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A B S T R A C T

The kinetic mechanisms describing the combustion of longer-chain fuels often have limited applicability due
to the high number of species involved in their oxidation and decomposition paths. This work proposes a
combined methodology for developing compact but accurate kinetic mechanisms of these fuels and applies it
to dimethoxymethane (DMM), or oxymethylene ether 1 (OME1). An automatic chemical lumping procedure,
performed by grouping structural isomers into pseudospecies, was proposed and applied to a detailed kinetic
model of DMM pyrolysis and oxidation, built from state-of-the-art kinetic sub-models. Such a methodology
proved particularly efficient in delivering a compact kinetic mechanism, requiring only 11 species instead
of 35 to describe DMM sub-chemistry. The obtained lumped kinetic model was then improved through a
data-driven optimization procedure, targeting data artificially generated by the reference detailed mechanism.
The optimization was performed on the physically-constrained parameters of the modified-Arrhenius rate
constants of the controlling reaction steps, identified via local sensitivity analyses. The dissimilarities between
the predictions of the detailed and lumped models were minimized using a Curve Matching objective function
for a comprehensive and quantitative characterization. Above all, the optimized mechanism was found to
behave comparably to the starting detailed one, throughout most of the operating space and target properties
(ignition delay times in shock tubes, laminar flame speeds, and speciations in stirred and flow reactors). The
successful application of the proposed methodology to the DMM chemistry paves the way for its extensive use
in the kinetic modeling of longer OMEs as well as heavier fuels, for which the computational advantages are
expected to be even higher.
1. Introduction

Achieving a long-term carbon-neutral economy requires an eclectic
strategy, involving the implementation of parallel measures to gradu-
ally decrease the dependence on fossil fuels. The transportation sector
is the second largest emitter of greenhouse gases after the energy indus-
tries, and largely contributes to the global warming phenomenon [1].
To address the issue, the European Union has recently approved a
package of laws that aims to reduce emissions by 55% by 2030 com-
pared to 1990 levels and achieve climate neutrality by 2050 [2]. The
package includes a specific section for the transportation sector, which
mandates that all new cars entering the market from 2035 should be
zero-emission vehicles. According to this, electric vehicles might look
like the first-line choice, but as long as electricity is mostly produced
by fossil fuels, they do not tackle the issue of greenhouse-gas emissions.
Additionally, an important limitation of carbon-free, renewable sources
like wind or solar energy is their intermittent availability, such that
storing excess energy and releasing it ‘‘on demand’’ is one of the most
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debated issues of the current energy transition. For this reason, the
production and use of synthetic fuels, or e-fuels, to accumulate the
energy produced from renewable sources has become a major research
line [3].

In this scenario, oxymethylene ethers (OME𝑛) have recently been
identified as a suitable candidate to progressively replace traditional
fuels in diesel engines [4]. This is due to multiple reasons: (i) they rely
on an established catalytic synthesis [5–8]; (ii) their physico-chemical
properties are comparable to those of diesel fuels, especially in terms
of miscibility and ignition propensity [9]; (iii) their oxygenated nature
ensures a noticeable reduction in soot and particulate matter formation,
as highlighted by several experimental [10–14] and numerical [15–20]
studies.

Dimethoxymethane (DMM, i.e. OME1) is the shortest OME after
dimethyl ether (DME, i.e. OME0), therefore knowing its chemistry is
essential to model the reactivity of longer-chain OMEs. As a result, the
interest in the chemical kinetics of DMM rapidly increased over the past
vailable online 30 November 2023
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Nomenclature

Acronyms

BF Branching fraction
DME Dimethyl ether
DMM Dimethoxymethane
IDT Ignition delay time
JSR Jet stirred reactor
LFS Laminar flame speed
MEL Master Equation-based lumping
OME Oxymethylene ether
PES Potential Energy Surface
PFR Plug flow reactor
SM Supplementary Material

Greek Symbols

𝜆 Air-fuel equivalence ratio [-]
𝛷 Fuel-air equivalence ratio [-]

Roman Symbols

𝑘 Kinetic constant [mol, cm, s]
𝑃 Pressure [Pa]
𝑇 Temperature [K]
𝑡 Time [s]
𝑋 Isomer branching fraction [-]
𝑥 Mole fraction [-]

years; available studies focus on both theoretical calculations for the
rate constants estimation [21–23] and their subsequent implementation
in kinetic models [24–27].

The major drawback of a detailed kinetic mechanism for DMM
combustion is the resulting large number of species and reactions,
which increase even further for longer-chain OMEs. Such kinetic mech-
anisms are therefore hardly applicable to large-scale simulations, and
preliminary reduction techniques need to be adopted to perform com-
putational fluid dynamics simulations [28].

On the other hand, the hierarchical nature of OMEs and their
regular structure make them particularly suitable for a lumped for-
mulation of their kinetics. Previous literature studies [29–32] showed
the potential of the lumping approach in developing compact, low-to-
high-temperature mechanisms of long-chain fuels, without a significant
loss in the accuracy of the predictions of ignition propensity and
speciations. Moreover, such methodologies can be combined with a
downstream optimization of the lumped kinetic parameters for an
improved agreement with the detailed model.

In this work, an integrated methodology coupling a novel chemical
lumping procedure and a subsequent mechanism optimization is pre-
sented. In particular, an automatic lumping methodology, performed
by grouping structural isomers into the same pseudospecies, is applied
to a detailed kinetic model. The rate parameters are then refined by
adopting a data-driven optimization methodology, based on artificial
data generation through the reference detailed mechanism, to minimize
the differences from the original model. Both lumping and optimization
methodologies are implemented into two separate open-source, freely
available tools.

As a case study, the kinetic model of DMM pyrolysis and oxidation
is developed from a state-of-the-art sub-model available in the litera-
ture [22]. Its compact size allows a thorough analysis of the effects
of the methodology on the performance of the reduced mechanism.
This is benchmarked against the detailed one, and the advantages and
2

potential improvements of the proposed approach are summarized. To
confirm the reproducibility of the methodology, a second reduction was
performed on the kinetics of OME2, whose validation is presented in the
Supplementary Materials (SM) for the sake of compactness.

2. Methodology

2.1. Detailed kinetic model

The detailed kinetic model describing the pyrolysis and oxidation of
DMM was built up through a hierarchical and modular procedure, start-
ing from the CRECK kinetic modeling framework [33]. Among CRECK
subsets, the C0-C3 mechanism (adopted and updated from previous
works [34–37]) was used as a basis for OMEs chemistry.

Ethers’ chemistry was taken into account starting from the DME sub-
mechanism by Burke et al. [38]. Similarly, the DMM sub-mechanism
was integrated from the work of Jacobs et al. [22]. Both involve
pressure-dependent estimates of low-temperature chemistry and were
validated in a wide range of operating conditions. Thermodynamic
properties were updated according to the database of Burcat and Rus-
cic [39].

The detailed kinetic mechanism obtained in such a way includes
161 species and 2283 reactions and was adopted as a starting point to
develop the lumped mechanism. It is available in CHEMKIN format as
SM of this work.

2.2. Chemical lumping

The DMM lumped kinetics was derived from the detailed one, by
extending a master equation-based lumping methodology (MEL, avail-
able at https://github.com/lpratalimaffei/MEL), initially conceived for
processing the output of multi-well master equation simulations [40],
thus simplifying their complexity. For the first time, such methodology
was extended to include reaction pathways from multiple potential
energy surfaces (PESs) that interact significantly. The result is an auto-
matic approach that calculates lumped rates requiring minimal external
input. The approach also automatically identifies species that do not
accumulate in kinetic simulations and can therefore be removed from
the reaction pathways in the lumping step rather than in a subsequent
skeletal reduction. The lumping procedure was performed by grouping
similar species into pseudospecies. Structural isomerism was the chosen
grouping criterion so that the same functional groups were retained in
each pseudospecies. The choice of the pseudospecies and the respective
composition is the only lumping step that requires the user’s knowledge
of the mechanism. Due to the fictitious nature of pseudospecies, all
reactions were written as irreversible.

The composition of each pseudospecies was evaluated as a function
of temperature and pressure via 0D isothermal and isobaric simulations,
performed with the detailed mechanism in a temperature range of
500–2000 K. Such a procedure had already been successfully adopted
n previous works to perform species-targeted mechanism reduction
41], where accuracy was shown to be retained, too, in 1D flames
or the same species. Logarithmically spaced pressures in the range of
.001–500 atm were considered to cover the whole range of pressure-
ependent reactions (in PLOG format) of the detailed mechanism [22].
ean conditions (𝛷 = 0.5) were chosen to emphasize low-temperature
xidation kinetics, where the lumped pseudospecies play a major role.
evertheless, the influence of 𝛷 on the pseudospecies’ composition was
erified a posteriori to be minimal.

The average, temperature-dependent branching fractions (BFs) of
ach pseudospecies were thus adopted for the evaluation of the lumped
ates parameters. Branching fractions 𝐵𝐹𝑖 of each 𝑖th isomer for a given
seudospecies were calculated as in Eq. (1):

𝐹𝑖 =
∫ 𝑡𝑚𝑎𝑥
0 𝑋𝑖(𝑡)𝑑𝑡 (1)
𝑡𝑚𝑎𝑥

https://github.com/lpratalimaffei/MEL
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Fig. 1. Branching fractions of DMM-QOOH isomers at atmospheric pressure, as a
unction of the temperature.

here 𝑋𝑖 is the 𝑖th isomer fraction with respect to the total isomers
ool, defined as in Eq. (2):

𝑖(𝑡) =
𝑥𝑖(𝑡)

∑

𝑖 𝑥𝑖(𝑡)
(2)

where 𝑥𝑖 is the mole fraction of the 𝑖th isomer. In Eq. (1), 𝑡𝑚𝑎𝑥 is the
ime, in the 0D simulation, when the total isomers mole fraction reaches
ts maximum value. The choice to ignore the successive consumption
hase ensures smoother BF profiles with respect to the temperature. An
xample of isomer pool composition for the lumped hydroperoxy alkyl
adical (DMM-Q̇OOH) at atmospheric pressure is shown in Fig. 1.

The evaluation process of the BF was specifically developed for this
ethodology and differs majorly from the one used in typical appli-

ations of MEL. In fact, contrarily to [40], the strong non-equilibrium
nteractions between lumped groups of species prevent the use of
imple equilibrium/steady state compositions for the lumped species
btained from the reactivity of single PESs. One of the advantages of
his approach is its generality for all lumped species. Similar approaches
rom the literature (e.g., [30]) treat high- and low-temperature isomers
ifferently to account for their different intrinsic reactivity, for exam-
le, distinguishing between primary and secondary radicals. This not
nly increases the total number of species but also requires a critical
valuation of the kinetics from the user.

In this work, the thermodynamic and transport properties of the
ost abundant isomer in each pool were selected for the corresponding
seudospecies, as widely accepted in the literature [30,32,42]. More-
ver, since all lumped species are isomers, both their thermodynamic
nd transport properties are similar among the same pool and the
ommitted error is negligible.

The rate parameters for the lumped reactions were automatically
valuated by MEL as in Eqs. (3) and (4), where 𝑅 stands for reactants
nd 𝑃𝑟 for products, subscript 𝐿 indicates lumped species and subscript
denotes the 𝑖th isomer of the pseudospecies. Specifically:

• Rate constants of reactions without pseudospecies as reactants
(e.g., H-abstractions from the fuel) were obtained by summing
the respective detailed constants, as in Eq. (3). These reactions
involve pseudospecies only as products, therefore their estimated
rates are accurate and do not depend on BFs;

𝑘𝑅→𝑃𝑟𝐿 (𝑇 ) =
∑

𝑘𝑅→𝑃𝑟𝑖 (𝑇 ) (3)
3

𝑖

• Reactions with reacting pseudospecies were lumped by averaging
their detailed rates weighted on the BFs of the lumped species, as
in Eq. (4). The products may be lumped as well, but it does not
influence the reaction rate evaluation.

𝑘𝑅𝐿→𝑃𝑟(𝑇 ) =
∑

𝑖
𝐵𝐹𝑖(𝑇 )𝑘𝑅𝑖→𝑃𝑟(𝑇 ) (4)

The reaction rates thus obtained were subsequently fitted in a
odified-Arrhenius format. Differently from other literature

pproaches (e.g., Pepiot-Desjardins et al. [32]) where lumped rate
onstants are derived simultaneously as a function of a set of space
ariables (T, P, simulation profiles) and therefore depend on this set,
n this work the problems of finding pseudospecies compositions and
umped rate constants are decoupled. The derivation of lumped rate
onstants is performed within each separate PES, thus substantially
educing both computational cost and the variability of the lumped rate
onstants.

The lumped kinetic mechanism can be found in the SM, as well as
he complete species nomenclature.

.3. Artificial data generation and data-driven optimization

The lumped mechanism underwent an optimization procedure for
n enhanced agreement with the detailed reference model. To this
urpose, the methodology proposed by Bertolino et al. [43] was imple-
ented, and applied to a lumped mechanism for the first time using the
ptiSMOKE++ toolbox [44] (available at https://github.com/burn-
esearch/OptiSMOKE_toolbox). This approach exploits an evolutionary
lgorithm to optimize the modified-Arrhenius parameters of the rate
onstants of the most impactful reactions, previously identified via
ensitivity analyses. One of its major strengths lies in the capability
o perform a physically consistent optimization of pressure-dependent
ate constants (formulated in PLOG format in this work) throughout the
hole temperature and pressure domain. This means that the original
ependency on the pressure is maintained throughout the optimization.
his is ensured by optimizing a set of three parameters for each rate in
LOG format from which all the others are scaled, instead of separately
ptimizing all the parameters for each pressure. An example is reported
n Fig. 2 for the reaction DMM-R+O2⇒DMM-RO2 (addition of oxygen

to the alkyl radical), where it is highlighted that the rate constant has
been consistently optimized, i.e., it has been reduced by a factor ∼2.5
for each pressure.

All three modified-Arrhenius parameters were chosen to be opti-
mized for each reaction. In OptiSMOKE++, it is possible to specify
which parameters to optimize for each rate, and the algorithm bounds
each parameter according to the uncertainty factors provided for the
rate [43,44]. The optimization methodology varied according to the
type of reaction as follows:

• Reactions without reacting pseudospecies (e.g., H-abstractions
from the fuel) were not optimized, as their lumped rate constant
is independent from BFs (cf. Eq. (3));

• Rate constants lumped by averaging their detailed constants,
as in Eq. (4), were physically constrained for each tempera-
ture between the highest and the lowest detailed rate constants
(Fig. 3.a);

• Rate constants derived as a fraction of a single detailed reaction
(e.g., decompositions of single isomers) were bounded between
the detailed constant and a lower boundary chosen to be sym-
metric in a logarithmic scale (Fig. 3.b). This results in the nominal
rate constant being always in the middle between the upper and
lower limits in a logarithmic scale.

The possible loss of physical meaning in unbounded optimizations
is a problem that is not addressed in previous approaches (e.g., [32])
where optimization boundaries do not seem to be specified. An un-

bounded optimization, or one with physically inconsistent boundaries,

https://github.com/burn-research/OptiSMOKE_toolbox
https://github.com/burn-research/OptiSMOKE_toolbox
https://github.com/burn-research/OptiSMOKE_toolbox
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Fig. 2. DMM-R+O2⇒DMM-RO2 lumped rate constants before (black line) and after
(blue line) optimization at 0.001–100 bar. The optimization algorithm ensures that the
PLOG consistency is maintained by modifying the constant of the same quantity for
each pressure.

Fig. 3. Lumped rate constants of DMM-RO2⇒DMM-QOOH (a) and DMM-OQOOH
decomposition (b), before (black line) and after (blue line) optimization. The two
reactions exemplify the optimization boundaries adopted for rate constants de-
rived from multiple detailed rate constants (a) and from a single one (b). For
case (a), the three detailed reactions are DMM-RO2-1⇒DMM-QOOH-1 (red dashed
line), DMM-RO2-1⇒DMM-QOOH-2 (red dotted line), and DMM-RO2-2⇒DMM-QOOH-
4

3 (red dash-dotted line), respectively, while for case (b) the detailed reaction is
DMM-OQOOH-3⇒CH3O+CO2+CH2O+OH (red dotted line).
Fig. 4. Operating conditions of the artificially generated data adopted as optimization
targets, represented in the space of temperature, pressure, and equivalence ratio.

can easily lead to compensations of errors in the rates. These may not
raise complications in the mechanism itself but inevitably undermine
the robustness of reaction-class-based mechanisms of longer fuels.

Reactions not belonging to the DMM sub-model were excluded from
the optimization to preserve the mechanism consistency and to isolate
the impact of the effects of lumping on the model performance. Only
reactions with a relative sensitivity coefficient higher than 0.1 were
optimized. This value was verified to well balance effectiveness and
a limited number of parameters to optimize. An excessive number of
optimization parameters leads to a slower optimization procedure and
reduces the efficiency of the evolutionary algorithm in finding the
optimum [43]. If all rates are optimized regardless of their impact on
the complete mechanism, as previously done in the literature [32],
the overall approach turns out inevitably time-consuming, and this
drawback is expected to exponentially increase with the mechanism
size.

The objective function was minimized using numerical data gen-
erated from the detailed model as targets. It was based on a Curve
Matching algorithm [45]: after converting the model predictions of
both the detailed and lumped kinetic models into functional data, the
related agreement was quantified using the mean of an extended 𝐿2-
norm, as well as Pearson correlations to compare the shape of the
curves and those of their first derivatives. In this way, the agree-
ment between the predictions was quantified more comprehensively
than with the typical sum of squared deviations generally used for
model assessment [46]. Further numerical details about the optimiza-
tion procedure and convergence criteria are available in the reference
works [43–45].

The concentrations of species at the outlet of jet stirred and plug
flow reactors (JSRs, PFRs) were chosen as optimization targets. Indirect
properties, such as ignition delay times (IDTs) in shock tubes, were
considered only for model validation. Indeed, preserving the accuracy
on major species profiles and evolution over time and temperature
is a necessary step to preserve accuracy on IDTs too, and allows a
physically consistent optimization procedure with predictivity features.
The target species were selected from the main decomposition products
of alkyl radicals, hydroperoxy alkyl radicals, and keto-hydroperoxides,
to account for high-, intermediate-, and low-temperature chemistry. In
the DMM chemistry, these products are CH2O and CH3OCHO for all
decompositions. Also, the fuel was chosen as a target to control its
global reactivity.

Therefore, the concentrations of the fuel (DMM), CH2O, and
CH3OCHO, as predicted by the detailed model at different temperatures
in the 𝑇 = 500–1100 K range, were selected as targets. The data were
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Fig. 5. Schematic representation of DMM kinetic mechanism. Blue rectangles group lumped isomers.
obtained from simulations performed at various operating conditions,
sampled from a range of 𝑃 = 1–40 atm (logarithmically spaced) and
𝛷 = 0.25–2 (equispaced). In particular, the following combinations
were selected, as represented in Fig. 4:

• 3 JSR simulations at: 𝑃 = 1 atm and 𝛷 = 2.0, 𝑃 = 6 atm and
𝛷 = 1.0, and 𝑃 = 40 atm and 𝛷 = 0.25;

• 3 PFR simulations at: 𝑃 = 1 atm and 𝛷 = 1.0, 𝑃 = 6 atm and
𝛷 = 0.5, and 𝑃 = 40 atm and 𝛷 = 2.0.

In such a way, the outlet concentrations of the three species were
simulated at three operating conditions for 50 temperatures for JSRs,
and 23, 20, and 21 temperatures for PFRs, for a total of 642 opti-
mization targets. The choice of the operating condition was verified
not to heavily influence the optimization results. The uncertainties of
the target data were not considered in this optimization since they re-
sulted from numerical simulations and are not affected by experimental
uncertainty.

3. Results and discussion

3.1. Pathways identification and mechanism lumping

The lumping procedure performed on the detailed kinetic mecha-
nism of Jacobs et al. [22] is schematized in Fig. 5. The low-temperature
oxidation species can be identified, i.e., DMM alkyl (Ṙ), peroxy (RȮ2),
alkoxy (RȮ), hydroperoxy alkyl (Q̇OOH), and hydroperoxy alkyl per-
oxy (Ȯ2QOOH) radicals, hydroperoxides (ROOH), keto-hydroperoxides
(OQOOH), and cyclic ethers. All the pseudospecies were defined ac-
cording to structural isomerism.

A limited number of species, automatically identified by MEL, were
removed from the detailed mechanism to perform a preliminary re-
duction to simplify the mechanism and facilitate the following lump-
ing procedure. Such species are the keto-alkyl and keto-alkoxy rad-
icals, the alkyl ketones, the di-hydroperoxides, and the cyclic ether-
hydroperoxides. After verifying that these species did not affect the
mechanism performances in IDTs, speciations in JSRs and PFRs, and
laminar flame speeds (LFSs), they were replaced with their decomposi-
tion products.
5

Fig. 6. 10 most sensitive DMM reactions in JSR at 𝛷 = 0.25, 𝑃 = 40 atm, and
𝑇 = 600 K with their relative sensitivity coefficients. H-abstractions have already been
excluded.

All the reaction pathways were lumped according to Eqs. (3) and
(4), adopting the BFs calculated as in Eq. (1). The resulting lumped
mechanism includes 137 species (24 less than the detailed one) and
2203 reactions, and it is available in CHEMKIN format in the SM.

3.2. Reactions selection and optimization

The selection of the reactions to be optimized was performed via
a systematic calculation of the local, normalized sensitivity coeffi-
cients, throughout the whole range of operating conditions. Sensitivity
analyses on DMM, CH2O, and CH3OCHO were performed at various
temperatures and pressures in JSRs and PFRs at lean (𝛷 = 0.25–0.5),
stoichiometric (𝛷 = 1.0), and rich (𝛷 = 2.0) conditions. The most
sensitive reactions in a JSR at 𝛷 = 0.25, 𝑃 = 40 atm, and 𝑇 = 600 K are
reported as examples in Fig. 6 with their relative sensitivity coefficients.
These conditions effectively emphasize the contributions of the low-
temperature chemistry. The sensitivity analyses in PFRs highlighted the
same reactions that emerged from JSRs.

The sensitivity coefficients emphasize the critical role of the de-
compositions of the keto-hydroperoxide and the alkyl and hydroperoxy
alkyl peroxy radicals. Nevertheless, they usually have an antagonis-
tic effect on the formation or destruction of the products i.e., im-
provements in one species’ profile worsen the results of the other’s.
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ence their optimization inevitably met a trade-off between CH2O
nd CH3OCHO predictions. The addition of oxygen to the alkyl and
ydroperoxy radicals, and its isomerization also emerged from most
ensitivity analyses.

The three modified-Arrhenius parameters of 18 selected reactions
6 in PLOG format) were optimized, for a total of 54 parameters. These
re reported in the SM, before and after optimization. The optimized
echanism is also available in the SM in CHEMKIN format.

The differences between the target species’ predictions by the
umped and detailed mechanisms are highlighted by high-pressure and
ean conditions, that promote low-temperature chemistry. Indeed, at
ow pressures and rich conditions, the performances of the lumped
nd detailed kinetic models agree even before the numerical opti-
ization. This is exemplified in Fig. 7, where it can be noticed that

pecies profiles improve with the optimization, but do not match the
etailed ones in the critical conditions mentioned. The residual lack
f agreement between detailed and optimized mechanisms must be
ttributed to the already cited antagonistic effect that the alkyl radicals
nd keto-hydroperoxides decompositions have on the formation and
estruction of CH2O and CH3OCHO. The behavior is due to the reduced
umber of degrees of freedom of the lumped mechanism, and it can be
artially seen in the JSR sensitivity analysis reported in Fig. 6. These
iscrepancies are even more evident in low-pressure PFR simulations.
evertheless, noticeable improvements were achieved for all the target
onditions. All targets are reported in the SM.

.3. Mechanism validation

The optimized mechanism was extensively tested through a large
atabase, covering a wide range of operating conditions and reactors.
he experimental data considered are IDTs [22,47–50], LFSs [26,47],
nd speciations in JSRs [21,24,51,52] and PFRs [53–55]. The valida-
ion procedure was automatically performed by exploiting the novel
6

ciExpeM platform [56,57] (available at https://sciexpem.polimi.it),
hich collects a large database of experiments and kinetic mechanisms,
llowing to quickly simulate the data and quantify the results with the
urve Matching procedure it embeds.

The main results are reported hereafter, while the complete vali-
ation can be found in the SM, together with a comparison between
his mechanism and those by Shrestha et al. [26] (37 species in the
MM sub-mechanism), Li et al. [25] (35 species), Kathrotia et al. [27]

8 species), and Sun et al. [24] (30 species). It is worth reminding
hat the experimental data were not optimization targets, but they are
eported in the plots along with their uncertainties, to quantify the
iscrepancy between detailed and reduced models, in relation to the
xisting difference between models and experiments. For this reason,
ome deviations of the original detailed mechanism from the data are
till present in the optimized one, but their adjustment is outside the
cope of this work.

Fig. 8 compares the capability of detailed and lumped mechanisms
n predicting the IDTs measured by Jacobs et al. [22] and Gillespie [47]
n various conditions. The detailed mechanism reasonably predicts
he ignition behaviors in all cases. The lumping procedure causes an
cceleration of the mechanism predictions at low temperatures, with
maximum deviation of a factor ∼1.5 from the detailed model. The

redictions of the lumped mechanism thus worsened for 𝑇 < 800 K. The
optimization of the lumped model led to a substantial improvement at
low temperatures while maintaining the performances of the detailed
mechanism at intermediate and high temperatures.

The sensitivity coefficients for OH mass fraction (considered as
representative of IDT) of the 10 most sensitive reactions in a shock tube
simulation at 𝛷 = 1.0, 𝑃 = 40 atm, and 𝑇 = 714 K are shown in Fig. 9.
The ratio between the optimized and nominal rate constant is reported
for each reaction. Coherently with what is shown in Fig. 9, reactions
that accelerate IDTs have their rate constants reduced with optimiza-
tion, while rate constants whose reactions delay IDTs are increased.

https://sciexpem.polimi.it
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Fig. 8. DMM IDTs measured by Jacobs et al. [22] at 𝛷 = 1.0 (a) and Gillespie [47] at
𝑃 = 9 bar (b), with relative experimental uncertainties and models predictions.

Fig. 9. Sensitivity coefficients of the 10 most sensitive reactions for OH mass fraction
in a shock tube simulation at 𝛷 = 1.0, 𝑃 = 40 atm and 𝑇 = 714 K. For each one, the
ratios between the optimized and the nominal rates are reported.

This is in agreement with the over-reactive low-temperature kinetics
of the lumped model. Since IDTs were not included as optimization
targets, their improvement and the consistent changes in the rates
support the robustness of the proposed method.

The general validity of the mechanism is confirmed by the LFS
predictions, as reported in Fig. 10 along with the measurements by
Gillespie [47]. The most sensitive reactions belong to the C0-C3 mecha-
nism and hence were not modified. For this reason, neither the lumping
7

Fig. 10. LFSs measured by Gillespie [47], with relative experimental uncertainties and
models predictions. DMM is diluted in air and the pressure is atmospheric.

nor the optimization procedures affected the LFS predictions, which
remain as good as those of the detailed mechanism.

Species concentrations measured in a JSR by Vermeire et al. [21]
(𝑃 = 1.07 bar, 𝑇 = 500–1100 K, and 𝛷 = 0.25–2) are compared with the
simulation results in Fig. 11. Results for 𝛷 = 1 are represented only in
the range 𝑇 < 1000 K because no steady-state solution was found for
higher temperatures due to oscillating behaviors. This is suggested by
the fluctuations of mole fractions regardless of the mechanism adopted
(detailed, lumped, or optimized) and is due to the role of recombination
reactions [58,59]. In general, mole fractions of all the species are
well reproduced by all models. The detailed and lumped mechanisms
over-predict the DMM reactivity for 𝑇 < 600 K at lean conditions,
but optimization corrected this error despite being in seemingly con-
tradiction with the scope of this work. This is a consequence of the
optimization of the CH2O and CH3OCHO profiles and suggests that this
approach can correct compensations of errors present in the detailed
mechanism. Indeed DMM, CH2O, and CH3OCHO equally contribute to
the objective function, but CH2O and CH3OCHO could not be improved
simultaneously by modifying the keto-hydroperoxide decompositions.
These reactions compete for the target production and consumption,
but in the lumped model there are fewer species and reactions, hence a
reduced number of degrees of freedom. The only possible compromise
for the optimizer was therefore to reduce the fuel reactivity, which also
resulted in an improved accordance with the experimental data.

Fig. 12 collects the species concentrations measured in a PFR by
Marrodán et al. [53] (𝑃 = 20–60 bar, 𝑇 = 800–1100 K, and 𝜆 = 0.7).
All three mechanisms at lower pressures well represent the DMM mole
fraction, but the low-temperature reactivity is slightly overemphasized
for 𝑃 > 40 bar. This is especially true for the detailed mechanism but
is sensibly improved with the lumping procedure. CO, CO2, and CH4
present discrepancies for 𝑇 > 800 K, and CH3OCHO behavior is not well
reproduced for lower pressures. CH2O, contrary to the JSR simulations,
is under-predicted by the detailed model too, and its improvement was
antagonistic with the behavior of other species, mainly CH3OCHO. In
this specific case, the optimized mechanism does not differ significantly
from the lumped one. The improved agreement with the experimental
data of the DMM conversion, despite the discrepancies with the de-
tailed mechanism, is justified again by the contributions of CH2O and
CH OCHO to the objective function.
3
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Fig. 11. Species mole fractions of DMM combustion products measured in a JSR by Vermeire et al. [21], with relative experimental uncertainties and model predictions (𝑃 = 1.07
bar, 𝑇 = 500–1100 K, and 𝛷 = 0.25–2; DMM diluted in 99% O2 and Ar). Additional species profiles and pyrolysis conditions are shown in the SM.
Fig. 12. Species mole fractions of DMM combustion products measured in a PFR by Marrodán et al. [53], with relative experimental uncertainties and model predictions. DMM
and O2 are diluted in N2. Experiments are carried out at 𝑃 = 20–60 bar and 𝜆 = 0.7. In this case, the results of the lumped and optimized mechanisms do not differ significantly
rom each other. Results for leaner mixtures can be found in the SM.
A comprehensive evaluation of the mechanism performance is ex-
ensively provided in Section 1 of SM. Results are quantitatively sum-
arized in the heatmap in Fig. 13 in terms of the average Curve
atching scores [45] for each mechanism. The experiments are iden-

ified by their ID numbers on SciExpeM. As described in the reference
ork [45], such a framework allows a standardized evaluation of the
odel-experiments agreement, providing a quantitative score for each

omparison, bounded between 0 (maximum disagreement) and 1 (per-
ect agreement). Curve Matching scores for PFR and JSR simulations
re averaged among all the species investigated.

The optimized mechanism, compared to the performances of the
tarting mechanism, exhibits similar scores for the whole range of
onditions. In most conditions where a worsening of the lumped model
erformance is seen, the optimization proved effective in recovering
he original behavior. LFSs were mostly uninfluenced by both lumping
nd optimization, as expected. The worse predictions obtained for the
8

Shrestha et al. [26] measurements suggest that the mechanism could
be refined by optimizing it with LFSs as experimental targets.

Finally, to demonstrate the generality of the approach, the same
lumping-optimization procedure has been applied to a detailed mecha-
nism of OME2, built from the sub-mechanism of Cai et al. [60]. The
number of species in the sub-mechanism was automatically reduced
from 29 to 10. The validation of the mechanism is available in the
SM and confirms that the methodology is solid and can be adopted to
reduce more complex fuels.

4. Conclusions

In this work, an automatic and integrated methodology coupling the
lumping of isomers and a data-driven optimization approach exploiting
artificial data generation was presented and applied to the kinetic mod-
eling of DMM as a case study. To this purpose, a detailed mechanism
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Fig. 13. Curve Matching scores for DMM experimental datasets, evaluated for the three mechanisms. Values on the 𝑥-axis are the ID number of the experiments on SciExpeM.
was first built in a modular way, starting from a consolidated C0-C3
core mechanism, then hierarchically adding literature sub-mechanisms
for DME [36] and DMM [22]. As a second step, a lumping methodology
based on the grouping of structural isomers was applied, allowing
the reduction of the mechanism from 35 to 11 species. Finally, the
lumped mechanism underwent an optimization procedure [43] based
on an evolutionary algorithm, targeting the speciation predictions of
the detailed mechanism in different operating conditions. 16 reactions
of the DMM sub-mechanism were optimized using an objective function
based on the Curve Matching parameter [45]. This also allowed a
comprehensive quantification of the agreement between the experimen-
tal profiles and the modeling predictions. The optimized mechanism
was automatically validated through a large database, exploiting the
SciExpeM platform [56,57]. Its qualitative and quantitative assessment
confirmed that its predictive capability in the investigated experimen-
tal datasets is comparable to the starting detailed mechanism. Even
indirect properties, such as IDTs, improved despite the optimization
being performed using only species concentrations as targets. The
sensitivity analyses subsequently performed at the conditions where
IDTs improved, confirmed that the optimized reactions were indeed the
controlling ones in the investigated conditions, supporting the coher-
ence of the proposed method. The good agreement with the original
model was also confirmed in 1D flames, where reactivity is driven
by reactions belonging to the C0-C3 core mechanism, not involved in
the optimization procedure [33]. This paves the way to Computational
Fluid Dynamics (CFD) applications of such a mechanism, which have
not been investigated in this work for the sake of compactness, though.

The lumping procedure proposed, besides the selection of the pseu-
dospecies and the calculation of their BFs, is fully automatic. It indeed
provides temperature- and pressure-dependent rate constants after per-
forming a small set of simulations that are independent from the
validation datasets [40]. While human intervention is still required,
the level of automation is very high. Additionally, this work is one
of the first cases of application to a large set of reactions involving
different stoichiometries. This greatly increases the level of complexity
compared to standard MEL applications, thus the need to couple it with
the optimization procedure. In turn, the computational time for model
optimization was significantly reduced thanks to the previous lumping.

This successful application of the lumping-optimization coupling on
DMM chemistry is also promising for longer-chain fuels. Nevertheless,
there is still room for improvement for more systematic and efficient
hierarchical modeling. Future research will involve the implementation
of methodologies for hierarchical lumping and optimization procedures
based on reaction classes, as already done in the literature [29,61] but
never integrated into a single framework. This methodology will find
an immediate application in the longer-chain OMEs, of which DMM is
the archetypal species, where the extent of the reduction is expected to
be more significant.

Novelty and significance statement
This work presents an automatic lumping methodology to reduce

detailed mechanisms by grouping isomers into pseudospecies, and by
9

determining their lumped reactivity through their composition. Such a
procedure has been synergistically coupled to a data-driven optimiza-
tion of the most sensitive reaction rates, whose consistency is ensured
by physically-sound boundaries, based on artificial data generation.
The result is a novel and automatic approach to obtain, starting from an
available detailed kinetic mechanism, a lumped one whose chemistry
is consistent with the low-, medium-, and high-temperature reactivity
of the fuel. The resulting lumped mechanism is suitable for further
reduction (e.g., up to a skeletal level) to derive a kinetic model ap-
propriate for computational fluid dynamics simulations. The procedure
is not fuel-specific but relies instead on general concepts and it can
hence be applied to other novel fuels of interest, aiding the modeling
community to speed up the predictions of combustion models, key for
emissions reduction or alternative fuels investigation.
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