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Abstract

New multipurpose skeletal and reduced chemical-kinetic mechanisms for ethanol combustion are developed, along the same
philosophical lines followed in our previous work on methanol. The resulting skeletal mechanism contains 66 reactions, only
19 of which are reversible, among 31 species, and the associated reduced mechanism contains 14 overall reactions among
16 species, obtained from the skeletal mechanism by placing CH;CHOH, CH,CH,OH, CH,CO, CH,CHO, CH,CO, C,H,,
C2H5, C2H6, S-CH,, T-CH,, CH,, CH,OH, CH3O, HCO, and O in steady state. For the reduced mechanism, the steady-state
relations and rate expressions are arranged so that computations can be made sequentially without iteration. Comparison with
experimental results for autoignition, laminar burning velocities, and counterflow flame structure and extinction, including
comparisons with the 257-step, 54-species detailed San Diego Mechanism and five other mechanisms in the literature, support
the utility of the skeletal and reduced mechanisms, showing, for example, that, in comparison with the San Diego mechanism,
they decrease the computational cost by 70% and 80%, respectively. Measures of computation times and of extents of
departures from experimental values are defined and employed in evaluating results. Besides contributing to improvements in
understanding of the mechanisms, the derived simplifications may prove useful in a variety of computational studies.

Introduction

Because of concerns about greenhouse gas emissions (essentially COs), the use of biofuels has been growing steadily in the last
decade [1]. In countries like the United Stated, Brazil, India, and China, the biofuel used most extensively is ethanol. The char-
acteristics of many biofuels such as ethanol make them suitable for applications in existing propulsion and energy-generation
devices, as an additive to gasoline, or, in some cases, as stand-alone fuels themselves. The lower energy density of biofuels is
offset partially in many applications by an increase of the octane number of the resulting fuel, as occurs in gasoline-ethanol
mixtures, for example, [2], thereby permitting higher compression ratios to increase the engine efficiency. Although questions
remain concerning their overall future promise and the influences of biofuels on emissions of toxic pollutants, there clearly is
sufficient interest in ethanol to motivate studies of the chemical kinetics of its combustion. Numerical fuel-specific simulations
of combustion in bio-fueled engines, which play ever-increasing roles in studies of design optimizations to increase efficiencies,
for example, benefit greatly from the availability of chemical-kinetic mechanisms that are as short and as accurate as possible,
the development of which for ethanol is the objective of the present work.

The specific aim of the present work is to derive multipurpose reduced ethanol kinetic mechanisms that are able to describe,
accurately and efficiently, both premixed flame propagation and autoignition, as well as structures of diffusion flames and
flame extinction, for a range of application-relevant conditions of pressure, temperature, and equivalence ratio. These laminar
combustion processes span a sufficient set of phenomena that, once they all are encompassed, the same chemistry is likely to
work well for describing practical turbulent combustion in engines, which generally will involve a combination of these pro-
cesses. The aim here parallels that of our previous study of methanol [3]. Since the length and complexity of the mechanisms
necessarily increase as the number of carbon atoms in the alcohol increases, the present task is more difficult. The objective nev-
ertheless is found here to be achievable, and it may also be possible to address even higher alcohols in the same vein in the future.

Quantitative selection criteria

Besides general qualitative criteria, it is worthwhile to evaluate quantitative criteria for comparisons of selections. Two such
types of criteria are introduced here. One is the CPU time; the CPU time for autoignition is defined here as the time needed
to complete the simulation starting with the prescribed initial conditions, but for other problems, such as premixed flames,
it is strongly dependent on exactly how the problem is addressed. For premixed flames, in particular, in order to establish
a neutral test, each mechanism was run starting from a converged solution at a pressure slightly above the pressure of the
atmosphere being investigated, and the time needed to convergence from that condition was measured. Although measures for
other problems were not computed, they may be expected to lie in the same relative order as those for premixed flames.

The second type of quantitative criterion considered was a normalized deviation from experimental data points, defined as a
percentage for any property Q according to
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where N is the number of experimental data points, and the subscripts "sim" and "exp" refer to the numerically computed
result and the experimentally measured value, respectively. This last choice, one of many possibilities, does not factor in any
possible experimental error and therefore could be misleading. To do better, however, would require unavailable knowledge
of experimental errors. The two quantitative criteria, taken together, should provide a reasonable indication of relative
performance.

Selection of a detailed mechanism

The first task in a systematic reduction process is to select a detailed mechanism as a starting point for the reduction. Ethanol
is well studied, so that more than a dozen detailed mechanisms are available for it in the literature. The selection is made
here on the basis of the computation cost and the degree of agreement with experimental data, as indicated above. The
mechanisms chosen for comparison here are the San Diego mechanism [4] (SD), the AramcoMech v2.0 [5S] (ARAMCO), the
C1-C3 mechanism from CRECK Modelling group [6] (CRECK), the Lawrence Livermore National Laboratory mechanism [7]
(LLNL) and the mechanism developed by the Laboratory for Chemical Kinetics E6tvos University [8] (ELTE). The publication
of the last of these mechanisms, an optimization study that began with the San Diego mechanism as a starting trial, may be
consulted for a listing of other ethanol mechanisms. The five selected here are among the most successful found in that study.
Table 1 lists the sizes of these mechanisms as well as the error estimates and CPU times for each, for the logarithm of the
autoignition time and for the laminar burning velocity. It is seen that, although the accuracies of the five detailed mechanisms
are comparable, there are significant differences in the computational costs. The San Diego and ELTE mechanisms are seen
from this list to be the most attractive ones from the viewpoint of size and CPU time. Since they differ little in that respect, the
San Diego mechanism is selected here.

As a further comparison, for the five mechanisms Fig. 1 shows autoignition delays for stoichiometric ethanol-air mixtures
at 13 bar as functions of temperature, as well as laminar burning velocities at normal atmospheric pressure and at an initial
temperature of 373K (just above the dew point) as functions of the equivalence ratio. There are many other measurements
of burning velocities [13-28], but since the resulting comparisons are similar, they are not shown here. The computations
performed to generate the figures employed Cosilab [29], which uses a mixture-average model for the transport properties that
are needed in the flame calculations. Cosilab [29] also was used to obtain computational results reported later, the results being
checked by additional computations with CHEMKIN [30], exercising its multicomponent transport option. The differences
between the predictions of the five mechanisms are seen in this figure to be comparable with differences in experimental values,
with the ELTE mechanism producing slightly lower burning velocities under the conditions shown, a result that also extends
to the burning-velocity dependence on pressure and initial temperature (not shown). All of the available mechanisms have a
tendency to overpredict measured autoignition times at the lower temperatures, a deficiency that deserves further investigation
and is not likely to be related to cool-flame types of chemistry, since ethanol should not exhibit that kind of behavior; the
differences may be related to well-known shock-tube difficulties encountered at lower temperatures.

Mechanism Size Error (%) defined by (1) | Average CPU time
Reactions ~ Species | Alog(z;,) Ay, I7;,(8)  ty, (min)
SD 235 47 5.21 7.51 <1 11
ARAMCO 2716 497 7.53 6.49 101 6999
LLNL 383 54 8.43 8.25 1 13
CRECK 2642 107 6.82 6.56 18 116
ELTE 251 49 6.57 12.51 <1 7
Skeletal 66 31 5.92 7.11 <1 3
Reduced 14 16 6.39 6.37 <1 2

Table 1: Global results and computational time associated for a each mechanism.

The skeletal mechanism

In order to reduce the computational cost associated with the chemistry, efforts were focused on finding a minimal set of species
and reactions capable of reproducing autoignition times and premixed-flame propagation velocities of ethanol-air mixtures
over a wide range of equivalence ratios, ambient pressure and temperature. These problems were considered to be the most
relevant for the applications and sufficiently generic for one to expect that the chemistry so developed may well be correct
for other applications as well. In deriving the skeletal mechanism, the complete detailed description was used as a starting
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Figure 1: Performance of the detailed mechanisms under analysis. Subfigure a shows the ignition times of a stoichiometric
ethanol-air mixture as a function of temperature, for a pressure p = 13 bar. Subfigure b show the flame propagation velocity
Vi in a mixture of ethanol-air as a function of the equivalence ratio ¢, at atmospheric pressure and fresh-mixture temperature
T = 373K. The lines represent the results obtained with detailed mechanisms and the symbols correspond to experimental
results, as follows:

: San Diego Mechanism , ====: Aramcomech 2.0, ==+==1 : Lawrence Livermore , ===-==+- : CRECK

, »swsmnnnnn - EITE | o: Heufer and Olivier [9]; other autoignition data (not shown) gave similar results [9-12] , O: Aghsaee
etal. [13], A: Knorsch et al. [14] , v: Varea et al. [15]

point followed by proceeding to discarding chemical species and elementary reactions with negligible influences, to achieve
sufficiently accurate predictions of the relevant combustion phenomena. The final (minimal) skeletal mechanism, consists
of the 31 species and 66 reactions shown as table Al, in appendix A. Most of the reactions in the table are indicated to be
irreversible; the backward rates are retained only in a few of the reactions, as indicated, because their effects were found to
be important for achieving the desired accuracy. In all of the comparisons performed (like those in Fig, 1), it was found to be
practically impossible to distinguish by eye the differences between the predictions of the detailed and skeletal mechanisms.
For that reason there is no point in exhibiting here any figures comparing the two.

Saxena and Williams [31] presented and discussed a reaction-path diagram, based on detailed chemistry, for a partially premixed
ethanol flame. A somewhat different approach was applied here, investigating the skeletal mechanism for both lean and rich
premixed flames; differences from the previous procedure are that the final formation of CO and CO, is included in the diagram
here, and the percentages shown are based on the carbon atom flux rather than on the attacking species. The results appear
on the left in Fig. 2; in those subfigures, dashed circles identify steady-state species. The results exhibit general qualitative
agreement with pathways given by Saxena and Williams [31], even though the conditions are not exactly the same. In both lean
and rich flames, ethanol oxidation to CO, begins essentially along three abstraction routes [32], producing ethylene through
B-hydroxyethyl (CH,CH, OH, on the left), and leading to methyl through both a-hydroxyethyl (CH;CHOH, in the center) and
ethoxy (CH,CH,O, on the right). In addition, while the partially premixed flame (with an adiabatic flame temperature of 2240
K) exhibited more than 20 percent of the initial fuel removal occurring through unimolecular decomposition to ethylene and
water, that path is negligible for the present lean flame but of comparable importance in the rich case. All routes lead, of
course, to an appreciable amount of CO,, mainly through CO, although for rich flames most of the carbon remains in CO,
and 3% bypasses CO to form CO2 directly along the ethylene route, and where, moreover, as much as 8 percent of the carbon
remains in compounds containing two carbon atoms, primarily acetaldehyde. In the case of lean flames, only 0.5% of the
carbon bypasses CO. The difference in the final conversion ratio from CO to CO, between the lean and the rich flames is
captured well by the skeletal mechanism. As is well known, acetaldehyde, obtained through the a-hydroxyethyl and ethoxy
paths, plays an important role in the oxidation, being consumed by H-atom abstractions to produce the radicals CH,CHO and
CH,CO, as well as by C-C bond breaking to produce CH4 and HCO directly, for rich flames. The ethylene oxidation route



becomes dominant at high equivalence ratios, while the most important route for lean flames appears to be the ethoxy route.
Both routes are interconnected by many intermediate species generated in the oxidation process, most of them being in steady
state.

The systematically reduced mechanism

The skeletal mechanism can be further reduced by introducing steady-state assumptions for intermediates, as indicated in
the abstract. Extensive computational testing of steady-state approximations for all species was made by calculating the
relative fractional differences between the production and consumption rates |(w, — w.)/ max(wp, w.)|, in the test problems
identified above, then requiring the relative fractional differences to be sufficiently small (never reaching 0.1, for example) for
introduction of the steady state. Most of the species identified in the abstract are radicals that are expected to be present in small
concentrations and would be anticipated to maintain accurate steady states. The radicals OH and CH, also would be expected
to obey accurate steady-state approximations, and indeed they do, according to our criteria. The concentrations of these last
two species, however, appear in the rate expressions for many of the elementary steps, thereby preventing the derivation of an
explicit sequential computational procedure, such as that to be given later, if they are eliminated through their steady states.
For this reason they are retained as species present in the systematically reduced mechanism, as had to be done previously for
OH in our development of the systematically reduced mechanism for methanol [3]. If steady-state approximations had been
introduced for all of the species that maintain accurate steady states, necessitating performing iterations or resorting to special
computer programs, then the following 14-step mechanism would be reduced to a 12-step mechanism, having only two fewer
species than the 16 to be retained, which could produce only a small advantage, if any, at best.

Besides applying to radicals, the steady-state approximation is introduced here for three stable species as well, namely CH,,
C,H, and CH,CO. We previously found [3] that, in methanol combustion, methane is created in very small concentrations
in side reactions and is then efficiently consumed by radicals. Not surprisingly, that was found to remain true for methane in
ethanol combustion as well, according to the present computations, and, as may be expected, it also applies to ethane, for the
same kinds of reasons that produce this result for methane in methanol flames. Possibly more surprising may be the finding
of a steady state for ketene; it arises directly along one of the two H-abstraction paths of acetaldehyde and is significant in
adjusting relative formation rates of formaldehyde (more dominant under lean conditions) and methyl through variations of the
rates of its two consumption paths, but apparently both of those consumption rates are fast enough to keep its concentration
low and to maintain its steady state.

The overall steps for the reduced mechanism are taken to be

H + OH = H,0 )
11
2ZH+M=H,+M 3)
H + HO, = 20H @)
v
H+ 0, = HO, )
20H + M = H,0, + M (©6)
VI
CO+0OH=CO,+H 7
VII
CH,0 = CO +H, (8)
VIII
CH, +0, = CH,O + OH 9)
IX
C,H, + 0, = 2C0 +H, (10)
X
CH,+M=CH,+H, + M (11)
XI
CH,CHO = CH, + CO + H (12)
XII
CH;CH,O0+M = CH;CHO + H+M (13)
XIIT
C,H,OH + OH = CH,CH,0 + H,0 (14)
XIV
C,H,OH = C,H, +H,0 (15)

The rates of reactions (2)-(15) and the concentrations of the steady-state species, needed to evaluate the elementary reaction
rates, are summarized in appendix B.



The right-hand side of Figs. 2b and 2d shows the pathways obtained with the reduced mechanism for lean and rich flames. The
final form of the 14-steps reduced mechanism was chosen, as far as possible, so that the final reaction pathways correspond to
those of the more detailed skeletal mechanism. After the systematic reduction there are only two paths for consumption of the
fuel ethanol, the steady state for 5-hydroxyethyl having combined that abstraction with the unimolecular formation of ethylene,
and the steady state for @-hydroxyethyl having now combined its path with the path through ethoxy (a radical that does not obey
an accurate steady state) to acetaldehyde. The simplifications associated with this 14-step mechanism lead to acetaldehyde
always producing methyl and carbon monoxide in equal proportions and to all of the methyl passing through formaldehyde.
A notable difference for the rich flames is that, after the systematic reduction, ethylene becomes the dominant product species
having two carbon atoms, rather than the acetaldehyde of the skeletal mechanism, thereby making the systematically reduced
mechanism inappropriate for use in detailed investigations of pollutant production in these flames.
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Figure 2: Reaction-pathway diagrams for ethanol-air premixed flames based on the 66-steps skeletal mechanism and 14-steps
reduced mechanism. The upper and lower rows correspond to lean (¢ = 0.6) and rich (¢ = 1.5) flames, respectively. The left
and right columns correspond to the skeletal and reduced mechanisms, respectively, at normal atmospheric pressure and an
initial temperature of 300 K. The species in steady state are identified by dashed circles in subfigures a and ¢ on the left.



Comparisons of predictions

The quantitative tests shown in table 1 indicate errors in both the skeletal and reduced mechanisms that are quite comparable
with those of the detailed mechanism for the problems addressed (differences from burning-velocity and autoignition-time
measurements being well below 10 %), while they both afford gains in computational times for premixed-flame problems.
Those gains are likely to be larger for more complex calculations, such as those needed in studying turbulent combustion.
Predictions of the detailed, skeletal, and reduced mechanisms for the experiments of Fig. 1 are compared in Fig. 3,
where it is seen that the differences between these predictions are quite small for these cases, as was found also for other
autoignition and burning-velocity tests. Predictions of burning velocities at elevated pressures by the reduced mechanism, in
fact, fortuitously are in almost exact agreement with experiment [16], while the detailed and skeletal mechanisms exhibit small
overpredictions. Computations of stoichiometric flame structures at normal atmospheric conditions showed that predictions
of peak concentrations by the skeletal and reduced mechanisms for major stable species typically differed by less than 10 %,
never exceeding about 30 %, while for some of the steady-state radicals the differences ranged from a factor or 2 to a factor
of 5, possibly affecting some of the chemical pathways comparably. Differences for the stable side-produced species methane
and ethane, however, often were found to be much greater than that, thereby indicating possible substantial inaccuracies in
predictions of the concentrations of these two species by the reduced mechanism; while it is worth keeping this observation
in mind, these differences are unlikely to affect any other conclusions appreciably, since those species do not play any role in
other chemical pathways.

Comparisons of predictions and experiments [33] for counterflow premixed-flame extinction conditions in flows against a cold
nitrogen stream are shown in Fig. 4. Here strain rates at extinction are plotted as functions of the equivalence ratio for an
oxygen mass fraction in the oxygen-nitrogen oxidizer stream added to the fuel stream of 0.185 (on the left) and for variations
of that oxygen mass fraction in stoichiometric mixtures (on the right). As was previously observed for counterflow diffusion
flames [31], the detailed San Diego mechanism tends to underpredict the experimentally observed extinction strain rates. In
the plot on the left it is seen that the predictions of the skeletal mechanism lie very close to those of the detailed mechanism but
are slightly closer to the experimental data for rich flames, while the plot on the right indicates virtually no difference between
these two predictions. Although not very different from the other predictions, the results of the reduced mechanism show
lower strain rates at extinction than the skeletal mechanism, noticeably farther from the experimental data. Along with the
comparisons shown on the right in Fig. 3, these results are representative of the accuracies to be expected in premixed-flame
computations when using the simplifications developed herein.

Extinction conditions for diffusion flames were calculated with the skeletal and reduced mechanisms and were found to differ
very little from those obtained with the detailed mechanism. The differences between the predictions of extinction conditions
for the different mechanisms for diffusion flames are comparable with or less than those seen in Fig. 4 and therefore are
not included here. Skeletal-mechanism calculations of diffusion-flame extinction with mixture-average and multicomponent
transport descriptions using CHEMKIN [30] exhibited the same substantial differences as those reported previously [31] for
the detailed mechanism.

Reduced-mechanism predictions of measured counterflow diffusion-flame structures were previously reported for methanol [3],
and predictions of the detailed San Diego mechanism were reported and discussed previously for corresponding counterflow
ethanol flames [31], exhibiting generally good agreement with experiment. Counterflow ethanol diffusion flames are very
thin, leading to difficulties in gas sampling that translate to inaccuracies in measured temperature and concentration profiles,
but partial premixing of oxidizer into the fuel stream significantly spreads out the counterflow flame, improving measurement
accuracy, while providing essentially the same tests of chemical-kinetic predictions. Comparisons of predictions of the detailed
mechanism with experiments for these partially premixed flames were made previously [31], yielding good agreements,
and Fig. 5 shows corresponding comparisons for the skeletal and reduced mechanisms. The calculations, made with
mixture-average transport descriptions like those available in Cosilab [29], were compared with calculations made with
CHEMKIN [30] employing multicomponent diffusion instead, and in this case (contrary to what is sometimes found for
diffusion-flames, especially in extinction) there were negligible differences in the results obtained. The profiles of temperature
and of concentrations of major species predicted by the skeletal mechanism, shown in Fig. 5, are indistinguishable from the
profiles [31] found with the detailed chemistry, and they are seen in the figure to be nearly identical to those obtained with the
reduced mechanism.

For the minor stable species, C,H,+C,H,, C,Hg, and CH, (the last not shown in Fig. 5), the predictions of the skeletal
mechanism are somewhat different from those of the detailed mechanism, resulting in more of the first two (around 20 % more
C,H,+C,C, and nearly twice as much C,H, found by comparing the results shown here with those reported previously [31]
but not plotted here) and predicting much less CH, (less than 1/3 as much as is shown in the previous reference). In addition,
the reduced mechanism is seen in the figure to give noticeably more C,H,+C,H, than the skeletal mechanism, and a narrower
and taller (by a factor of 2) C,H, peak, much higher than the measurement. These observations further emphasize substantial
differences in predictions of the skeletal and reduced mechanism for minor stable species concentrations and also demonstrate
inaccuracies in predictions of the skeletal mechanism for those species. It may be concluded in general that, apart from



inaccurate predictions for these minor stable species and specially questionable usefulness of the reduced mechanism for
investigations of pollutant production, both the skeletal and reduced mechanisms perform quite well.
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Conclusions

The need for accurate computations requires using more detailed models for chemistry, molecular transport and thermody-
namics, which leads to costly computations in terms of CPU time and memory. According to Hilbert et al [34], up to 80-90 %
of the total computing time is usually spent in calculating diffusion velocities and chemical source terms. With the objective
of reducing the computational time while retaining accuracy of the predictions, a reduced-chemistry description that involves
only 14 overall steps among 16 reactive chemical species has been derived by introducing chemical-kinetic steady-state ap-
proximations for the relevant intermediate species, using, as starting point, a skeletal mechanism of 66 steps and 31 chemical
species, also developed in this work.

The skeletal and reduced chemistry description described above achieved computation time savings of 70 % and 80 %, respec-
tively, when compared with the computational time of the detailed mechanism. Also, the lower number of chemical species of
the reduced mechanism will contribute to shorten the computation of the diffusion velocities. In general, the more accurate the
transport model is, the greater the time reduction becomes. The number of species is especially critical for detailed transport
models, such as the multicomponent transport model [35], because it determines the dimension of the matrix that needs to be
inverted in order to obtain the molecular transport terms.

Greater computational savings can be obtained by further specializing the reduced mechanism. In simpler flames, hydrogen
peroxide H,O, and hydroperoxyl HO, radicals are found to be in steady state [36,37]. In ethanol flames, additional intermediate
radicals are in steady state (CH;CH,0, CH;CHO, CH;, and CH,0), suggesting a clear path to develop shorter and faster
reduced mechanism. A similar approach can be used if a more reduced mechanism specific for autoignition is needed; in this
case H,0, and HO, cannot be assumed to be in steady state, but simplifications come from other species being in steady state,
as was found in the case of methanol [38].

As shown in previous sections, both the skeletal and reduced mechanisms provide accurate predictions for flame structure and
global properties of ethanol—air combustion (auto-ignition times, flame propagation and even extinction of both premixed and
non-premixed strained flames). A driving force in the development of reduced mechanisms is the optimization of combustion
systems which nowadays cannot be separated from emissions reductions objectives, as dictated by pollutant abatement policies.
Some of the pollutants (such as CO) can be predicted directly by the reduced mechanism described above. Others, (like NO, ),
can be obtained by post-processing the flame structure using an specific mechanism [39].Predictions of other pollutants, such
as soot, would rely on the capability to obtain accurate profiles of PAH precursors, such as CH,, C,H,, C,H, and C,H, [40,41].
In this regard, the skeletal mechanism, which exhibits inaccuracies in predictions of these precursors and does not even include
other precursors, such as smaller ring compounds, requires augmentation to assess soot emissions, an area of great interest for
biofuels use [42].
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The skeletal mechanism
In this table of rate constants for the skeletal mechanism, the numbering of the steps is selected to be the same as that in the
San Diego mechanism, to facilitate compression.

Table A1l: Rate coefficients in Arrhenius form k = AT" exp [-E/(R°T”)] for the skeletal mechanism. Units are mol, s, cm3,
cal, and K.

No.*  Reaction A* n E?
1 H+0,=0H+O 3521016 07 17069.79
2 H,+O=OH+H 5.06:10°4 2,67 6290.63
3 H,+OH = H,0+H 1.17-10% 1.3 3635.28
4 H,0+0 <=20H 7-109% 233 14548.28
5 2H+M® = H, + MO 1.3-10'8 -1 0
6 H+OH+M® = H,0+M® 4-10%2 2 0
8 H+0+M®W = OH+M® 471-10'8 -1 0
10 H+0,(+M®) = HO,(+M®)) ko 57510% 14 0
koo 4651012 0.44 0

11 HO,+H=20H 7.08-10%3 0 294.93
12 HO,+H-H,+0, 1.66-1013 0 822.90
13 HO,+H=H,0+0 3.1-10%3 0 1720.84
14 HO,+0 - OH+O, 2:103 0 0
15  HO,+OH=H,0+0, 7-1012 0 -1094.65
45101 0 10929.73

16 20H+M©®) = H,0,(+M©) ko 276-10% 32 0
koo 9.55-10%  -0.27 0

17 2HO, - H,0, +0, 1.03-10 0 11042.07
1.94-10*! 0 -1408.94

20 H,0,+OH - H,0 +HO, 1.74-10'2 0 1434.03
7.59-10%3 0 7272.94

22 CO+OH=CO,+H 4.4-1006 L5 -740.92
25 HCO+M®™ - CO+H+M™ 1.86-1017 -1 17000.48
26  HCO+H- CO+H, 5-1013 0 0
29  HCO+OH - CO +H,0 3.10'3 0 0
30  HCO+0, — CO+HO, 7.58-10'2 0 409.89
31 HCO+CH; - CO+CH, 5-1013 0 0
33  CH,0+H-—HCO+H, 5.74-10°7 1.9 2748.57
34 CH,O0+0 - HCO+OH 3.5-1013 0 3513.38
35  CH,0+OH - HCO +H,0 391010 0.89 406.31
33  CH,+H- H,+CH, 1.3-10 3 8037.76
39 CH,+OH - H,0+CH, 161097 1.83 2782.03
45 CH, +OH = S-CH, + H,0 4-1013 0 2502.39
46  CH;+0 — CH,0+H 8.43-10'3 0 0
48 CH,+HO, —» CH,0 + OH 5-1012 0 0
49  CH,+0, - CH,O+OH 3.3-10!! 0 8941.20
52 2CH;=C,H +H 3.16:10'3 0 14698.85
530 H+ CH,(+M®P) - CH, (+M©P) ko 24710% 476 2440.01
ko~ 127-10%6  -0.63 382.89

54 2CH4(+M®) - C,H (+M®) ko 1.27-10%! -7 2762.91
koo 1.81-10%3 0 0

56  S-CH,+0, > CO+OH+H 3.13.10'3 0 0
64  T-CH,+0, — CO, +H, 2.63-1012 0 1491.40
65  T-CH,+0,—> CO+OH+H 6.58-1012 0 1491.40
76 CH,0+M® — CH,O0 +H+M® 7.78-10'3 0 13513.38
79 C,Hy+OH = C,H, +H,0 2.2:10°7 1.9 112333
87  CoH,(+M®) = C,H, + H+M®) ko 399103  -4.99 40000
koo 1.11-10%0  1.037 36768.64

89  C,H,+OH = C,H, +H,0 55310 2310 2963.67
98  C,H,+H— C,H,+H, 4-10'3 0 0
100 C,H, +0, - CH,0 + HCO 1.7-10%°  -5.312 6503.11

Continued on next page
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Table Al — continued from previous page

No.*  Reaction A* n E?
101 C,H;+0, » CH,CHO + O 7-101% -0.611 5262.43
104 C,H,+0 = T-CH, + CO 1.6:10'4 0 9894.84
108  CH,CO+H — CH, + CO 1.5:10% 143 2688.81
125 CH,OH + 0, — CH,O + HO,, 5-1012 0 0
128  CH,CO + OH — CH,OH + CO 1.02:10'3 0 0
137 CH,CHO — CH,CO +H 1.047-1037  -7.189 44340.34
147 CH,CHO = CH, + HCO 7-10%5 0 81700.05
148 CH,CO(+M®) - CH, + CO(+M®) ko 1.2:10%5 0 12500

koo 3-10'2 0 16700.05
149 CH,;CHO + OH — CH,CO + H,0 3.37.10'2 0 -619.98
153 CH;CHO +H — CH,CO + H, 466-10'3  -03 2989.96
154 CH,CHO +H — CH,CHO +H,, 1.85-1012 0.4 5359.94
160  C,H,OH(+M®) - CH, + CH,OH(+M@)kg 3.10'¢ 0 58000.00

koo 5-10%5 0 82000.00
161 C,H,OH(+M®) » C,H, + HyO(+M®) kg 1-10%7 0 54000.00

koo 8-10'3 0 65000.00
162 C,H OH + OH — CH,CH,OH + H,O 1.81-10*! 0.4 717.02
163  C,H_OH + OH — CH,CHOH + H,0O 3.09-1010 0.5 -380.02
164  C,H OH+ OH — CH;CH,O + H,0 1.05-101° 0.8 717.02
166 C,H.OH+H — CH;CHOH + H, 2.58-10°7 1.6 2830.07
170 C,H OH + O — CH,;CH,O + OH 1.58-10°7 2 4450.05
174 C,H OH +HO, — CH;CHOH + H,,0, 8.2:10%3 25 10799.95
177 C,H, + OH = CH,CH,OH 2.41-101 0 -2380.02
179  CH,CH,0 +M® — CH,CHO + H + M©® 56-103% 59 25299.95
180  CH,CH,0 +M® — CH, + CH,0 + M® 5.35:1037 -7 23799.95
181  CH,CHOH + O, — CH,CHO + HO, 4.821013 0 5020.08

*Reactions numbers according to San Diego mechanism version SD_2014-10-04.
Third-body Chaperon efficiencies are given by:
M(l)} = 0.5 [Ar] + 0.5[He] + 2.5 [H,] + 12 [H,0] + 1.9 [CO] + 3.8 [CO,] + 1 [other].
@)= 0.38 [Ar] + 0.38 [He] + 2.5 [Hy] + 12 [H, O] + 1.9 [CO] + 3.8 [CO,] + 1 [other].
]=0.75 [Ar] + 0.75 [He] + 2.5 [H,] + 12 [H, 0] + 1.9 [CO] + 3.8 [CO,] + 1 [other].
(5)]=0.7[Ar] + 0.7[He] + 2.5 [Hy] + 16 [H,0] + 1.2[CO] + 2.4 [CO,] + 1.5 [C,Hg] + 1 [other].
(©)]=0.7[Ar] + 0.4[He] + 2.5 [H 2] +6[H,0] + 1.5 [CO] + 2.4[CO,] + 6[H,0,] + 1 [other].
(M]=1.9[H,] + 12[H, 0] + 2.5 [CO] + 2.5 [CO,] + 1 [other].
8]=0.7[Ar] + 2[H,] + 6[H,0] + 1.5 [CO] + 2[CO,] + 2[CH,] + 3 [C,H,] + 1 [other].
91]=0.7[Ar] + 2[H,] + 6[H,0] + 1.5 [CO] + 2[CO,] + 2[CH,] + 1 [other].
M©P)]=0.7[Ar] + 2[H,] + 16[H,0] + 1.5 [CO] + 2[CO,] + 2[CH,] + 1 [other].
Pressure dependent reactions are described by the TROE-formulation. The centering parameters are given by:
Fe10f =0.5.
Fe16¢ =0.43.
Fe 53¢ =0.217 exp(-T/74 K) + 0.783 exp(-T/2755 K) + exp(6570 K/T).
Fe 54¢ =0.38 exp(-T/73 K) + 0.62 exp(-T/1180 K).
Fe,g7¢ =0.832 exp(-T/1203 K).
Fe1ast =1
Fe 160t =0.5.
Fe 161t =0.5.
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Reaction rates for the reduced mechanism and expressions for the concentrations of steady-state species
The rates of the reactions (2)-(15) (moles per unit volume per unit time) specified above are given in terms of the elementary

reactions as
W] =W — W1 + W3 + wg + Wg + W14 + W15 + Wog + W9 + W31 + W34 + W35 — W38

T Wys5 + Wyae + W53 + W79 + Wog + W100 + W104 T W149 — W160 T W163 — W181 (16)
WII =W5 — W3 — W2 + W12 + W2 — W34 — W35 + W38 — Wq5 — We5 — W100 a17)
— w137 + W148 — W149 + 2W154 + W160 — W163 — W14 + W1g0 + W1s1
WIII =W1 + W11 + W13 + W17 — W20 — W46 — W7 — W128 + W137 — W1s4 + W174 (18)
WV =W1 + W1p — W12 — W14 — W15 — W17 + W30 — W46 — W4g — W7 + W137 — W1s4 + W160 + W181 (19)
wy =w1 + W17 — W20 + W174 (20)
WV =W22 — W5 + W104 21
WV =Wa25 + Wag + W29 + W30 + W31 + W45 + 2w87 — 2w100 — W137 — W147 + W154 — W10 — W180 (22)
WV =W45 + W46 + Wag + W49 + 2wg7 + W128 — W137 + W154 (23)
WIX =W100 — W7 + W104 + W137 — W154 (24)
WX =Wgg — Wg7 + W100 + W137 — W154 (25)
WX] =W147 + W148 + W154 + W160 + W10 (26)
WXII =W160 + W179 + W1g0 + W181 27
WX =W160 + W14 + W170 + W1s1 (28)
WXIV =W161 + W162 (29)

The concentrations of the steady-state species, needed for the evaluation of the above elementary rates, can be computed
sequentially in terms of those of the sixteen reactive species retained in the reduced description (CoH;OH, O2 , CO, , H5O,
Hs, CO, H, OH, HO, , H,045, CH;0, CH3CH20, CH3CHO, C2H,4, Co3H5 and CH3) through the equations

ksotCon
Cc, 1, = Cc (30)
atts M k101 £Co, + k100fCo, + kostCn + ksgbCh,0
1 1 1 1
P, SN —— 31
1 1 1 1 - - 1 1 1 1
CanChs ~ CaCan ’ Ca €z ~ €, Chs,
k163tCon + k166£CH + k1747 CHO.
Cen,cnon = Ce,u, 0H oC s (32)
1811Co,
c kia7¢Ccu,cno + k100tCe,n,Co, + Ccn,o(k33tCn + k34¢Co + k35¢Con) (33)
HCO =
(k1a7b + k31£)Con, + k301Co, + kagtCon + ka6t Cu + ka5 1 Cypen
k Cy+k C
Cn,co = Cm,co 153f Hk 149fCon (34)
148¢
k101tCc,n,Co, + k154tCcu,cnoCu
Cen,cno = o 2k : (35)
137¢
Ccn,co = Ccu,cHO ki (36)
? 2 k128tCon + k108tCn
k160tCc,u. 0on *+ k128tCon,coCon
Ccn,on = 2= = (37
ki25¢Co,
ka5 :C
Cs_cn, = Cen S (38)

* kasbCr,0 + ks6tCo,
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2 2 2 2 2 2 2 2
Com = CA12C32+CA22C31 . Com = CA11CB2+CA21C31
Hy = % o 2 2 2He = 72 2 _ 2 2
CA11CA22 CA12CA21 CA11CA22 CA12CA21
C C ks3¢Ch + k31tCrco
cH, = Ccu
* % k3atCon + k3gtCn
ki77¢Cc,m,Con + ki2tCc,n, onCon
Cen,cn,0H =
ki77b
B kistCro,
Cen,o = Cony,7—F=—
k76 £ Cypeo)

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

1
Cya,, = kirotCe,n,0m + ki04tCo,m, + kagrCen, + kzarCen,o + k14¢Cho,

+ k13bCr,0 + kst CuCyya + kasCri,0 + k2¢C, + k1pCon
Ch,, = k10abCo0; Cy,, = ki0atCc,m,
Ch,, = k1oanCoo + kesCo,, + kearCo,
Cp, = k101¢Cc,u,Co, + k13:Cro,C + ks bConCyya + ks, ConCon
+ ka,ConCu + k1tCuCo,
introduced in (31), and
Ch,, = ks7¢ + k7obCr,0 + ks26Ch
Cim = k79tCon; Cizl = k79uCh,0
Ci,, = krotCon
Cp, = ks7uCo,u,Ch + ks2:Con, Con,

2
Cp, = ks4tCon, Con,

(39)

(40)

(41)

(42)

(43)

(44)

employed in (39). The subscripts f and b are used in (30)-(39) to denote the forward and backward rate constants for the
reactions in Table 1. The order in which the expressions (30)-(42) are arranged is intended to facilitate evaluation; the
concentration of C,Hj; is to be computed first, followed by that of O, which depends on C,H;, and those of the remaining

steady-state species.
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