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Oxygenated hydrocarbons play an important role
as fuels in combustion, as well as in industrial pro�
cesses and environmental chemistry. Methanol, which
is the simplest alcohol, is a clean renewable fuel with a
large part of useful energy and is in great demand as an
intermediate source of energy, particularly in automo�
biles, fuel cells, space heating, electric power genera�
tion, a chemical and so on [1]. In addition, due to
environmental considerations, methanol is a leading
candidate being considered to extend and replace
methyl tertiary butyl ether, used as an additive in petrol
to increase the oxygen content. However, the likeli�
hood of the methanol implementation in these capac�
ities requires a higher level of understanding and
knowledge of the oxidation processes. 

Oxidation of methanol has been studied at high
temperatures in shock tubes [2–5], jet�stirred reactors
[6], and flames [7–9], and in the low�to�medium tem�
perature range in batch reactors [10], flow reactors
[11–14], and supercritical water [15–17]. It is well
known that the development of detailed chemical
kinetic models allows interpretation of the kinetic
behavior of the experiments used in their validation.
Thus, in order to describe methanol experiments in
term of reaction mechanism containing elementary
steps, a few detailed models have been proposed and
discussed. Westbrook and Dryer [18] developed a
mechanism for methanol oxidation, applicable to
temperatures in the range 1000–2200 K, pressures of
1–5 atm, and equivalence ratios of 0.05–3.0. This
model has been applied in a number of studies on

methanol to simulate the results (ignition delay times,
flame velocities, and species concentrations) of many
different experiments. However, this work was ham�
pered by a lack of elementary rate constant and reac�
tion path information. Dove and Warnatz [19] pro�
posed a new mechanism containing 15 species and 40
elementary reactions which was used by Pauwels et al.
[20] to simulate their stoichiometric methanol�air
flame data. It was found that the model predicted CO
and Н2 concentrations larger than those measured
whereas the reverse holds for the СО2 profiles. As new
information on methanol oxidation (new rate con�
stants and a consistent set of thermochemical param�
eters) became available, the Westbrook and Dryer
model was modified by Norton and Dryer [11]. A bet�
ter agreement with the flow�reactor data has been
observed, and the importance of the hydroperoxyl rad�
ical (НО2) to methanol oxidation kinetics has been
noticed. A more recent methanol oxidation mecha�
nism was constructed by Egolfopoulos, Du and Law
[21]. The authors have found that their model pre�
dicted excellently both the laminar flame speed and
atmospheric�pressure flow�reactor data set [22].
However, the ability of the model to predict the Bow�
man’s shock�tube ignition delay measurements has
been questioned [3]. Recently, Held and Dryer, using
a hierarchical procedure, have developed a detailed
comprehensive kinetic model that includes advances
in chemical kinetic rate and thermochemical informa�
tion as well as validation data sources [23]. It was
found that this model satisfactorily reproduces mea�
surements from four different types of experiments
(static reactors, flow reactors, shock�tubes and lami�
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nar flames) over a wide range of temperature, pressure,
and equivalence ratio. However, in premixed flames, it
does not reproduce H and H2 profiles with a good
accuracy. These findings suggest that despite the
extensive efforts devoted to methanol oxidation,
important aspects of its chemistry are still unresolved
especially at high temperatures.

To gain a more detailed understanding of methanol
oxidation in the low pressure, high temperature
regime, a detailed chemical kinetic model has been
constructed and validated by comparison to data and
models available in the literature.

MODEL DEVELOPMENT PROCEDURE

Based on the Н2, СО, СН2О, and СН3ОН com�
bustion chemistry, a detailed mechanism for methanol
oxidation was hierarchically developed. The reaction
submechanisms of each of the above mentioned spe�
cies used here were based on previously published
studies. The mechanism was developed by evaluating
the importance of each species and reaction step for
the chemical processes by sensitivity analysis. Unim�
portant reaction species and steps were judiciously
removed.

For each elementary reaction, the overall rate con�
stants proposed in the literature were tested and their
influence on the molar fractions profiles of stable and
unstable species in the various studied flames was
checked. For each elementary reaction, the constant
rate giving the best agreement between experimental
and modelled profiles for different species was
selected. On the other hand, it was found that С2 sub�
mechanism as well as CH and СН2 (singlet and triplet
states) reactions had no significant effects on stable
and unstable species concentration profiles so they
were not taken into account in our model. Same trends
were reported by several authors [24–26] for methanol
combustion over almost all conditions of practical
interest. Taking these observations into account, a
detailed homogeneous gas�phase kinetic mechanism
containing 21 species involved in 115 elementary reac�
tions has been developed for the СН3ОН oxidation.

COMPUTATIONAL PROCEDURE

Computations were carried out using the Sandia lam�
inar one�dimensional premixed flame code (PREMIX)
[27] of the Chemkin package [28]. The PREMIX code
computes concentration profiles for a burner�stabi�
lized premixed laminar flame using the cold mass flow
rate through the burner, feed gas composition, pres�
sure, and an initial guess of the solution profile as
input. To compensate for the cooling effect of the
flame by the probe and the burner, the experimentally
determined temperature profile were used as input
[7, 20]. The reverse reaction rates were calculated
using equilibrium constants and species thermody�

namic data taken from the literature [29–34] or theo�
retically computed.

MECHANISM VALIDATION

Among the various experimental studies which
have been conducted on low pressure methanol flames
using the flat�flame burner technique, the experimen�
tal data reported by Vandooren and Van Tiggelen for
lean methanol flames [7], Pauwels et al. for stoichio�
metric methanol flames [20] and Bradley et al. for rich
methanol flames [33] were modelled herein using our
proposed model. The calculated data were then com�
pared to the numerical predictions obtained by using
the schemes reported by Held and Dryer [23], Pauwels
et al. [20] and Egolfopolous et al. [21] under the same
conditions.

Held and Dryer mechanism, noted as HD model,
contains 40 species involved in 96 reversible reactions,
whereas Pauwels et al. [20] mechanism, noted as
Pauwels model, is a scheme based on the mechanism
developed by Dove and Warnatz [19] which contains
15 species and 40 elementary reactions. In this model,
most rate constants have been updated according to
the new estimation of Warnatz [35] except for reac�
tions H + O2 + M → HO2 + M and CH2O + HO2 →

CHO + H2O2 which have been taken from the
Lawrence Livermore laboratory data base revised in
1985 [20]. For the three body reactions, Pauwels and
coworkers have assigned equal collision efficiencies to
all species and have chosen the recommended rate
value for [M] = [N2] or [Ar]. Finally, Egolfopolous
et al. [21] mechanism, noted as Egolfopolous model, is
a scheme with 30 species involved in 171 reversible
reactions.

Validation on Lean Flames

In their study, Vandooren and Van Tiggelen [7] used
the molecular beam sampling technique, coupled with
mass spectrometric detection to measure the concen�
trations of both stable species and radicals such as H,
OH and O. They analyzed their data using a classical
kinetic approach. However, they did not perform a
detailed computer modeling of their experiments.
Such study could give new and needed information
about the combustion chemistry of methanol and
especially СН2ОН and СН3О reactions.

Table 1 lists the three Vandooren and Van Tiggelen
well�studied burner�stabilised laminar premixed
flames compositions and operating conditions that the
developed model has been compared against. As a first
step, the discussion will be focused on the ability of the
model to correctly predict the mole fraction profiles of
the reactants, intermediates and products in the three
flames.

Vandooren and Van Tiggelen data as well as the
numerical calculations are showed in Figs. 1a–1d and
Table 2. From these results it can be seen that, in the
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case of flame I, Pauwels model overpredicts the О2

mole fraction, especially for the high distances from
the burner, whereas a good accuracy was obtained
between the computed, using the three other models,
and the experimental О2 mole fraction profiles. In the
case of flames II and III, all the used models underpre�
dict the O2 mole fraction profile, especially near the
burner surface (Fig. 1a). This effect may be ascribed to
the flame disturbance by the MBMS sampling cone.
Concerning methanol, it is obvious that for flames I
and II, except for Pauwels model which matches well

the experimental data, the CH3OH profiles computed
with the three other models start slightly before the
corresponding experimental profiles, but for flame III
these computed profiles are slightly delayed compared
with the experimental profiles, except for our model
which gives a good accordance between calculated and
measured data (Fig. 1b). For the stable combustion
products, the used models predict well the experimen�
tal data in the reaction zone; however the rates of CO2

and Н2О formation are somewhat slower than the
experimental values at the end of the reaction (Figs. 1c

Table 2. Mole fractions and positions of the maxima of the various species measured in the three flames of Vandooren and
Van Tiggelen [7] at T0 = 298 K and P = 0.0526 atm

Specie Flame

Max mole fraction Max position, cm

experiment our model XD Egolfo�
polous Pauwels experi�

ment
our 

model XD Egolfo�
polous

Pau�
wels

H I 0.012 0.009 0.008 0.001 0.012 0.719 0.662 0.584 0.861 0.903

II 0.004 0.008 0.005 0.005 0.007 0.706 0.699 1.125 1.105 1.1391

III 0.009 0.004 0.004 0.004 0.006 1.003 0.998 1.361 1.244 1.203

H2 I 0.038 0.026 0.019 0.017 0.030 0.194 0.078 0.078 0.070 0.096

II 0.009 0.008 0.004 0.004 0.007 0.250 0.167 0.200 0.171 0.214

III 0.025 0.022 0.022 0.021 0.022 0.053 0.047 0.047 0.053 0.047

O I 0.009 0.007 0.006 0.008 0.006 0.717 0.682 0.510 1.486 0.902

II 0.014 0.014 0.017 0.018 0.013 0.590 0.665 1.070 0.864 1.132

III 0.021 0.020 0.023 0.023 0.018 0.469 0.903 1.349 1.266 1.212

OH I 0.022 0.020 0.019 0.021 0.017 0.722 1.173 1.179 1.297 1.284

II 0.024 0.023 0.025 0.025 0.020 0.650 0.644 0.919 0.812 0.845

III 0.019 0.023 0.026 0.026 0.022 0.412 0.848 1.292 1.252 1.218

CO I 0.100 0.081 0.083 0.083 0.088 0.222 0.157 0.150 0.150 0.179

II 0.063 0.066 0.073 0.071 0.070 0.251 0.222 0.287 0.222 0.287

III 0.062 0.052 0.058 0.056 0.054 0.380 0.409 0.480 0.452 0.480

CH2O I 0.012 0.011 0.006 0.005 0.010 0.133 0.062 0.035 0.047 0.047

II 0.008 0.009 0.0083 0.006 0.009 0.197 0.173 0.176 0.129 0.164

III 0.009 0.008 0.007 0.005 0.007 0.311 0.320 0.365 0.347 0.362

CH3O I 9.00 × 10–5 1.16 × 10–4 3.68 × 10–4 9.85 × 10–5 2.50 × 10–3 0.219 0.168 0.016 0.082 0.096

II 3.42 × 10–5 5.49 × 10–5 1.15 × 10–4 2.0 × 10–4 8.98 × 10–3 0.252 0.216 0.252 0.027 0.252

III 3.05 × 10–5 8.03 × 10–5 1.16 × 10–4 8.96 × 10–5 6.65 × 10–4 0.338 0.358 0.248 0.293 0.410

Table 1. Initial conditions of laminar flames of lean premixed CH3OH/O2/Ar (flame I), CH3OH/O2 (flame II) and
CH3OH/H2/O2 (flame III)

Flame

Flame characteristics

concentration, %
equivalence ratio pressure, Torr initial velocity of the 

fresh gases, cm/s[CH3OH] [O2] [Ar] [H2]

I 19.9 33.7 46.4 – 0.89 40 43

II 19.4 80.6 – – 0.36 40 40

III 10.9 85.9 – 3.2 0.21 40 78
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and 1d). By comparison to the other models, our pro�
posed model is somewhat better than the other in pre�
dicting both the initial and the final concentrations of
СО2 especially in the case of flames II and III.

The models behaviors in predicting H mole frac�
tion profiles are dependent on the flame composition,
Pauwels model is the best in the case of flame I whereas
it is the worst in the case of flames II and III. Opposite
trends are observed for our proposed model (Table 2).
Besides, a good ability in reproducing the Н2 profiles

shape (mole fraction and position of the maximum) is
shown by the proposed model for the three flames,
while the other models fail to reproduce these shapes
in the case of flames I and II (Table 2). In addition, it
can be observed from these results that the proposed
model predicts both the shape (position) and the value
of O and OH mole fraction profiles with a good accu�
racy as compared to the other mechanisms. Further�
more, it can be seen that all the used models predict
well the CO mole fraction profiles, except for the Pau�
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wels model which gives higher values as compared to
the experience, especially at the end of the reaction
(figure not shown).

As mentioned in the open literature, the relative
amount of formaldehyde (СН2О) present as an inter�
mediate species is important, particularly due to con�
cerns over its presence as a toxic emission product in
methanol�fueled vehicles [25, 36]. It was reported that
formaldehyde has adverse effects on the environment
due to its smell and that it may have carcinogenic
effects. Furthermore, it was observed that once emit�
ted, the lifetime of formaldehyde in the atmosphere is

considerable, of the order of hours or even days. It is a
very active compound in the tropospheric chemistry,
participating in chain�propagating reactions through
photolysis and by interaction with OH radicals,
thereby contributing to photochemical smog [37].
These observations suggest that the ability of a model
to reproduce the formaldehyde quantity has a great
importance in the validation of this model. Table 2
shows the comparisons between calculations using the
four schemes and the experimental data for flames I,
II, and III as reported by Vandooren and Van Tiggelen
at P = 0.053 atm (40 Torr) [7]. It is seen that the calcu�
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lated values, in the case of flames I and III, are some�
what lower than the measured ones, with the proposed
model giving the best accuracy. For flame I, the com�
puted СН2О concentration, using our model, is lower
than the experimental one by a factor of 1.07, whereas
the concentrations computed, using the models HD,
Egolfopolous and Pauwels, are lower by a factor of 1.9,
2.72 and 1.18, respectively. For flame III, the calcu�
lated СН2О mole fraction, using the proposed model,
is lower than the experimental one by a factor of 1.17,
whereas the mole fractions calculated, using the mod�
els HD, Egolfopolous and Pauwels, are lower by a fac�
tor of 1.37, 1.78 and 1.29, respectively. In the case of
flame II, the computed СН2О concentrations for the
proposed model, HD and Pauwels models are larger
than the experimental ones by a factor of 1.31, 1.07
and 1.16, respectively, whereas Egolfopolous under�
predicts the СН3О concentration by a factor of 1.34.

Concerning СН3О (a combination of methoxy
СН2ОН and hydroxymethyl radicals CH2OH), which
is one of the most important intermediate in the meth�
anol oxidation, the collected data suggest that for
flame I, a relative spatial shift and a very good concen�
trations values are observed for the computed data
using our model, whereas a relative spatial shift and a
lower concentration, by a factor of 1.2 are observed on
the computed concentration using Egolfopolous
model. On the other hand, HD and Pauwels models
overpredict the СН2О concentration by a factor of
3.24 and 21.85, respectively. In the case of flame II,
our model matches well the experimental data,
whereas HD, Egolfopolous and Pauwels models over�
predict the СН3О concentrations by a factor of 2.48,
4.33 and 18.58, respectively. Besides, it is noteworthy
that the profile shape obtained when using Egol�
fopolous model is different from the experimental one
(Figure not shown). In the case of flame III, the shape
of the calculated СН3О mole fraction and the position
of its maximum, using our model, match well the
experimental ones, whereas the peak value seemed to
be overpredicted (a factor of 1.44 is observed). Besides,
the СН3О profile computed with HD model start
slightly before the corresponding experimental profile
and the magnitude of the predicted data are higher

than the experimental ones by a factor of 2.12, while
this computed profile is slightly delayed compared
with the experimental profile and the value of the
maximum mole fraction is higher by a factor of 11.60
in the case of the calculated data using Pauwels model.
Finally, it is noteworthy that the СН3О mole fraction
profile shape obtained by Egolfopolous model (two
maxima) is different from the experimental one.

Validation on Stoichiometric Flames

Pauwels et al. [20] reported the structure of a sto�
ichiometric methanol�air flame stabilised in a hori�
zontal low pressure flat flame burner. The flow velocity
was 26.4 cm/s at 0.105 atm. Sampling was performed
with a quartz probe and the concentrations were deter�
mined by using electron spin resonance spectroscopy
for paramagnetic species as H, O, and OH, and gas
chromatography for the stable species. The tempera�
ture was measured with a 50 μm diameter Pt⎯Rh ther�
mocouple coated with a thin layer of beryllium and
yttrium oxides to reduce catalytic effects.

Figures 2a and 2b as well as Table 3 compare calcu�
lations using the four models and the experimental
data as reported by Pauwels and coworkers [20]. In the
case of molecular oxygen, the predicted mole fraction
profiles by Pauwels model match well the measured
ones until a distance from the burner of 0.45 cm.
Above this distance, the model overpredicts the O2
concentration (Fig. 2a). Using our model, the O2 con�
centration is predicted closely within the fuel con�
sumption zone, except for the range 0.33–0.65 cm
where the calculated values are somewhat higher than
the measured ones. Besides, for the low distances from
the burner, the O2 profiles computed with HD and
Egolfopolous models start slightly before the corre�
sponding experimental profiles, whereas for the high
distances from the burner, a good accuracy was
obtained between the computed and the experimental
O2 mole fraction profiles. On the other hand, the
CH3OH concentration is predicted closely within the
fuel consumption zone when using Pauwels or our pro�
posed model, and it starts slightly before the corre�

Table 3. Mole fractions and positions of the maxima of the various species measured in Pauwels’ flame [20] at P =
0.105 atm and Φ = 1.08

Specie

Max mole fraction Max position, cm

experi�
ment our model XD Egolfo�

polous Pauwels experi�
ment our model XD Egolfo�

polous Pauwels

H 0.004 0.003 0.009 0.008 0.011 0.536 0.567 0.777 0.834 0.883

H2 0.014 0.021 0.019 0.017 0.028 0.252 0.252 0.143 0.139 0.209

O 0.002 0.001 0.002 0.002 0.002 0.351 0.494 0.524 0.502 0.615

OH 0.003 0.003 0.005 0.005 0.004 0.681 0.614 0.598 0.568 0.605

CO 0.046 0.059 0.061 0.059 0.062 0.255 0.347 0.198 0.169 0.261
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sponding experimental profiles when using HD or
Egolfopolous model (Fig. 2a).

For the stable combustion products, the used mod�
els predict well the experimental data for Н2О,
whereas the rates of СО2 formation are somewhat
slower than the experimental values especially at the
end of the reaction (Fig. 2b).

From the results consigned in Table 3, it can clearly
be seen that the proposed model exhibits a good ability
in reproducing both profile shape (position of the

maximum) and H concentration values, whereas the
models HD, Egolfopolous and Pauwels overpredict
the H mole fraction by a factor of 2.65, 2.47 and 3.29,
respectively. Besides, the Н2 mole fraction is overpre�
dicted by a factor of 1.97, 1.52, 1.31 and 1.22 for Pau�
wels, the proposed, HD and Egolfopolous models,
respectively. In addition, the proposed model displays
a good ability in reproducing the position of the O
maximum. However it overpredicts its concentration
value by a factor of 1.65, whereas the other used mod�
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els fail to reproduce the shape of O mole fraction pro�
files (maximum position). Moreover, they overpredict
the O concentration values by a factor of 1.71, 1.65
and 1.53 for HD, for Pauwels and Egolfopolous mod�
els, respectively. On the other hand, the proposed
model predicts both the shape and the value of OH
mole fraction profiles with a good accuracy, whereas
the HD, Egolfopolous and Pauwels models overpre�
dict this radical species concentrations values by a fac�
tor of 1.50, 1.43 and 1.38, respectively. Finally, it is
noteworthy that the four models exhibit a good ability
to reproduce the CO mole fraction profiles shape;
however the calculated concentration values are
somewhat higher than the measured ones.

Validation on Rich Flames

Bradley et al. [33] measured the structure of a mod�
erately rich laminar, flat, adiabatic methanol�air flame
on a matrix burner of 76 mm diameter. Gas tempera�
tures were measured by a silica coated Pt�20%Rh—
Pt�40%Rh thermocouples, formed from wires of
50 μm diameter while a microprobe was used for spe�
cies sampling and gas chromatography for species
analysis.

Figures 3a–3c show the comparisons between cal�
culations using the four schemes and the experimental
data as reported by Bradley and coworkers at a pres�
sure of 0.089 atm and an equivalence ratio Φ = 1.25.
From these figures, it can be seen that the studied
models predict with a good accuracy the О2 mole frac�
tion profile, whereas the computed СН3ОН profiles
are slightly delayed as compared to the experimental
data (Fig. 3a). On the other hand, it is obvious that the
four schemes show a good ability in reproducing the
СО2 profiles shape, whereas they underpredict its con�
centration values by a factor of 1.04, 1.10, 1.16 and
1.18 for the proposed model, Egolfopolous, HD and
Pauwels model, respectively. Same trends are observed
in the case of CO (Fig. 3b). As in the case of СО2 and
CO, the Н2 mole fraction profile shape is well pre�
dicted by the four models, whereas its concentration
values are somewhat overpredicted (Fig. 3c).

KINETIC ANALYSIS

Production and consumption rates were the main
criteria in the kinetic analysis. The appropriate sub�
routines in the Chemkin package (CKQYP, CKCON)
[27] were used to systematically compute the rate of
production and/or consumption of each species.

Following the Chemkin formalism, for each spe�
cies k, the production rate k( ) can be written as a
summation of the rate of progress variables for all reac�
tions (К) involving the kth species, where the rate of
progress variable qi for the ith reaction is given by the
difference of the forward and reverse rates as:

kw
 

where Xk is the molar concentration of the kth species
and kfi and kri are the forward and reverse rate con�
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Fig. 3. Comparison between computed (lines) and experi�
mental (Bradley experience [33], symbols �) mole fraction
profiles of O2 and CH3OH (a), CO2 and CO (b), H2 (c) at
P = 0.089 atm and Φ = 1.25: — our model, � � � HD
model, ⋅⋅⋅⋅ Egolfopolous model, –�– Pauwels model.
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Fig. 4. Computed CH3O (1) and CH2OH (2) mole fractions for the three flames of Vandooren and Van Tiggelen.

stants of the ith reaction. Following El�Bakali et al.
procedure [38], the involved reactions, for species k,
are sorted out in respect to their maximum absolute
rate. Their sign indicated the species consumption or
formation. Then they are rearranged to determine the
species flux when the same species are involved in both
hands. It is well known that the rate of progress is
dependent on the species concentration and the tem�
perature as well; these two entities are dependent on
the location. So, in the aim to take this variation along
the burner axis into account, integration of the rate of
progress versus the height above the burner was chosen
to consider the species molar flux. The integrated rate
of progress for each reaction or group of reactions rep�
resents the contribution of this reaction or group of
reactions to the species formation or consumption
(according to the sign of the rate of progress). In order
to describe the methanol oxidation pathways, the indi�
vidual contributions of the elementary reactions to the
global evolution rates for each species were calculated
and the main reactions relative to specified species
analyzed were delineated. In this section, only the
main reactions which have an important role in chem�
icals belonging system С1 (СН3ОН, СН2ОН, СН3О,
СН2О) will be presented (Figs. 4 and 5 and Table 5).
Н2/О2 and СО/СО2 systems are relatively well known.
Reaction mechanism in methanol is presented in the
Table 4.

Kinetic Analysis in Lean Flames

Fuel (СН3ОН) destruction. After the initial
decomposition of methanol, the major paths consum�
ing fuel, in the three flames of Vandooren and Van
Tiggelen [7], is the H, O and OH attack leading to H

abstraction, according to (the numbers in parenthesis
correspond to numbers of reaction in the Table 4):

(86) CH3OH + OH = CH3O + H2O, 
(87) CH3OH + O = CH2OH + OH, 

(89) CH3OH + OH = CH2OH + H2O, 
(90) CH3OH + H = CH2OH + H2, 
(103) CH3OH + O = CH3O + OH. 

The contribution of each reaction in the methanol
consumption is dependent on the flame composition.
Reactions 86 and 87 contribute with 18.01, 27.37,
27.30 and 5.25, 10.61, 12.73% for flames I, II and III,
respectively. The contribution of reactions 89 and 90
are evaluated to 20.75, 29.15, 28.83 and 50.35, 23.08,
19.25% for flames I, II and III, respectively. Finally,
the reaction 103 accounts for 4.27, 9.15 and 11.35% to
the total CH3OH decomposition for flames I, II and
III, respectively. These findings suggest that the reac�
tion between СН3ОН and OH is the main consump�
tion step for methanol and that the abstraction may
occur at either the methyl or hydroxyl group, forming
СН2ОН + Н2О (89) or СН3О + Н2О (86), respec�
tively. Measurements of the overall rate constant range
from low temperature [77–82] to a temperature of
2000 K [7, 73, 83–87]. In general, the scatter increases
with temperature and the high�temperature studies
mostly involve indirect measurements [14]. As men�
tioned by Held and Dryer [23], overall rates for the
reaction of methanol with OH were reported by two
recent studies. An expression for k89 + k86 = 3.54 ×
104T2.6exp(883/RT) over the temperature range 293–
803 K was obtained by Hess and Tully [87] who esti�
mated the “branching ratio”, defined as k89/(k89 + k86),
using isotopic substitution. This branching ratio
increased from a small value to 0.5 at their highest
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temperature. More recently, a value for k89 + k86 of
5.2× 1012 mol cm–3 s–1 at 1200 K was obtained by Bott
and Cohen [73], in excellent agreement with the value
of 5.1 × 1012 obtained from the previous expression.
Their calculated site specific expressions yield a
branching ratio that increases from 0.39 at 1000 K to
0.51 at 2000 K. In this study the branching ratio vary
from 0.48 to 0.58 in the temperature range 1000–2000 K.

In all cases, it is obvious that СН3ОН consumption
produces only hydroxymethyl (СН2ОН) and methoxy
(СН3О) radicals. As mentioned in the open literature,
despite the extensive past efforts, important aspects of
methanol chemistry are still unresolved. One impor�
tant issue concerns the relative importance of the two
fuel�derived radicals, hydroxymethyl (СН2ОН) and
methoxy (СН3О) [14]. Thus we have computed the
two radicals’ mole fraction, using our model, for the
three flames of Vandooren and Van Tiggelen and the
results are depicted in Fig. 4. It is clearly seen that the
relative importance of the two isomers is dependent on
the flame composition. For flame I, the maximum of
СН3ОН concentration is larger than that of СН3О by
a factor of 2.86. This fact may be ascribed to the fact
that, in the case of flame I, СН2ОН is mainly con�
sumed (76.53%) via channels forming the radical
hydroxymethyl (reactions 90, 89 and 87) which is in

agreement with the fact that bond energies in metha�
nol favour СН2ОН formation. The opposite trend was
observed for flames II and III, where the maximum
concentration of СН3О is larger than that of CH2OH
by a factor of 2.45 and 5.05 for flame II and flame III,
respectively. Although in the latter two flames, metha�
nol oxidation leads mainly to CH2OH, the observed
concentration of this latter is lower than the one of
CH3O which means that in these flames CH2OH is
more reactive than CH3O.

Reactions of СН2ОН/СН3О and СН2О radicals.
The most important intermediates from initial metha�
nol oxidation are methoxy СН2ОН and hydroxyme�
thyl СН3О radicals. These intermediates were found
to be a very important species in the higher hydrocar�
bon oxygenates oxidation and pyrolysis [36]. Since
these two isomers tend to travel different paths, it is
very important to distinguish between them.

a—CH2OH reactions

As above mentioned, the СН2ОНradical is formed
from methanol via the reactions 87, 89 and 90:

(87) CH3OH + O = CH2OH + OH, 
(89) CH3OH + OH = CH2OH + H2O, 

(90) CH3OH + H = CH2OH + H2.
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Table 4. Methanol oxidation reaction mechanism*

No. Reaction** A n  E Reference

1 H + O2 = OH + O 1.900 × 1014 0.0 16812.0 39
2 H + H + M = H2 + M 1 × 1018 –1.0 0.0 35

Ar/0.63/CH4/2.00/
3 O + O + M = O2 + M 1.20 × 1017 –1.0 0.0 57

H2O/15.4/CO/1.75/CO2/3.6/CH4/2.0/H2/2.4/Ar/0.84/
4 H2 + O2 = OH + OH 1.700 × 1013 0.0 47780.0 58
5 O + H2 = OH + H 3.870 × 104 2.7 6260.0 45
6 H + O2 + M = HO2 + M 2.800 × 1018 –0.9 0.0 59

CO/0.75/ CO2/1.5/
7 H + OH + M = H2O + M 2.20 × 1022 –2.0 0.0 41

H2O/3.65/CH4/2.0/H2/0.73/Ar/0.38/
8 H2 + OH = H2O + H 2.161 × 108 1.51 3430.0 60
9 OH + OH = O + H2O 3.570 × 104 2.4 –2110 56

10 HO2 + H = O2 + H2 1.660 × 1013 0.0 820 44
11 HO2 + H = OH + OH 7.080 × 1013 0.0 300 44
12 H + HO2 = H2O + O 3.010 × 1013 0.0 1721.0 39
13 H + H + H2 = H2 + H2 9.00 × 1016 –0.6 0.0 41
14 H + H + H2O = H2 + H2O 6.00 × 1019 –1.3 0.0 41
15 H + H + CO2 = H2 + CO2 5.50 × 1020 –2.0 0.0 41
16 H + O2 + O2 = HO2 + O2 3.00 × 1020 –1.7 0.0 41
17 H + O2 + H2O = HO2 + H2O 1.65 × 1019 –0.8 0.0 41
18 H + O2 + Ar = HO2 + Ar 7.00 × 1017 –0.8 0.0 41
19 O + OH + M = HO2 + M 1.00 × 1017 0.0 0.0 62
20 OH + OH(+M) = H2O2(+M) 7.22 × 1013 –0.4 0.0 40

Low/0.22110¥1020 –0.76 0.0
TROE/0.50 0.10¥109 0.10¥10–5/ 
H2O/16.25/CO/1.875/CO2/3.75/CH4/16.25/H2/2.5/

21 C + O2 = CO + O 2.00 × 1013 0.0 0.0 63
22 HO2 + OH = H2O + O2 2.890 × 1013 0.0 –497.0 40
23 HO2 + O = OH + O2 1.810 × 1013 0.0 –397.0 41
24 HO2 + HO2 = H2O2 + O2 4.20 × 1014 0.0 11982.0 47

(Deplicate)
25 HO2 + HO2 = H2O2 + O2 1.30 × 1011 0.0 –1630.0 47

(Deplicate)
26 H2O2 + OH = HO2 + H2O 5.800 × 1014 0.0 9557.0 65

(Deplicate)
27 H2O2 + OH = HO2 + H2O 1.750 × 1012 0.0 320 43

(Deplicate)
28 H2O2 + H = HO2 + H2 1.700 × 1012 0.0 3750.0 39
29 H2O2 + H = HO2 + H2 1.700 × 1012 0.0 3750.0 39
30 H2O2 + H = H2O + OH 1.017 × 1013 0.0 3590.0 39
31 H2O2 + O = OH + HO2 9.630 × 106 2.0 4000 43
32 H2O2 + O = O2 + H2O 9.55 × 106 2.0 3970.0 50
33 C + OH = CO + H 5.00 × 1013 0.0 0.0 60
34 CO + HO2 = CO2 + OH 3.010 × 1013 0.0 23000.0 54
35 CO + OH = CO2 + H 4.760 × 107 1.228 70 43
36 CO + O(+M) = CO2(+M) 1.8 × 1010 0.0 2380 48

Low/1.55E24 22.79 4190/
H2O/12.0/CO/1.9/CO2/3.8/H2/2.5/Ar/0.87/

37 CO + O2 = CO2 + O 2.529 × 1012 0.0 47846.88 41
38 HCO + M = H + CO + M 4.75 × 1011 0.7 14900.0 24

CO/1.9/CO2/3.8/H2O/6.0/H2/2.5/
39 HCO + OH = CO + H2O 1.000 × 1014 0.0 0.0 39
40 HCO + O = CO + OH 3.000 × 1013 0.0 0.0 39
41 HCO + O = CO2 + H 3.000 × 1013 0.0 0.0 39
42 HCO + H = CO + H2 7.224 × 1013 0.0 0.0 46
43 HCO + O2 = CO + HO2 1.35 × 1013 0.0 400.0 61
44 HCO + CH3 = CO + CH4 1.200 × 1014 0.0 0.0 41
45 HCO + HO2 = CO2 + OH + H 3.000 × 1013 0.0 0.0 41
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Table 4. (Contd.)

No. Reaction** A n  E Reference

46 HCO + HCO = CH2O + CO 3.0 × 1013 0.0 0.0 49
47 HCO + HCO = H2 + CO + CO 3.000 × 1012 0.0 0.0 41
48 CH4 + O = CH3 + OH 1.620 × 106 2.30 7094.0 67
49 CH4(+M) = CH3 + H(+M) 2.40 × 1016 0.0 104920.0 70

Low/0.4515 ¥ 1018 0.00 ¥ 100 0.90815 ¥ 105/
TROE/0.640 ¥ 100 0.100 ¥ 10–14 0.3195 ¥ 104 0.12126 ¥ 105/

50 CH4 = CH3 + H 4.5232 × 1017 0.0 90909.09 40
51 CH4 + HO2 = CH3 + H2O2 1.81 × 1011 0.0 18600.0 41
52 CH4 + H = CH3 + H2 5.47 × 107 2.00 11200 51
53 CH3 + HO2 = CH4 + O2 3.16 × 1012 0.0 0.0 52
54 CH3 + OH(+M) = CH3O + H(+M) 9.95 × 1014 –0.82 16872.0 71

Low/1.713 ¥1018 –0.02 13083.0/
H2O/16.0/CO2/3.75/CO/1.875/H2/2.5/CH4/16.0/

55 CH3 + OH(+M) = CH2O + H2(+M) 7.39 × 1014 –1.13 14551.0 71
Low/7.801 ¥ 1016 –0.03 8786.0/
H2O/16.0/CO2/3.75/CO/ 1.875/H2/2.5/CH4/16.0/

56 CH3 + OH = HCOH + H2 1.00 × 1010 0.0 –415.0 72
57 CH3 + O2 = CH3O2 9.03 × 1058 –15.0 17023.0 41
58 CH3 + O = HCO + H2 1.26 × 1013 0.0 0.0 75
59 CH3 + O = CH3O 1.78 × 1014 –2.1 603.0 68
60 CH3 + HO2 = CH3O + OH 2.41 × 1010 0.80 –2330 53
61 CH3 + OH = CH2OH + H 1.99 × 1019 –1.7 11157.0 71
62 CH3 + OH = CH2O + H2 4.170 × 1010 –0.03 8786.0 71
63 CH3O + H = CH3 + OH 3.20 × 1013 0.0 0.0 55
64 CH3 + O = CH2O + H 8.4322 × 1013 0.0 0.0 39
65 CH3 + O2 = O + CH3O 1.99 × 1018 –1.60 29200 41
66 CH3 + CH3O = CH4 + CH2O 2.409 × 1013 0.0 0.0 41
67 CH3 + CH2OH = CH4 + CH2O 2.410 × 1012 0.0 0.0 42
68 CH3O + H = CH2OH + H 3.40 × 106 1.6 0.0 43
69 CH3O + H(+M) = CH3OH(+M) 5.000 × 1013 0.0 0.0 43

Low/8.600 ¥ 1028 –4 3025/
 TROE/0.8902 144.000 2838.0 45569.0/
CO/1.5/CO2/2.0/H2O/6.0/H2/2.0/CH4/2.0/

70 CH3O + M = CH2O + H + M 8.30 × 1017 –1.2 15500.0 74
H2O/5.00/

71 CH3O + HO2 = CH2O + H2O2 3.011 × 1011 0.0 0.0 41
72 CH3O + O = CH2O + OH 6.000 × 1012 0.0 0.0 41
73 CH3O + H = CH2O + H2 1.987 × 1013 0.0 0.0 41
74 CH3O + O2 = CH2O + HO2 2.168 × 1010 0.0 1751.1 40
75 CH3O + CH2O = CH3OH + HCO 1.017 × 1011 0.0 2983.2 41
76 CH3O + CO = CH3 + CO2 1.572 × 1013 0.0 11814.7 41
77 CH3O + HCO = CH3OH + CO 9.034 × 1013 0.0 0.0 41
78 CH2O + M = HCO + H + M 1.260 × 1016 0.0 77898.0 39

H2O/16.25/CO/1.875/CO2/3.75/CH4/16.25/H2/2.5/
79 CH2O + M = CO + H2 + M 2.80 × 1015 0.0 63800.0 76

H2O/16.25/CO/1.875/CO2/3.75/CH4/16.25/H2/2.5/
80 CH2O + HO2 = HCO + H2O2 1.000 × 1012 0.0 8000 43
81 CH2O + OH = HCO + H2O 3.430 × 109 1.18 –447.0 41
82 CH2O + O = HCO + OH 1.807 × 1013 0.0 3088.0 41
83 CH2O + H = HCO + H2 2.300 × 1010 1.05 3275 43
84 CH2O + O2 = HCO + HO2 6.023 × 1013 0.0 40699.8 39
85 CH2O + CH3 = HCO + CH4 4.089 × 1012 0.0 8851.6 39
86 CH3OH + OH = CH3O + H2O 1.00 × 106 2.1 496.7 73
87 CH3OH + O = CH2OH + OH 1.630 × 1013 0.0 5030.0 66
88 CH3OH + HO2 = CH2OH + H2O2 9.64 × 1010 0.0 12590.9 42
89 CH3OH + OH = CH2OH + H2O 1.440 × 106 2.0 –840 43
90 CH3OH + H = CH2OH + H2 1.700 × 107 2.1 4870 43
91 CH3O + CH3O = CH3OH + CH2O 6.023 × 1013 0.0 0.0 41
92 CH3OH + CH3 = CH2OH + CH4 3.000 × 107 1.5 9940 43
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In the case of flame I, the predominant channel is
reaction 90, whereas reaction 87 contributes weakly to
СН2ОН production (Table 5).

While formed, CH2OH radical leads to the produc�
tion of formaldehyde, mainly by the reaction 106 for
flames (II and III) and by reactions 106 and 107 for the
richest flame I:

(106) CH2OH + O2 = CH2O + HO2, 

(107) CH2OH + O2 = CH2O + HO2. 

This observation is in total accordance with that
mentioned by Vandooren and Van Tiggelen [7], who
reported that СН2ОН may disappear either with
molecular oxygen or with other radicals such as M, H
or O; however, as a consequence of the low mole frac�
tion of СН2ОН and its high disappearance rate, the
major reactant for CH2OH should be molecular oxy�
gen at least for the leanest flames (II and III).

b—CH3O reactions

Regardless the flame composition, the methoxy
radical (CH3O) is mainly formed by methanol attack
with OH and O (reactions 86 and 103). However, the
reaction 103 is much less important in the case of
flame I (Table 5):

(86) CH3OH + OH = CH3O + H2O, 
(103) CH3OH + O = CH3O + OH. 

The radical СН3О is then easily decomposed via a
unimolecular reaction (reaction 70) to produce СН2О
and atomic hydrogen:

(70) CH3O + M = CH2O + H + M. 

c—CH2O reactions

As mentioned by Glarborg et al. [37], due to its
importance in the oxidation of hydrocarbons and

Table 4. (Contd.)

No. Reaction** A n  E Reference

93 CH3OH + CH3 = CH3O + CH4 1.000 × 107 1.5 9940 43
94 CH3OH(+M) = CH2OH + H(+M) 2.69 × 1016 –0.1 98940.0 42

Low/0.234×1041 –0.633×101 0.10310×106/ 0.10×10–9/
TROE/0.773 0.693×103 0.5333×104

95 CH3OH + H = CH3O + H2 3.60 × 1012 0.0 6095 25
96 CH3OH + O2 = CH2OH + HO2 2.05 × 1013 0.0 44900 42
97 CH3OH + HCO = CH2OH + CH2O 9.63 × 103 2.90 13110 42
98 CH3OH + CH3O = CH3OH + CH2OH 3.00 × 1011 0.0 4060 42
99 CH3OH(+M) = HCOH + H2(+M) 4.2 × 109 1.12 85604 64

Low/5.02 × 1047 –8.402 94823./
TROE/0.9 615. 915. 4615./
H2O/10.0/H2/2.0/CO2/3.0/ CO/2.0/

100 CH3OH(+M) = CH2O + H2(+M) 2.03 × 109 1.0 91443 64
Low/9.784 × 1047 –8.4 101761./
TROE/0.9 825. 1125. 5700./
H2O/10.0/ H2/2.0/CO2/3.0/CO/2.0/

101 CH3OH + O2 = HO2 + CH3O 2.50 × 1012 0.0 55000.0 76
102 CH3OH + M = CH3 + OH + M 3.50 × 1016 0.0 66444.0 62
103 CH3OH + O = CH3O + OH 1.30 × 105 2.5 5000.0 43
104 CH2OH + M = CH2O + H + M 1.000 × 1014 0.0 25100.0 57

H2O/16.25/ CO/1.875/CO2/3.75/CH4/16.25/
105 CH2OH + H = CH2O + H2 3.000 × 1013 0.0 0.0 57
106 CH2OH + O2 = CH2O + HO2 2.168 × 1014 0.0 4690.0 69

(Deplicate)
107 CH2OH + O2 = CH2O + HO2 1.51 × 1015 –1.0 0.0 69

(Deplicate)
108 CH2OH + O = CH2O + OH 4.20 × 1013 0.0 0.0 42
109 CH2OH + OH = CH2O + H2O 2.40 × 1013 0.0 0.0 42
110 CH2OH + HO2 = HCOOH + OH + H 2.00 × 1013 0.0 0.0 41
111 CH2OH + HCO = CH2O + CH2O 1.80 × 1014 0.0 0.0 42
112 CH2OH + HO2 = H2O2 + CH2O 4.00 × 1011 0.0 0.0 76
113 CH2OH + HCO = CH3OH + CO 1.00 × 1013 0.0 0.0 42
114 CH2OH + CH3O = CH3OH + CH2O 4.00 × 1012 0.0 0.0 42
115 CH2OH + CH2OH = CH2O + CH3OH 4.00 × 1012 0.0 0.0 42

Rate constants are given for direct reactions, k = ATnexp(–E/RT) and the values E, n, A in this equation are expressed in cal, cm3, mol, s;
** In reactions with “third body” (M) there are presented the efficiency of reactants (in square brackets). For representing some rate constant,
we must give the parameters of the rate constant at low pressure (Low) and the formalism by which the software will calculate the rate at the
high pressure. If the key word TROE is used this implies that “Chemkin” will use the Troe formalism for calculating the rate at high pressure.
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increasing concern about its emission, a detailed
knowledge of the oxidation chemistry of formalde�
hyde is of significant practical interest. On the other
hand, it is well known from the open literature that,
this species originates mainly from СН2ОН (СН3О)
radical in a slightly exothermic step [7]. This finding is
confirmed in our case, where we have found that the
formaldehyde (СН2ОН) is produced either by bimo�
lecular reaction of CH2OH with molecular oxygen
(reactions 106 and 107) or by the unimolecular
decomposition of the methoxy radical (reaction 70).
However, the contribution of reaction 107 to the
CH2O formation is negligible in the case of flames II
and III (Table 5):

(106) CH2OH + O2 = CH2O + HO2, 

(70) CH3O + M = CH2O + H + M, 

(107) CH2OH + O2 = CH2O + HO2. 

When formed, the formaldehyde CH2O reacts with
OH, H and O to form formic acid (HCO) via reactions
81, 83, and 82 for the three flames:

(81) CH2O + OH = HCO + H2O, 

(83) CH2O + H = HCO + H2, 

(82) CH2O + O = HCO + OH. 

The contribution of each reaction to the formaldehyde
consumption is greatly influence by the flame composi�
tion and the H abstraction by OH is the predominant step.

Several rate constants’ expressions of reactions 82
and 83 were proposed in the literature, in our study we
have adopted the rate constants proposed by in the
compilation of Tsang and Hampson [41]. On the other
hand, the high temperature measurements of reaction 83
display significant scatter [37, 88]. We have chosen the
constant proposed in the GRI mechanism [43].

Kinetic Analysis in Stoichiometric and Rich Flames

Fuel (СН3ОН) destruction. While the major paths
of methanol consumption in lean flames were the H,
O and OH attack leading to H abstraction, the main
steps governing methanol decay in stoichiometric
(flame of Pauwels, Φ = 1.08) and rich (flame of Brad�
ley, Φ = 1.25) systems, involve thermal decomposition
by reaction with H/OH radical pool (reactions 86, 89
and 90), whereas the O attack (reactions 87 and 103)
becomes negligible. On the other hand, in contrary to

Table 5. Maximum rates of the main elementary reactions evolved in CH2OH, CH3O, CH2O for all the studied flames

Specie

Lean flames, Vandooren and Van Tiggelen flames

Flame I Flame II Flame III

Formation Consumption Formation Consumption Formation Consumption

reac�
tion max rate reac�

tion max rate reac�
tion max rate reac�

tion max rate reac�
tion max rate reac�

tion max rate

CH2OH 87 1.31  ×  10–5 106 7.48 × 10–5 87 1.31 × 10–5 106 7.48 × 10–5 87 1.66 × 10–5 106 7.67 × 10–5

89 2.85 × 10–5 107 1.7 × 10–6 89 3.6 × 10–5 107 1.7 × 10–6 89 3.76 × 10–5 107 1.78 × 10–6

90 3.6 × 10–5 – – 90 2.85 × 10–5 – – 90 2.52 × 10–5 – –

CH3O 86 2.3 × 10–5 70 2.88 × 10–5 86 3.38 × 10–5 70 4.42 × 10–5 86 3.56 × 10–5 70 4.7 × 10–5

103 5.45 × 10–6 – – 103 1.13 × 10–5 – – 103 1.48 × 10–5 – –

CH2O 70 2.88 × 10–5 81 7.33 × 10–5 70 4.41 × 10–5 81 9.66 × 10–5 70 4.7 × 10–5 81 9.77 × 10–5

106 8.66 × 10–5 82 8.68 × 10–6 106 7.48 × 10–5 82 1.44 × 10–5 106 7.67 × 10–5 82 1.79 × 10–5

107 1.77 × 10–5 83 3.99 × 10–5 107 1.7 × 10–6 83 1.42 × 10–5 107 1.78 × 10–6 83 1.2 × 10–5

Specie

Stoichiometric flame, Pauwels’ flame Rich flame, Bradley’s flame

Formation Consumption Formation Consumption

reaction max rate reaction max rate reaction max rate reaction max rate

CH2OH 89 6.55 × 10–6 106 2.99 × 10–5 89 3.97 × 10–5 104 2.14 × 10–5

90 2.44 × 10–5 – – 90 1.81 × 10–4 106 1.91 × 10–4

CH3O 86 5.79 × 10–6 70 7.54 × 10–6 86 3.85 × 10–5 70 4.95 × 10–5

95 8.05 × 10–7 – – 95 4.00 × 10–6 – –

103 1.19 × 10–6 – – 103 8.57 × 10–6 – –

CH2O 70 7.54 × 10–6 81 2.70 × 10–5 70 4.95 × 10–5 81 1.23 × 10–4

106 2.99 × 10–5 82 3.65 × 10–6 104 2.14 × 10–5 83 1.27 × 10–4

– – 83 2.39 × 10–5 106 1.91 × 10–4 – –
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the lean flames (II and III), where the predominant
step consuming methanol was the reaction between
СН3ОН and OH, the most important step in the
methanol consumption, in the case of stoichiometric
and rich flames, was found to be the reaction between
СН3ОН and H giving the radical hydroxymethyl.
However, in all cases, the overall methanol consump�
tion leads to the two isomers hydroxymethyl (СН2ОН)
and methoxy (СН3О) radicals. In the case of Pauwels’
flame, the overall rate of methanol consumption lead�
ing to hydroxymethyl and methoxy radicals is evalu�
ated to 84.23% (with a contribution of 66.41% for the
H attack) and 15.76%, respectively, whereas in the
case of Bradley’s flame, it is evaluated to 85.14% (with
a contribution of 69.83% for the H attack) and 14.85%
for СН2ОН and СН3О, respectively. These results are
the consequence of the observed rise in H and OH
concentrations upon increasing the equivalence ratio.
The H and OH mole fractions in the flame of Bradley
(2.09 and 3.02, respectively) are more important than
the corresponding ones in the flame of Pauwels. These
findings infer that the СН2ОН and СН3О concentra�
tions will be more important in the case of the flame of
Bradley than the flame of Pauwels (the ratios of these
two radicals in the two flames are 8.84 and 7.08,
respectively) (Fig. 5).

Reactions of СН2ОН/СН3О and СН2О radicals.
As in the case of lean flames, the most important inter�
mediates from initial methanol oxidation, in stoichio�
metric and rich flames, are hydroxymethyl (СН2ОН)
and methoxy (СН3О) radicals. Thus, in these para�
graphs, we will study in details the reactions governing
formation and consumption of the two isomers.

a—CH2OH reactions

The sensitivity analysis reveals that, regardless the
flame equivalence ratio, the most important reactions
in the hydroxymethyl radical formation are:

(89) CH3OH + OH = CH2OH + H2O, 
(90) CH3OH + H = CH2OH + H2. 

The reaction with H is the predominant one in the two
flames. On the other hand, whatever the flame equiv�
alence ratio, the hydroxymethyl radical decay is gov�
erned by the reaction with molecular oxygen (reaction
106), while the unimolecular decomposition of
СН2ОН according to reaction 104 is only important in
the case of rich flame (flame of Bradley).

b—CH3O reactions

According to the sensitivity results, methanol ther�
mal decomposition by reaction with OH/O/H radical
pool (reactions 86, 95 and 103) is the main path in the
production of the methoxy radical:

(86) CH3OH + OH = CH3O + H2O,
(95) CH3OH + H = CH3O + H2,

(103) CH3OH + O = CH3O + OH.

The contribution of each reaction in the methanol
decay is dependent on the flame equivalence ratio.
Abstraction by OH contributes with 74.37 and
75.39%, while the reaction with H contributes with
10.34 and 7.83%, and finally abstraction by O contrib�
utes with 15.28 and 16.78%o in the flames of Pauwels
and Bradley, respectively. On the other hand, it is note�
worthy that, whatever the flame equivalence ratio, the
methoxy radical (CH3O) is mainly consumed by its
unimolecular decomposition (reaction 70) producing
atomic hydrogen and formaldehyde (Table 5).

c—CH2O reactions

It was above mentioned that, in the case of lean
flames, the formaldehyde originates mainly from
hydroxymethyl and methoxy radicals. Similar trends
are observed in the case of stoichiometric and rich
flames. In the case of the flame of Pauwels, formalde�
hyde (CH2O) is produced either by bimolecular reac�
tion of СН2ОН with molecular oxygen (reactions 106)
or by the unimolecular decomposition of the methoxy
radical (reactions 70), while in the case of the flame of
Bradley, in addition to these reactions, formaldehyde
is produced by the unimolecular decomposition of the
hydroxymethyl radical (reactions 104):

(70) CH3O + M = CH2O + H + M, 

(104) CH2OH + M = CH2O + H + M, 

(106) CH2OH + O2 = CH2O + HO2. 

The relative importance of the above reactions is depen�
dent on the flame equivalence ratio. Reaction (70) con�
tributes with 20.13 and 18.90%, whereas the contribu�
tion of the reaction (106) is evaluated to 79.86 and
72.93% for the flames of Pauwels and Bradley, respec�
tively. Finally, it is noteworthy that the contribution of
the reaction 104 in the case of the flame of Bradley
suggests that the СН2ОН mole fraction, in this case, is
large enough so that its reaction with molecular oxy�
gen will be noticeable (8.16% of contribution, see
Table 5). 

On the other hand, the formaldehyde decay is
found to be governed by three reactions in the case of
the flame of Pauwels:

(81) CH2O + OH = HCO + H2O, 

(82) CH2O + O = HCO + OH, 

(83) CH2O + H = HCO + H2.

with contributions evaluated to 49.50, 6.69 and
43.81% for reactions 81, 82 and 83, respectively.
Whereas, in the case of the flame of Bradley, the form�
aldehyde consumption is essentially governed by the
reactions 81 and 83. The first reaction contributes with
49.20%, while the second one exhibits a contribution
of 50.80% (Table 5). These findings suggest that the
increase in the equivalence ratio leads to the enhance�
ment of the role of H and OH radicals and to the low�
ering of the role of atomic oxygen in the formaldehyde
consumption.
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CONCLUSION

A new detailed CH3OH oxidation mechanism
under flame conditions, featuring 21 species and
115 reactions, has been developed in a hierarchical
manner by assembling selected reaction subsets from
existing mechanisms for Н2, СО, СН2О, and СН3ОН
species. Evaluation of the detailed reaction mecha�
nism has been carried out using three data sets encom�
passing different flames equivalence ratios. The data
set of Vandooren and Van Tiggelen for the lean flames,
those of Pauwels et al. for the stoichiometric flames
and those of Bradley et al. for the rich flames. The
computed СН3ОН, О2, СО2, Н2О, Н, Н2, О, ОН,
СО, СН2О and СН3О (a combination of methoxy
СН3О and hydroxymethyl radicals СН2ОН) mole
fractions, using the proposed model, were compared
to those obtained by Held and Dryer, Egolfopolous
and Pauwels models under the same conditions. The
most outstanding observations are the next.

—The developed kinetic scheme has been shown to
perform in a satisfactory manner under most situations.
It displays a good to excellent agreements between pre�
dictions and measured mole fraction profiles for reac�
tants, products, and intermediates species. The agree�
ment between the computed and the experimental data
is dependent on the flame equivalence ratio.

—Concerning СН2О and СН3О, which are very
important intermediates in the methanol oxidation,
the proposed model gives the best calculated values, as
compared to the other used models, which demon�
strate a huge discrepancy between detailed flame
experiments and flame computations regarding the
СН3О maximum, especially for Pauwels model.

—Reaction path and analyses allow identification
of important kinetic routes and reaction rates of
selected species. While the major paths of methanol
consumption in lean flames were the H, O and OH
attack leading to H abstraction, the main steps govern�
ing methanol decay in stoichiometric and rich sys�
tems, involve thermal decomposition by reaction with
H/OH radical pool (reactions 86, 89 and 90), whereas
the 0 attack (reactions 87 and 103) becomes negligible.
In contrary to the lean flames (II and III), where the
predominant step consuming methanol was the reac�
tion between СН3ОН and OH, the most important step
in the methanol consumption, in the case of stoichio�
metric and rich flames, was found to be the reaction
between СН3ОН and H giving the radical hydroxyme�
thyl. However, in all cases, the overall methanol con�
sumption leads to the two isomers hydroxymethyl
(СН2ОН) and methoxy (СН3О) radicals.
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