experimental measurements. These
computations include premixed and nonpremixed flames with different transport
descriptions and homogeneous-ignition histories. The flame computations were car-
ried out using an in-house finite-difference code, validated earlier through extensive
comparisons with widely employed commercial codes [42, 43]. Besides a detailed
multicomponent species-transport description including thermal diffusion (see [44]
for details of the associated transport equations), two simpler transport descrip-
tions are available in our code, namely, a mixture-average model, details of which
can be found in the CHEMKIN transport documentation [42], and the constant-
Lewis-number approximation proposed by Smooke and Giovangigli [45]. When us-
ing the latter, the value LCH3OH = 1.3 was adopted for the Lewis number of
methanol, while for the other species the values employed are those listed in [45].

The curves in Fig. 2 represent the variation of the flame velocity with the equiva-
lence ratio for p = 1 atm and p = 10 atm obtained from numerical integrations with
detailed, short, and reduced chemistry descriptions. In premixed-flame computa-
tions, the results were found to be largely independent of the species-transport
description employed, in that the velocities calculated with the mixture-average
model, shown in Fig. 2, differ by less than 2 % from those computed with the more
involved multicomponent model and also with those using the constant-Lewis-
number approximation. Furthermore, in the tests employing the multicomponent
transport model, negligible differences in resulting flame speeds were observed when
the thermal-diffusion terms were selectively removed from the diffusive fluxes of the
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different chemical species, indicating that Soret effects are unimportant in methanol
premixed combustion. These observations document the utility of such simplified
transport descriptions for steady, planar premixed flames, even though they could
introduce inaccuracies in unsteady or nonplanar cases.

FIGURE 2 HERE

The numerical results are compared with the most recent experimental mea-
surements reported in the literature [46–49]. Earlier experiments [19, 50–53] show
significant scatter and have not been included in the figure to avoid unnecessary
clutter. The comparisons with the experimental data indicate that the three chem-
istry descriptions give satisfactory results both at atmospheric and elevated pres-
sures. Although the skeletal and reduced mechanisms predict velocities that differ
from those of the detailed chemistry (i.e., overpredictions of the order of 10% for
lean and stoichiometric mixtures and somewhat smaller underpredictions for rich
mixtures with equivalence ratios φ >∼ 1.3), the associated deviations are acceptable
for practical purposes, in that they are comparable in magnitude to the experi-
mental uncertainty present in measurements of flame propagation velocities. The
agreement between the results of the reduced mechanism and those of the 38-
step skeletal chemistry, with observed differences amounting to just a few percent
over the whole range of compositions tested, is a indication of the accuracy of the
steady-state approximations introduced in developing the reduced chemistry.

The predictive capabilities of the skeletal and reduced mechanisms are tested
further in Fig. 3 in connection with the dependence of the propagation velocity
of a stoichiometric methanol-air flame on the initial temperature and pressure.
The figure includes experimental measurements collected from a number of recent
studies for stoichiometric methanol-air mixtures [46, 47, 54–56], along with nu-
merical computations with detailed, skeletal, and reduced chemistry. As can be
seen, the detailed-chemistry results are in close agreement with the experimental
measurements, although they tend to overpredict experimental data at elevated
temperatures (even though by a lesser amount than the difference between differ-
ent experiments). On the other hand, the skeletal and reduced mechanisms tend to
overpredict the flame propagation by amounts up to 20%, but still comparable with
the departures observed in different experiments. Despite these differences, both
simplified descriptions, in close agreement with each other, adequately predict the
pronounced decrease (increase) of flame velocity with increasing pressure (temper-
ature) observed in experiments. Since it was found that agreements of flame-speed
predictions of the skeletal mechanism with those of the detailed mechanism could
be improved appreciably only by enlarging the skeletal mechanism substantially, it
was felt that this 38-step mechanism afforded the best compromise.

FIGURE 3 HERE

6. Ignition tests

Results of experiments on the ignition of methanol vapor, carried in a nitrogen
stream, counterflowing against a heated oxidizer stream have been addressed pre-
viously [11]. In that work, the temperature of the oxidizer stream required for
autoignition to occur, measured as a function of the strain rate of the counter-
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flow, was found to be in excellent agreement with computations based on both
detailed chemistry and a six-step systematically reduced mechanism. Since the
present eight-step mechanism is an augmentation of that six-step mechanism, ex-
tending it to encompass flames, the same agreement will be obtained. For that
reason, such comparisons are not shown here. Attention instead is directed towards
ignition times of homogeneous mixtures measured in shock-tube experiments under
conditions for which our reduced mechanism is designed to apply.

Autoignition times of methanol-air mixtures (upper plot) and methanol-oxygen-
argon mixtures (lower plot), obtained with the different chemistry descriptions
from homogeneous adiabatic ignition computations in an isochoric reactor, are
compared in Fig. 4 with shock-tube experimental measurements [57–60]. Although
the selection of the criterion used to define the ignition time in computations is not
critical, in that quantitative differences between results based on different criteria
were found to be always very small for these methanol cases, in the computations
the criterion employed was adapted to match as closely as possible that used in the
different experiments whenever that could be done. For instance, in the computa-
tions for the experiments with p between 1.2 and 1.75 atm, ignition was identified
by the maximum of the product of the concentrations of O and CO, in agreement
with the criterion used in the corresponding experiments [58], while for p = 0.33
atm the ignition was taken to occur when the maximum growth rate of CCO2 is
achieved, that being the experimental criterion used in [57]. The criteria used to
determine the ignition time in the other experiments of Fig. 4 (i.e., the emission of
visible light in the experiments of Natarajan et al. [59] at p = 2.5 atm and p = 4.5
atm and the appearance of shock waves arising from secondary explosions in the
methanol-air experiments of Fieweger et al. [60]) could not be evaluated in our com-
putations. For those experiments, the numerical results shown in Fig. 4 employed
as the ignition criterion the maximum of the CO2 production rate, which gives
results that are almost identical to those of the common temperature-inflection
criterion, not used in any of the evaluations of Fig. 4.

FIGURE 4 HERE

It is seen in Fig. 4 that reasonably good agreement is obtained between the
computational results using different chemistry models, and also between the com-
putational results and most of the experiments. Larger discrepancies are observed
at higher temperatures, especially in connection with the reduced-chemistry model,
which gives overpredictions in ignition times that reach 40 % as the temperature
approaches T = 2000 K. These latter overpredictions are mainly attributable to the
steady-state assumptions of CH3 and CH4, which become less accurate during igni-
tion events at higher temperatures. The agreement improves considerably at lower
temperatures, with the different curves becoming indistinguishable below a given
limiting temperature, which is higher for higher pressures (e.g., for T <∼ 1300 K at
p = 1 atm). Despite the departures in ignition-time predictions, more prominent
at low pressure and high temperature (where disagreements are noticeable even
for the detailed mechanism), the degree of accuracy of the reduced mechanism dis-
played in Fig. 4 is clearly satisfactory for the conditions found in most combustion
applications, as could be expected from the previous investigations [11]. For these
reasons it may be concluded that the skeletal and reduced mechanisms are both
adequate for the major ignition problems of interest.
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7. Tests for structures of counterflow flames

A great deal of detail can be found in measurements of structures of counterflow
flames [21, 61, 62]. The data available, including temperature profiles measured
with fine thermocouples and concentration profiles of stable chemical species mea-
sured by gas sampling followed by gas chromatography, were obtained in these
experiments for diffusion flames as well as for partially premixed flames, with fuel-
side equivalence ratios down to 2.0 [21, 61], but under diluted conditions, the
fuel vapor being carried by a nitrogen stream, to improve the accuracies of the
measurements, over those available in earlier measurements of counterflow flames
above vaporizing liquid-fuel pools, as referenced previously [62]. The most recently
reported diffusion-flame measurements [62] are selected here for comparisons, al-
though similar agreements would be expected for the partially premixed flames
[21, 61]. While radical profiles, not available experimentally, would provide sharper
tests, the profiles of the stable species afford some basis for evaluation. Figure 5
compares measurements and predictions for both the skeletal and reduced mecha-
nisms.

FIGURE 5 HERE

For the conditions examined, corresponding to a strain rate A = 100 s−1 that
places the flame far from extinction, the skeletal mechanism is seen to reproduce
accurately the profiles of temperature and main species, including those of the
intermediates H2 and CO. The slight broadening of the experimental tempera-
ture profiles in the wings is attributable to the thermocouple resolution [63]. The
reduced mechanism also produces satisfactory results, except for H2, whose pro-
duction rate is underpredicted, leading to a peak value that is about 20% too low.
To overcome the drawback that the experiments did not provide measurements
of radicals, for completeness the figure includes in an inset the profiles of O, OH,
and H obtained numerically, showing no significant differences between the results
of the skeletal and reduced mechanisms. In particular, the remarkable agreement
between the profile of CO determined from the skeletal mechanism and that eval-
uated from (9) in the computations with reduced chemistry is an indication of the
excellent accuracy of the steady-state approximation for this species.

The figure also includes as dashed curves results of computations performed with
a simple constant-Lewis-number model for species transport in the 38-step chem-
istry. The resulting curves lie close to the thick solid curves, obtained with multi-
component transport with the same chemistry description. This may be attributed
to the fact that, for the specific dilute conditions examined in the plot, nitrogen
is the most abundant species all across the mixing layer. Under that condition the
approximation of constant Lewis numbers becomes quite accurate. On the other
hand, larger departures would be expected if undiluted fuel feed were considered.
In general, then, these favorable comparisons of profiles further support the utility
of the skeletal and reduced mechanisms.

8. Tests for critical conditions for extinction of counterflow flames

Predictions of critical conditions for extinction of counterflow flames typically pro-
vide the most stringent tests of chemical-kinetic and transport approximations in
that extinction predictions generally are strongly sensitive to those parameters. In
the present work, the experimental results of Seiser et al. [62] were used to test the
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accuracy of the simplified chemistries under nonpremixed combustion conditions.
In the experiments that exhibited the best agreement with predictions, the critical
strain rate at extinction AE of counterflow diffusion flames was measured in an
opposed-jet facility involving a stream of methanol diluted with nitrogen counter-
flowing against an air stream with stream temperatures fixed but methanol concen-
trations varied. For a given value of the methanol mass fraction in its feed stream,
YCH3OH, the counterflow strain rate A = 2

[
1 + Vfuel

√
ρfuel/(Vair

√
ρair)

]
(Vair/L),

defined in terms of the distance L between the nozzle exists and the densities and
velocities of the fuel and air streams, was increased by increasing the flow veloc-
ities, maintaining a momentum balance to fix the flame position, until extinction
was achieved. The procedure was repeated for several values of the fuel mass frac-
tions, giving the results represented with symbols in Fig. 6, which are compared
with results of numerical computations obtained with the detailed, skeletal, and
reduced mechanisms.

FIGURE 6 HERE

The numerical results compare favorably with experiments, with all three mech-
anisms yielding values of AE that differ from the experimental measurements by
relatively small amounts, comparable to the experimental scatter observed in the
plot. Specifically, compared with the detailed-chemistry results, represented by a
solid curve, the skeletal mechanism is seen to give small overpredictions of AE

on the order of 5 % for all dilutions considered in the figure. On the other hand,
because of the steady-state approximations present in the reduced chemistry, the
predicted values of AE are smaller than those of the skeletal mechanism by an
amount that exceeds 5 %, so that the corresponding chain curve in Fig. 6 lies
below the detailed-chemistry curve.

Although all of the computations shown in Fig. 6 were performed with a mixture-
average transport model, additional computations with the multicomponent and
constant-Lewis-number models were used to test the influence of the transport
description on the resulting predictions. As could be expected from previous com-
parative studies [64], for nonpremixed conditions the transport model used was
found to have a nonnegligible influence on the solution, although the differences
between the multicomponent and mixture-average models were small, leading to
predictions of AE that are about 3 % lower for the former. The departures observed
when the constant-Lewis-number description is employed are significantly larger.
Irrespective of the chemistry, the use of the constant-Lewis-number approximation
consistently gives values of AE smaller than those of the other transport models,
with differences with the mixture-average results shown in the figure being on the
order of 15 % over the whole range of fuel-stream dilutions considered. It is also
of interest that no significant quantitative differences were observed when remov-
ing the thermal-diffusion terms in the multicomponent-transport computations,
indicating that, just like in the flame-speed tests, Soret transport has a negligible
influence also on the critical extinction conditions of methanol diffusion flames.

Data also were obtained [62] on the extinction of premixed counterflow flames
of mixtures of methanol, oxygen, and nitrogen flowing against oxygen-nitrogen
mixtures. Strain rates at extinction were measured for stoichiometric mixtures as a
function of the oxygen concentration in the oxidizer stream and also as a function of
the fuel-stream equivalence ratio for a fixed composition of the oxidizer stream. In
these cases, the disagreement between the computational and experimental results
was found in that paper to be much larger than that in Fig. 6. By and large, that
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disagreement persists even in the current version of the San Diego mechanism. That
is, despite the improvements in the detailed chemistry, comparable disagreements
remain, pointing to the need for further investigations, making use of the more
recent chemical-kinetic studies cited earlier. The influences associated with the
skeletal and reduced chemistry, as well as with the different transport descriptions,
however, remain comparable to those illustrated in Fig. 6 for this test.

9. Concluding remarks

It is clear from this work that, despite the successes of the San Diego mechanism,
further study of the individual steps and associated rate parameters in that mech-
anism is warranted. Nevertheless, it seems likely that, whatever future revisions
arise in the mechanism, either the present skeletal 38-step mechanism or a mecha-
nism very much like it will be able, with correspondingly revised elementary rate
parameters, to provide good predictions for combustion processes of interest, ex-
hibiting, for example, differences from burning-velocity predictions of the detailed
mechanism on the order of about 10 % at most. Perhaps more importantly, by intro-
ducing chemical-kinetic steady-state approximations for the relevant intermediate
species, a reduced-chemistry description has been derived, which leads to predic-
tions in close agreement with those of the skeletal mechanism in all cases tested.
That mechanism, which involves only 8 overall steps among 11 reactive chemical
species, was obtained by beginning with a similar 6-step mechanism applicable
only to autoignition processes and then extending it, on the basis of the 38-step
mechanism, to include the flames that arise in other combustion processes. That
extension is associated mainly with the chemistry of HO2 and H2O2, augmenting
that chemistry to include H and OH as species that are not placed in a steady
state, the former departing substantially from steady-state behavior in combustion
processes other than ignition.

This new 8-step mechanism can facilitate computational investigations of sys-
tems for which both autoignition and premixed or diffusion flames may occur,
when the detailed or skeletal chemistry is too extensive to be employed econom-
ically. An explicit computational approach, namely first equation (9), then (15),
followed by (10)–(14), is given for implementing the reduction efficiently. Com-
putational approaches to broad-range combustion problems that previously were
available only for simpler fuels, such as hydrogen, are now extended in this work
to methanol. Besides the gains associated with the simplified evaluation procedure
for the chemical rates and the consideration of a reduced number of conservation
equations for the chemical species, the robustness of the reduced chemistry enables
larger time steps to be implemented in numerical integrations without compromis-
ing the accuracy of the results, thereby reducing computational costs significantly,
as quantified in the appendix.

In the validation investigations performed here in connection with these devel-
opments, previous ideas concerning influences of different descriptions of transport
properties were confirmed, and it was found that, contrary to combustion pro-
cesses of hydrogen, Soret diffusion is inconsequential for methanol. In addition, the
computations indicate that for methanol combustion the mixture-average trans-
port model gives sufficient accuracy for all conditions tested in the paper. Its use
in combination with the reduced chemistry can help reduce computational times
significantly.
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Appendix A. Computational Savings

Measures of the significant gains in execution times that can be obtained by us-
ing the 8-step mechanism instead of the 38-step mechanism arise from different
sources. The gain coming from the pure-chemistry (autoignition problem) evalu-
ation was found to be only about 20%, compared with the skeletal mechanism.
More significantly, the reduced chemistry was found to reduce the stiffness of the
problem, allowing a larger time step to be used, issue especially relevant for explicit
computational schemes. This is not a general result of reduced chemistry but was
seen computationally to occur for the reduction developed here. The extent of the
time-step increase depends on the specific conditions of the simulation; taken as a
reference the time step needed for the 38-step skeletal mechanism, the factor by
which this time step can be multiplied was roughly estimated to be in the range
of a factor of 3 or 4 for lean flames, decreasing to a factor 2 for rich flames.

An additional advantageous feature of the reduced mechanism is the limited
number of conservation equations for reactive species that need to be integrated;
i.e., only 11, to be compared with the 17 and 50 equations corresponding to the
skeletal and detailed mechanisms, respectively. The relative gain in computational
time associated with the decrease in the number of chemical species depends on the
complexity of the transport model utilized in the simulations. In general, the more
accurate the transport model is, the greater the time reduction becomes. The num-
ber of species becomes especially critical for the multicomponent transport model,
because it determines the dimension of the diffusion-velocity matrix that needs
to be inverted. In that case, depending on pressure, temperature, and equivalence
ratio the overall execution time associated with the reduced chemistry can be as
much as an order of magnitude lower than that of the skeletal chemistry. In any
case, as can be expected the fastest calculations are achieved when combining the
8-step reduced chemistry with the constant-Lewis-number transport model, a suf-
ficiently accurate computational approach for many purposes, as indicated by our
simulations.
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Figure 1.: The variation with equivalence ratio of the adiabatic flame temperature
Te and associated equilibrium mass fractions for a methanol-air mixture initially
at normal atmospheric conditions as obtained with different chemistry descriptions
(symbols: San Diego mechanism; solid curves: 38-step mechanism; dashed curves:
8-step reduced mechanism).
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Figure 2.: Variation of the flame velocity with the equivalence ratio at 300 K for
p = 1 atm (upper plot) and at 373 K for p = 10 atm (lower plot) computed with
different chemistry descriptions (solid curves: San Diego mechanism; dashed curves:
38-step mechanism; dot-dashed curves: 8-step reduced mechanism) and measured
experimentally (◦ Saeed and Stone [46]; O Vancoillie et al. [47]; ♦ Sileghem et al.
[48]; ? Beeckman et al. [49])
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(solid curves: San Diego mechanism; dashed curves: 38-step mechanism; dot-dashed
curves: 8-step reduced mechanism) and from flame velocity experimental measure-
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mogeneous adiabatic ignition histories in an isochoric reactor with detailed (thick
solid curves), skeletal (thin solid curves), and reduced (dashed curves) chemistry
descriptions and from experimental measurements by Cooke et al. • [57] (stoichio-
metric mixture at p = 0.33), Bowman et al. � [58] (lean mixtures with equivalence
ratio φ = 0.75 at p ∈ [1.2 1.75] atm), Natarajan et al. [59] (stoichiometric mixtures
at p = 2.5 atm N and at p = 4.5 atm H) and Fieweger et al. [60]© (stoichiometric
mixtures at p = 13 atm).
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Figure 5.: Profiles of temperature and main-species mass fraction across a counter-
flow diluted methanol-air diffusion flame with fuel mass fraction YCH3OH = 0.329,
strain rate A = 100 s−1, and fuel and air temperatures T1 = 323 K and T2 = 298
K as obtained from experimental measurements [62] (symbols) and from numerical
computations with multicomponent transport including thermal diffusion (thick
solid curves: 38-step skeletal mechanism; thin solid curves: 8-step reduced mecha-
nism) and with constant Lewis numbers and a 38-step skeletal mechanism (dashed
curves).
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Figure 6.: Variation of the extinction strain rate AE with the mass fraction of
methanol YCH3OH in its feed stream for methanol-air counterflow diffusion flame at
atmospheric pressure with fuel-feed temperature T1 = 323 K and air temperature
T2 = 298 K. The symbols are the experimental measurements by Seiser et al.
[62], while the curves represent numerical results corresponding to the detailed
mechanism (solid curves), to the 38-step skeletal mechanism (dashed curves), and
to the 8-step reduced mechanism (dot-dashed curves) with a mixture-average model
adopted in all cases for the transport description.
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Table 1.: Rate coefficients in Arrhenius form k = ATn exp [−E/(RoT ′)] for the
skeletal mechanism. Units are mol, s, cm3, cal, and K.

No Reaction Aa n Ea

1 H+O2 
 OH+O 3.52 × 1016 -0.70 17,069.79
2 H2+O 
 OH+H 5.06 × 104 2.67 6,290.63
3 H2+OH 
 H2O+H 1.17 × 109 1.30 3,635.28
4 H2O+O 
 2 OH 7.00 × 105 2.33 14,548.28

5 H+O2+M(1) 
 HO2+M(1) k0 5.75 × 1019 -1.40 0.00
k∞ 4.65 × 1012 0.44 0.00

6 H+OH+M(2) 
 H2O+M(2) 4.00 × 1022 -2.00 0.00
7 HO2+H 
 2 OH 7.08 × 1013 0.00 294.93
8 HO2+H → H2+O2 1.66 × 1013 0.00 822.90
9 HO2+H 
 H2O+O 3.10 × 1013 0.00 1720.84
10 HO2+O → OH+O2 2.00 × 1013 0.00 0.00
11 HO2+OH 
 H2O+O2 7.00 × 1012 0.00 -1,092.96

4.50 × 1014 0.00 10,929.64

12 H2O2+M(3) → 2 OH+M(3) k0 7.60 × 1030 -4.20 51,071.86
k∞ 2.63 × 1019 -1.27 51,071.86

13 2 HO2 → H2O2+O2 1.030 × 1014 0.00 11042.07
1.940 × 1011 0.00 -1408.94

14 CO+OH 
 CO2+H 4.40 × 106 1.50 -740.92

15 HCO+M(4) → CO+H+M(4) 1.86 × 1017 -1.00 17,000
16 HCO+H → CO+H2 5.00 × 1013 0.00 0.00
17 HCO+OH → CO+H2O 3.00 × 1013 0.00 0.00
18 HCO+O2 → CO+HO2 7.58 × 1012 0.00 409.89
19 CH2O+H → HCO+H2 5.74 × 107 1.90 2,748.57
20 CH2O+O → HCO+OH 3.50 × 1013 0.00 3,513.38
21 CH2O+OH → HCO+H2O 3.90 × 1010 0.89 406.31
22 CH2O+HO2 → HCO+H2O2 4.11 × 104 2.50 10,210.33
23 CH4+H 
 H2+CH3 1.30 × 104 3.00 8,037.76
24 CH3+O → CH2O+H 8.43 × 1013 0.00 0.00

25 H+CH3+M(5) → CH4+M(5) k0 2.47 × 1033 -4.76 2,440.01
k∞ 1.27 × 1016 -0.630 382.89

26 CH3O+O2 → CH2O+HO2 4.28 × 10−13 7.60 -3,537.28

27 CH3O+M(5) → CH2O+H+M(5) 7.78 × 1013 0.00 13,513.38
28 CH2OH+H → CH2O+H2 3.00 × 1013 0.00 0.00
29 CH2OH+H 
 CH3+OH 2.50 × 1017 -0.93 5,126.91
30 CH2OH+O2 → CH2O+HO2 5.00 × 1012 0.00 0.00

31 CH2OH+M(5) → CH2O+H+M(5) 5.00 × 1013 0.00 25,119.50

32 CH3O+M(5) 
 CH2OH+M(5) 1.00 × 1014 0.00 19,120.46
33 CH3OH+OH → CH2OH+H2O 1.44 × 106 2.00 -838.91
34 CH3OH+OH → CH3O+H2O 4.40 × 106 2.00 1,505.74
35 CH3OH+H → CH2OH+H2 1.354 × 103 3.20 3,490.68
36 CH3OH+HO2 → CH2OH+H2O2 8.00 × 1013 0.00 19,383.37
37 CH3OH+O2 → CH2OH+HO2 2.00 × 1013 0.00 44,933.08

38 CH3OH+M(5) → CH3+OH+M(5) k0 2.95 × 1044 -7.35 95,460
k∞ 1.9 × 1016 0.00 91,778

Chaperon efficiencies are:

[M1] = 0.70[Ar] + 0.70[He] + 2.50[H2] + 16.00[H2O] + 1.20[CO] + 2.40[CO2] + 1.50[C2H6] + 1.00[other]

[M2] = 0.38[Ar] + 0.38[He] + 2.50[H2] + 12.00[H2O] + 1.90[CO] + 3.80[CO2] + 1.00[other]

[M3] = 0.40[Ar] + 0.40[He] + 2.00[H2] + 6.00[H2O] + 1.50[CO] + 2.00[CO2] + 2.00[CH4] + 3.00[C2H6] + 1.00[other]

[M4] = 1.90[H2] + 12.00[H2O] + 2.50[CO] + 2.50[CO2] + 1.00[other]

[M5] = 0.70[Ar] + 2.00[H2] + 6.00[H2O] + 1.50[CO] + 2.00[CO2] + 2.00[CH4] + 1.00[other]

Pressure dependent reactions are described by the TROE-formulation [41]. The centering parameters are

given by:

Fc,5f = 0.5

Fc,12f = 0.265 exp(-T/94 K) + 0.735 exp(-T/1756 K) + exp(-5182 K/T)

Fc,25f = 0.217 exp(-T/74 K) + 0.783 exp(-T/2941 K) + exp(-6964 K/T)




