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ABSTRACT

A reduced kinetic mechanism for methanol combustion at spark-ignition (SI) engine conditions
is presented. The mechanism consists of 18 species and 55 irreversible reactions, small enough to
be suitable for Large Eddy Simulations (LES). The mechanism was reduced and optimized using
the comprehensive mechanism (AramcoMech 2.0) as a starting point, to maintain performance at
stoichiometric conditions for the pressure (10-50 bar) and temperature ranges relevant for SI-
engine conditions. The mechanism was validated against experimental data for ignition delay at
1050 — 1650 K, flow reactor at 783 K and jet-stirred reactors at 800-1150 K, and simulated
validation targets for laminar burning velocity under conditions where no experimental data are
available. The mechanism performs well for pollutant formation (CO and CH20), ignition delay
and laminar burning velocity, which are all important properties for LES of engines. Two other
reduced mechanisms for methanol combustion, containing around the same number of species
and reactions, were tested for comparison. The superior performance of the mechanism
developed in the present work is likely a result of that it is specifically produced for the relevant
conditions, while the other mechanisms were developed for a limited set of conditions compared
to the present work. This highlights the importance of careful selection of reduced mechanisms

for implementation in computational fluid dynamics simulations.



1. Introduction

Environmental concerns related to the anthropogenic greenhouse effect and air quality have
shifted attention from fossil fuels to renewable alternatives. Methanol (CH30OH) is a promising
fuel that can be produced from various crops, but is also easily produced from non-food sources
by gasification of wood, agricultural and municipal wastes'. Advantages of methanol, compared
to gasoline in spark-ignition (SI) engines, are increased maximum engine power, higher brake
thermal efficiency and lower nitrous oxides (NOx) emissions®. On the other hand, methanol also
has a few drawbacks: it is explosive in enclosed tanks and soluble in water implying that it is
hazardous if spilt in nature’.

Research on methanol as a fuel include fundamental studies on combustion properties in
laboratory systems, as reviewed by Sarathy et al.*, and engine studies, reviewed by Vancoillie et
al.2. Engine studies reveal that adding methanol to gasoline in Sl-engines decrease carbon
monoxide (CO) and unburned hydrocarbons (UHC) emission while increasing emission of
formaldehyde (CH20) and methanol compared to pure gasoline’. Additionally, mixing methanol
with diesel in compression ignition (CI) engines increases heat release®. Adding methanol to
diesel increase NOx emissions, but decrease smoke opacity, CO and UHC emissions dramatically
depending on operating conditions’. All engine types that use alcohol or alcohol blends share a
common problem of corrosion in the fuel lines and filters, which require use of corrosion
resistant material®.

Pollutant formation is an important concern when developing engines for biofuels. NOx, UHC,
particulate matter (PM), soot and CO are all important emissions from biofuels, similar to
traditional fuels®, but there are also elevated levels of oxygenated intermediates like CH»O in

biofuel exhaust® > 1°. CH,O is carcinogenic and produce ground-level ozone> ">, CO is a



highly toxic gas that can cause a wide range of symptoms, depending on exposure level,
including headache, dizziness, nausea, decreased cognitive function and death'® '3, NOy can
enhance production of ground level ozone, it causes breathing problems in humans and acid
rain'®. PM and soot are connected to respiratory problems, heart disease and stroke!’. UHC can
react with NOx to form ground-level ozone, but can also by itself cause drowsiness, eye irritation
and coughing® '?. The combined effect of engine pollutants has been shown to correlate to
elevated mortality in cities'®.

To make methanol a viable replacement for traditional fuels, further research has to be
conducted in order to reduce pollutants and mitigate engine development. The strive towards
these goals are accelerated by using Computational Fluid Dynamics (CFD) simulations where
accurate chemistry is implemented to obtain flame dynamics and pollutant formation. Large
Eddy Simulations (LES) are suitable for modelling of real combustors with explicit chemistry,
but comprehensive combustion chemistry mechanisms are to extensive to be computationally
feasible!®. A typical limitation is in the range 20-30 species, and some 40-80 reactions, which is
regarded as sufficient to describe combustion of hydrocarbon fuels?’. Oxygenates like alcohols,
however, have a larger number of possible reaction paths which may present a challenge in
mechanism reduction. Computational cost can be substantially decreased by use of global
reactions like the 5-step mechanism by Yalamanchili et al.?!, but this significantly limit the
applicability since pollutant formation cannot be predicted.

Comprehensive kinetic mechanisms for methanol combustion, developed prior to 2013224,
have been reviewed by Sarathy et al.*. More recently, highly detailed mechanisms with extensive
updates and validation for methanol have been published, i.e. the mechanism of Konnov and co-

workers®®> and the AramcoMech 2.0%°. The mechanism by Li et al.** was implemented in a



coupled chemistry and LES study of methanol ignition in an Sl-engine, by Zhen et al.?’.
However, as mentioned previously, a comprehensive mechanism is in general too
computationally expensive to be used for more complex LES systems.

Reduced mechanism for methanol combustion, with number of species and reactions suitable

for LES are few, and their applicability are limited. Fernandez-Tarrazo et al.”®

presented a
mechanism with 21 species involved in 14 reversible and 26 irreversible reactions. The
mechanism is developed for fuel oxidation, auto-ignition and premixed flame propagation in
spray-combustion conditions, typically found in a Cl-engine, up to 10 bar, equivalence ratio of
0.5 — 2.0 and auto-ignition temperatures in the range 1000-3000 K. The mechanism of Seiser et
al.?? contains 18 species and 26 irreversible reactions, models ignition delay and strain rate up to
20 bars, for auto-ignition temperature 1500-1900 K and oxidizing temperature between 1100-
1400 K. Lindstedt and Meyer*® improved a pre-existing model, with 23 species and 19 reversible
reactions, and validated it for laminar burning velocity at 318 K and atmospheric pressure,
ignition delay and species profiles at atmospheric and low pressure conditions. The reduced

mechanism by Liao et al.’!

, consisting of 19 species and 40 reversible reactions, is validated
against experimental data for laminar burning velocity at 318 — 480 K, for ignition delay at
equivalence ratio of 0.375 — 6.0, temperature of 1545 — 2180 K and pressure in the range of 0.18
—0.46 MPa and profiles of pollutants and major species at 800 — 1200 K.

None of the mentioned reduced mechanisms for methanol combustion are developed for the
full range of conditions relevant for Sl-engines. In the present work, a reduced mechanism is
presented, containing 18 species and 55 irreversible reactions, developed for Sl-engine

conditions. The focus is on high accuracy for important pollutants (CO, CH20), ignition delay

and laminar burning velocity at common Sl-engine conditions.



2. Mechanism development
The accuracy of a size-reduced mechanism is inevitably inherited from the more detailed
mechanism it is constructed from, and thus it is crucial to select a highly detailed and

comprehensive reference mechanism?®

. This is particularly important when the reduced
mechanism need to accurately represent production and consumption of intermediate chemical
species to predict pollutant formation, since the dominating reaction routes need to be retained.
For a reduced mechanism to be computationally efficient it needs to be sufficiently small, but
another important aspect is that its mathematical stiffness should be as low as possible.
Mathematical stiffness is commonly related to the presence of a wide span of chemical
timescales®’. Fast depleting radicals reaching quasi steady state and fast reversible reactions in
partial equilibrium are the main problems, in particular for reactions of long chained fuels.

The reduction approach used in the present work do not explicitly address the stiffness issue.
However, the mechanism size as well as the total simulation time are taken into consideration
and thus a good balance between performance, low number of reactions and low stiffness can be
found without considering any one of these trait individually.

The reduced mechanism is developed to accurately reproduce the results of a detailed
mechanism at the conditions relevant for SI-engines. This results in a smaller mechanism than
one that is designed to mimic the detailed mechanism at all conditions, but it is important to keep
in mind that it might not produce accurate results outside the specified range. The pressure in an
Sl-engine at top dead centre can be up to 200 bar, and the temperature of the unburnt gas can be
up to 600 K. An Sl-engine combusts premixed gas, commonly with composition close to

stoichiometric conditions, but it could also be operated at lean fuel-air mixtures.



The proposed reduced mechanism was derived from the detailed mechanism by Li et al.?,
AramcoMech 2.0, consisting of 493 species and 2716 reversible reactions. This mechanism can
model a wide array of fuels in the C1 to C4 range and has been validated for methanol
combustion under conditions relevant for SI-engines, where reliable experimental data exists.
Because of the comprehensiveness of AramcoMech 2.0, it is suitable as a starting point for
mechanism reduction.

The reduction method, Ant Colony Reduction (ACR), used in this work is a semi-stochastic
approach developed from a metaheuristic algorithm called Ant Colony Optimisation®* 34, The
reduction is made against a carefully selected range of targets, representing conditions at which
the final mechanism need to predict ignition, flame propagation and concentrations of important
species. The target conditions used for mechanism development are given in the first section of
Table 1. Some of the development targets (FR1, JSR1, JSR2) correspond to experimental
datasets for which reference is given in the table. A more extensive table including mixture
compositions are available as Table S1 in Supplementary material.

Using the ACR reduction a subset of 45 reversible reactions was obtained, preserving all
enhancement factors and pressure dependence formulations for each reaction identically to how
it 1s implemented in AramcoMech 2.0. The reactions in this first version of the reduced
mechanism was split into 90 irreversible reactions using the program MechMod?®. The
AramcoMech 2.0 treat pressure dependence using the PLOG approach’®, and the reduced
mechanism contained one reaction of this type, CH; + OH < CH,0H + H. MechMod cannot
convert reactions with plog-expressions and before it could be used, the pressure dependence in
the reaction was modified to a TROE falloff form instead of plog-expressions. The 90 reactions

mechanism was processed by another Ant Colony Reduction step that removed unnecessary



reactions to yield a final reaction set consisting of 55 irreversible reactions. In this step four
reactions were completely removed, 27 reactions were retained in the dominating direction only
and 14 remained with both directions intact. Arrhenius’ A-factors for reaction rates with large
experimental uncertainties were in the final reduced mechanism optimised using an adapted form
of Genetic Algorithms?’. All reactions that were modified in the optimization are listed in Table
S3, available as Supplementary information, and both original (i.e. AramcoMech 2.0) and
optimized reaction rate constants are given. Since the reduced mechanism was constructed using
ACR and contains 55 irreversible reactions, it is referred to in this article as ACR55.

Table 1presents conditions used for development, first section, and validation, second section,
of the reduced mechanism. A more extensive table including mixture compositions are available
as Table S1 in Supplementary material. An SI engine operates at near stoichiometry and the
reduced mechanism is developed for these conditions®®. Conditions were selected based on that
the pressure inside an engine cylinder at medium load for compression ratio of 8:1 to 9.5:1 is in
the range 10 — 50 bar when combustion occurs, and the temperature at ignition is around 300 —
600 K38,

Table 1. Relevant combustion conditions for simulations in an SI-engine. Each case is near
stoichiometry, uses CH3OH as fuel and O as the oxidizer. Simulation types are specified as
Ignition Delay Time (IDT), Freely Propagating flame (FP), Jet-Stirred Reactor (JSR) or Flow
Reactor (FR). References to experimental work at similar conditions are specified when

available.

Name | P (bar) | T (K) Dilute | Ref

Development dataset

FR1 150 | 783 N 2




JSRI | 10.0 |800-1130 |N> 32
JSR2  [20.0 |800-1150 |N> 32
IDT1 | 10.0 | 1150-1600 | N>
IDT2 |35.0 |[1100-1550 | N»
IDT3 | 50.0 |[1050-1500 | N>

FP1 50.0 500 N2
FP2 40.0 500 N2
FP3 30.0 500 N2
FP4 20.0 500 N2
FP5 10.0 500 N2
FP6 30.0 400 N2
FP7 30.0 300 N2
Validation dataset

IDT4 [20.0 | 1016-1208 | N> 32
IDT5 [30.9 |963-1125 |N» 32
IDT6 | 493 |989-1214 |N» 32
IDT7 |10.2 |999-1273 | Ar 32
IDTS | 492 |994-1295 | Ar 32
IDT9 | 10.1 | 1091-1426 | Ar 32
IDT10 |13.0 |899-1211 |N; 39
IDT11 |40.0 |820-1108 |Na 39
IDT12 | 10.1 1073-1299 | Ar 40
IDT13 | 10.5 |1071-1610 | Ar 40
FP8 10.0 | 373 N2 4

The development dataset, first part of Table 1, was selected to cover the relevant temperature

and pressure ranges and used to construct and optimise the reduced kinetic model using



AramcoMech 2.0 as a starting point. The development targets for mechanism reduction need to
include a relevant range of chemical regimes, captured in various types of experiments and
simulations. The laminar burning velocity targets (10-50 bar, 300-500 K) were selected since this
property govern the high temperature chemistry of combustion, jet-stirred reactor (10-20 bar,
800-1150 K) and flow reactors (15 bar, 783 K) are valuable since they represent oxidation
chemistry important for pollutant formation, and ignition delay (10-50 bar, 1050-1600 K) capture
reactivity over a wide range of temperatures®’. For parts of the validation dataset experimental
data exists, as referenced in Table 1. The validation set used to validate the final mechanism
consists of the development set and additional datasets for which experimental results exist at SI-
engine conditions, these datasets are briefly outlined in the following paragraph.

The experimental data by Burke et al.*?, Fieweger et al.** and Noorani et al.*’ were used to
validate ignition delays at stoichiometric conditions with pressures between 10-50 bars. Held
and Dryer?? made an experimental study of species profiles for major species in a flow reactor at
stoichiometric conditions and pressure of 15 bars that was used to develop and validate the
mechanism for pollutant formation. The jet-stirred reactor experiments by Burke et al.>* were
used to validate the model in the temperature range of 800—1150 K and at 10 and 20 bars
pressure for formation of major species CH3OH, CO: and O, and selected pollutants CO, CH>0
and H>. Most laminar burning velocity experiments are conducted near atmospheric pressure for
methanol and was therefore not included in the present development or validation set. In
addition, the scatter in experimental data is significant, with as much as 15 cm/s at maximum
laminar burning velocity. As discussed by Vancoillie et al.** this is to some extent a result of
flame instabilities and insufficient or no corrections for stretch effects, and many of the older

studies can be considered unreliable. The only recent published laminar burning velocity within

10



the range of conditions relevant for the present work is a study by Beeckmann et al.*!s #

investigated equivalence ratio dependency of laminar burning velocity at 10 bar and 373 K,
using a methanol-air mixture. Due to the lack of experimental data for laminar burning velocity
in the relevant range of conditions, the main validation for this property is only towards the
detailed mechanism AramcoMech 2.0, representing the best estimate of the laminar burning
velocity.

All simulations were conducted using Chemkin®® with initial conditions described in Table 1.
The one-dimensional freely propagating flame simulations were carried out using mixture-
averaged diffusion, with around 500 grid points per simulation for AramcoMech 2.0 and around
350 grid points for the reduced models. The automated grid generation of Chemkin ensures a
grid independent solution by checking that the gradient and curvature change between two
adjacent points are below 2.5 %. Ignition simulations were conducted using 0D homogenous
reactor with constant volume. Similar to ignition simulations, the flow reactor used the 0D
homogenous reactor, but with constant pressure instead of volume. The jet-stirred reactor was
modelled using the Steady State Solver with fixed gas temperature and residence time 0.5 s
(JSR1) and 1.0 s (JSR2). The ACRS55 mechanism in Chemkin format is available as

Supplementary Material.

3. Results

As outlined above the ACR55 mechanism was developed to agree with a selected set of
ignition delay times, laminar burning velocities and species profiles, and as a result of this the
mechanism will always produce results in close agreement with the reference mechanism
AramcoMech 2.0 for these conditions. In the present section we evaluate the performance of

ACRS5S5 in comparison with other reduced mechanisms, to selected sets of experimental data. For
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some important conditions where no experimental data exist the mechanisms are discussed in
relation to each other. Selected results are presented here and additional figures are available as

Supplementary Material. In all the figures, results from ACRSS5, AramcoMech 2.0 and the

1'31 1.28

mechanisms of Liao et al.”" and Ferndndez-Tarrazo et al.”®, are presented. The latter two are from
here on called Liao and Fernandez, and they were selected for comparison since their size is
similar to ACRS55, and available as full mechanisms in the literature. As can be seen in Figures
1-9, ACRS55 demonstrates superior performance at Sl-conditions, in comparison to Liao and
Fernandez. The results are expected, since ACRS5S5 is specifically tailor-made for these
conditions.

All simulations in the reduction step were conducted in air or air-like conditions (using
nitrogen (N2) as a diluent gas), but a few experiments in the validation set were conducted using
argon (Ar) as a diluent gas, and in these cases Ar was added to the species list of the proposed

mechanism alongside the enhancement factor identically to how they are implemented in

AramcoMech 2.0.
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Figure 1. Ignition delay for stoichiometric conditions of CH3OH and O> with N as diluent gas at

13.00 bar (condition IDT10). The circles are experimental data by Fieweger et al. *°.

Experimental data points are digitised from figures in the original publications.
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Figure 2. Ignition delay for stoichiometric conditions of CH30H and O with N> as diluent gas at
30.88 bar (condition IDTS). The circles are experimental data by Burke et al. **. Experimental

data points are digitised from figures in the original publications.
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Figure 3. Ignition delay for stoichiometric conditions of CH30H and O2 with N2 as diluent gas
at 49.27 bar (condition IDT6). The circles are experimental data by Burke et al.*?>. Experimental

data points are digitised from figures in the original publications.

Ignition delays (in this article defined as global maximum of OH concentration) at various
pressures (13-49 bar) are presented in Figures 1-3, with additional results presented in Figures
S1-S7, available in the Supplemental material. In the experimental works the ignition delay time
was determined using the pressure rise or luminosity, but in the simulations OH is used as a
unified comparison of the mechanisms. Davidson and Hanson** present an evaluation of various
definitions of ignition delay and concludes that at the conditions of relevance in the present
work, the common definitions deviate by at most 2%. All three reduced mechanisms, ACRSS,
Fernandez and Liao, are essentially in agreement with the experimental results of the 13 bar case
by Fieweger et al.** (Figure 1), considering reasonable experimental scatter and uncertainties
based on information given by Fieweger et al.>* and general considerations about shock-tube

experiments discussed by Davidson and Hanson**. However, it is only AramcoMech 2.0 and
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ACRS5S5 that are in satisfactory agreement with the two high pressure data sets from Burke et al.*
(Figures 2, 3). The highest temperature data point at condition IDT6 for Fernandez and Liao is
shifted upwards, since the OH profile does not have a well-defined peak, but instead the
equilibrium value is close to the maximum value at this temperature.

The chemical reactions governing ignition delay times have been identified using sensitivity
analysis for ignition delay at 1100 K at 13 and 49 bar. Sensitivity plots for the three reduced
mechanisms are available as Figs S15-S17 in the supplementary material. The mechanisms share
the three dominating reactions: CH3OH+HO,=CH,OH+H;0,, H>0,+M=20H+M and
2HO,=H>0,+0>, where the first two promote ignition and the third inhibit ignition. The reaction
rate constants of the three reactions are, however, different in the three mechanisms (see Table
S2 in Supplementary material) and from this the difference in reactivity between the
mechanisms, evident from Figs. 1-3, can be deduced. The most reactive mechanism, i.e. with
shortest ignition delay time, is Fernandez, which has a pre-exponential factor twice as high as the
other mechanisms for the main ignition promoting reaction. The relatively high reactivity of Liao
is a result of a comparably low reaction rate for the damping self-reaction of HO».

Experimental laminar burning velocities of methanol/air flames have been difficult to
reproduce using modelling, as discussed by, among others, Beeckmann et al.*"** and Nauclér et
al.*. Most studies have been at atmospheric pressures and the only experimental data point for
laminar burning velocity in the range of relevance for the present work is at 373 K and 10 bar, by

Beeckmann et al.*!

. They present an experimentally determined value of around 34 cm/s at
stoichiometric conditions, while AramcoMech 2.0 predicted 19.4 cm/s, ACRS55 predicted 19.9

cm/s (closely resembling AramcoMech 2.0), Liao 21.3 cm/s and Fernandez predicted 22.1 cm/s.
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All the numerical models under predict the laminar burning velocity, similar to the numerical
part of the study of Beeckmann et al.*!> %,

A comparison of simulations is used as a further evaluation of laminar burning velocities,
presented in Figures 4 and 5. Figure 4 shows the trend of laminar burning velocity at constant
temperature and varying pressure (10-50 bar), with the correlation of Vancoillie et al.** plotted
together with the simulations. In this figure it can be seen that the mechanism by Liao is on
average 10 % above the prediction of laminar burning velocity by AramcoMech 2.0. The

mechanism by Fernandez shows a different overall trend than the others with less pronounced

decrease with pressure. The correlation shows a trend that is higher than any of the mechanisms,

with a higher relative agreement at high pressure and low temperature. A sensitivity analysis was

performed for the three reduced mechanisms at pressures 10 and 50 bar, to reveal the most
important reactions, as presented in Figures S18-S20 in the supplementary material. The
mechanisms share the three most sensitive flame promoting reactions for 10 bar: O,+H=0+OH,
CO+0OH=CO,+H and HO,+H=20H, but with different relative importance. For the 50 bar case
the same reactions are important, but to various extent in competition with
CH3;0H+HO,=CH>,0H+H>0>.

Figure 5 shows the trend of laminar burning velocity at constant pressure and varying

temperature (300-500 K), and the results of all the reduced mechanisms share a similar trend.
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Figure 5. Laminar burning velocity for stoichiometric conditions of CH30H and air at 30.00 bar

(FP3, FP6 and FP7) using varying unburnt gas temperature.

Pollutant formation at various temperatures in jet-stirred reactor simulations (JSR1 and JSR2)
are presented in Figures 6-9, while results for flow reactor simulations (FR1) are available as

Figures S8-S14 in the Supplementary material. Reactants CH3OH and O, and the final product
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COg, are presented in Figures 6 and 7 for 10 and 20 bars, respectively. All mechanisms capture
the overall trends for these species quite well, but it is clear that the discrepancies are larger at
low temperatures, in particular for the mechanism of Fernandez. The two main pollutants of
interest for methanol combustion are CH>O and CO (Figures 8, 9). All the mechanisms perform
well at higher temperatures for CH20, but under-predicts the experimental results below 900 K.
ACRS5 and Liao show a similar trend, both for 10 bar (JSR1) and 20 bar (JSR2) almost
predicting the results equally well as AramcoMech 2.0. For CO, all the models except Fernandez
show a similar trend, with Fernandez performing better at high temperature and worse at low
temperature. At 20 bar pressure (JSR2), none of the mechanisms have the correct quantitative

predictions, but the qualitative trends are in line with the experimental trend.
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Figure 6. Jet-stirred reactor results of major species for stoichiometric conditions of CH3;OH and
O at 10.0 (condition JSR1) at varying temperature with residence time (t) of 0.5. Circles are

experimental data by Burke et al.*?. Solid line is AramcoMech2.0, dashed line is ACR55, semi-
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dotted is Liao and the dotted line is Fernandez. Experimental data points are digitized from

figures in the original publications.
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Figure 7. Jet-stirred reactor results of major species for stoichiometric conditions of CH3OH and

02 at 20.0 (condition JSR2) at varying temperature with residence time (t) of 1.0. Circles are

experimental data by Burke et al.*>. Solid line is AramcoMech2.0, dashed line is ACR55, semi-

dotted is Liao and the dotted line is Fernandez. Experimental data points are digitised from

figures in the original publications.
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Figure 8. Jet-stirred reactor results of minor species for stoichiometric conditions of CH30H and
Oz at 10.0 (condition JSR1) at varying temperature with residence time (t) of 0.5. Circles are
experimental data by Burke et al.*?. Solid line is AramcoMech2.0, dashed line is ACRS55, semi-
dotted is Liao and the dotted line is Fernandez. Experimental data points are digitiseddigitized

from figures in the original publications.
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Figure 9. Jet-stirred reactor results of minor species for stoichiometric conditions of CH30OH and

O at 20.0 (condition JSR2) at varying temperature with residence time (t) of 1.0. Circles are
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experimental data by Burke et al.*?. Solid line is AramcoMech2.0, dashed line is ACRS55, semi-
dotted is Liao and the dotted line is Fernandez. Experimental data points are digitiseddigitized

from figures in the original publications.

4. Chemistry

The purpose of a reduced mechanism, in contrast to a global mechanism containing just a few
reaction steps, is that accurate representation of chemistry should be preserved for the important
species. To understand the time resolved chemistry using rate of production, a single case from
the jet-stirred reactor case was chosen. In Figure 10, the top eight reactions, based on absolute
rate of production of CH>O, -is shown for both AramcoMech 2.0 and ACRS55 for a flow reactor
simulation at 897 K using condition JSR2 in Table 1. The same four reactions are in the top for
both mechanisms and has similar rate of production values, indicating that the important
chemistry is still present in the reduced mechanism. AramcoMech 2.0 only contains reversible
reactions while ACRSS5 contains irreversible reactions. This difference makes a quantitative
comparison ambiguous, but the qualitative conclusion regarding the chemistry can still be drawn.
Furthermore, since it is absolute rate of production, both directions of the reversible reaction will
have the same rate of production for AramcoMech 2.0, but will have be different for ACRSS.
This can be seen once in Figure 10 and twice in Figure 11.

During reduction, 219 reversible reactions involving CH20 was reduced to 17 irreversible
reactions. Similarly, 138 reversible reactions involving CO were reduced to 6 irreversible
reactions. Figure 11 shows the absolute rate of production for the same case as_Figure 10, but for

CO instead of CH>O.
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flow reactor simulation at 897 K and 20 bar pressure, chosen as a specific temperature case of

JSR2.
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Figure 11. Absolute rate of production for top ten active reactions for CO formation using flow

reactor simulation at 897 K and 20 bar pressure, chosen as a specific temperature case of JSR2.

The mechanism of Liao et al., which is slightly larger than ACRSS5, performs quite well at SI-
conditions which was demonstrated in Section 3 and is in better agreement with ACRS55 than the
Fernandez mechanism. Comparing the mechanism of Liao (40 reversible reaction) with the
present work show that the same species are used in both, with the exception of argon (Ar) that is
added to Liao, but not to ACRS5S5 in the original version. However, the choice of reactions is
slightly different between the mechanisms. ACRS5S5 include more fuel decomposition reactions,
especially with CH30 as a product, than Liao. Another important difference is that Liao contains
fewer pressure dependent reactions (only for CH3OH, CH4 and HO> decomposition), whereas

ACRS5 have decomposition of CH30H, CH,OH, CH30, CH>0, H2O> and HO; alongside
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pressure dependent reactions involving CH>OH. These differences in mechanism structure is

most likely due to Liao et al.’!

developing their mechanism for mostly atmospheric and up to a
few bar of pressure, but a wide range of equivalence ratios, while ACRS55 is developed to predict

pollutant formation at high pressure (10-50 bars) and only stoichiometric conditions. The

mechanisms thus cover different chemical regimes.

5. Conclusions

Bridging the gap between comprehensive chemical kinetics and CFD simulations is important
and the proposed mechanism is an effort to construct the first methanol mechanism designed
specifically for a wide range of SI engine conditions. The mechanism was successfully reduced
from a comprehensive mechanism using a novel method, and, with 18 species and 55 irreversible
reactions, it has a reasonable size for LES of complex systems. It is not recommended to use the
mechanism outside of the validation range, since the results can be different from a
comprehensive mechanism.

The mechanism reduction and optimization method, using Ant Colony Optimization and
Genetic Algorithm, ensure that the reduced mechanism ACRSS is in agreement with the
comprehensive mechanism AramcoMech 2.0, over the selected range of conditions. Additional
validation towards experimental datasets showed similar agreement as the AramcoMech 2.0. The
performance of ACRS55 was superior to the other two investigated reduced mechanisms, that
were developed for different, and in some aspects more limited, range of conditions. Closer

comparison to the mechanism of Liao et al.*!

did, however, show that the two mechanisms have
many similarities.

The simulation times for all freely propagating flames (FP1-FP7) in the reduction set were

equally long for ACRS5 and Liao, around 0.4% of the computational time of AramcoMech 2.0.
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Similarly, simulation times for all the non-flame simulations (FR1, JSR1, JSR2, IDT1-IDT3) in
the reduction set were almost the same for ACRSS5 and Liao, around 24.6 % of the computational
time of AramcoMech 2.0. Fernandez was not included in the time comparison, since it has
convergence issues when using the same set of grid parameters that worked for the other
mechanisms.

Although there is good agreement between the mechanism and the existing experimental
validation targets presented in Section 3, a weakness is that experimental laminar burning
velocities at elevated pressures and temperatures are not available at the moment. Consequently,
when the experimental data is available, the mechanism should be updated to incorporate the

new information to further increase the accuracy of its predictions.
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Supporting Information

ACRS5.txt: The reduced mechanism input file developed in this work.

ACRS55-therm.txt: The thermodynamic data associated with the reduced mechanism.

ACRS55-trans.txt: The transport data associated with the reduced mechanism.

CH3O0H_supporting_information.pdf: Additional validation figures, showing cases that was not
included in the main text, modified reaction rates, and sensitivity analysis for relevant cases
discussed in the main text. Figures show results simulated at conditions from the validation set of

Table 1.
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