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Abstract: Development and validation of a new reduced dimethyl ether-air (DME) reaction mecha-
nism is presented. The mechanism was developed using a modular approach that has previously
been applied to several alkane and alkene fuels, and the present work pioneers the use of the modular
methodology, with its underlying H/C1/O base mechanism, on an oxygenated fuel. The devel-
opment methodology uses a well-characterized H/C1/O base mechanism coupled to a reduced
set of fuel and intermediate product submechanisms. The mechanism for DME presented in this
work includes 30 species and 69 irreversible reactions. When used in combustion simulation the
mechanism accurately reproduced key combustion characteristics and the small size enables use in
computationally demanding Large Eddy Simulations (LES) and Direct Numerical Simulations (DNS).
It has been developed to accurately predict, among other parameters, laminar burning velocity and
ignition delay times, including the negative temperature regime. The evaluation of the mechanism
and comparison to experimental data and several detailed and reduced mechanisms covers a wide
range of conditions with respect to temperature, pressure and fuel-to-air ratio. There is good agree-
ment with experimental data and the detailed reference mechanisms at all investigated conditions.
The mechanism uses fewer reactions than any previously presented DME-air mechanism, without
losing in predictability.

Keywords: combustion chemistry; dimethyl ether; DME; reaction mechanism; reduced kinetics;
biofuel combustion

1. Introduction

With the realization that global warming and air pollution as a result of fossil fuel
combustion are increasing threats to human health and the environment, the demand
for clean sources of energy is increasing. Biofuels represent an attractive alternative to
the fossil hydrocarbon fuels that make up the vast majority of today’s energy sources for
transportation. Among biofuels with a potential to be extensively used in the near future,
dimethyl ether, abbreviated as DME and with the molecular formula CH3OCH3, ranks
highly according to some evaluations [1]. DME is the simplest ether compound, and from
a molecular structure point of view, the absence of carbon-carbon bonds and the available
oxygen in the molecular structure gives it advantageous characteristics for compression
ignition combustion engines. From an environmental perspective, one of the important
features is that this molecular structure does not promote C-C recombination that could
eventually result in soot formation.

DME has seen experimental use as an additive to the main fuel in diesel engines [2,3],
with additions in the range of 10–30% DME by mass [4], or as a single fuel in diesel
engines [5,6]. DME has also shown promise as a fuel in gas turbines [7–9] and as an
addition to n-Butane in HCCI engines [10–12]. DME can either be produced from natural
gas, coal or biomass [13] or via a dehydration reaction of methanol [14]. The high cetane
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number (>55) of DME allows long burning times, and compared to most other diesel
engine fuels, this results in lower levels of NOx, SOx and soot precursors [2,3,6]. DME
has a relatively high reactivity resulting in ignition at low combustion temperatures [15].
The short auto-ignition times and the fact that it can be produced as a renewable fuel
makes DME an attractive fuel, from both combustion technological and environmental
standpoints.

One of the main advantages of using DME in diesel engines is its ignition characteris-
tics where DME expresses a clear negative temperature coefficient (NTC) [16] behaviour
represented by an increasing ignition time with increasing temperature within a specific
low- and medium-temperature range. The temperature at which the NTC behaviour starts
is dependent on both the pressure and mixture composition [17], where increasing pressure
or an increasing equivalence ratio will shift the NTC region towards higher temperatures.
Increasing pressure will also lower the ignition delay time, mainly due to the increase in
reactants and radicals in the mixture [17].

Combustion research often includes experimental as well as computational studies
to get a comprehensive understanding of the combustion processes [18]. This includes
understanding processes on a wide range of both length and time scales, from the chemical
reactivity on molecular levels all the way to the scales present in the physical phenom-
ena governing the turbulent flow. Laminar premixed flames represent a fundamental
flame characteristic of a premixed fuel-air mixture. Laminar burning velocity, SL, is a
key parameter for premixed flows and can help predict flashback, dynamic instabilities
and blow-off events in gas turbine engines [19,20]. This means that the laminar burning
velocity represents a fundamental development and validation target when modelling the
combustion process using a kinetic mechanism. Several experimental studies on laminar
burning velocity for DME have been made over the years [21–26], at both ambient (1 atm)
and elevated pressures (5, 10 atm).

Detailed chemical kinetic reaction mechanisms on DME-air combustion have been
developed by Zhao et al. [27], Fischer et al. [28,29] and Burke et al. [17]. The two latter
mechanisms and their respective validation targets are outlined in Table 1, and both in-
clude a high chemical complexity with both low- and high-temperature kinetics capable of
modelling flames for a wide range of conditions. Other detailed DME-air reaction mecha-
nisms exist, but in order to limit the comparison, three detailed reaction mechanisms are
included [17,28,30]. These three detailed mechanisms provide a good platform when repre-
senting different versions of the DME chemistry, with the mechanism by Burke et al. [17]
offering by far the most detailed description. These three mechanisms include a wide range
of number of species (48 to 433) and reactions (284 to 1004) yet can all be classified as chem-
ically complex. They cover the modelling of the laminar burning velocity, major species
concentrations and ignition delay time, for a wide range of equivalence ratios, pressures
and temperatures. These combustion parameters, at these wide ranges of conditions, are
all targets that the novel reduced mechanism presented here aim to model, making these
three detailed mechanisms suitable as references to compare to. For a more detailed list of
which combustion parameter each of these three reference mechanisms cover see Table 1.
Several reduced DME-air mechanisms exist [31–33], varying in size from 26 to 41 species
and 66 (reversible) to 110 (reversible) reactions. Again, to limit the comparison, two [32,33]
out of these three reduced mechanisms were chosen in the comparison below, with the
mechanism by Khare et al. [32] being the smallest of the three (using both reversible and
irreversible reactions) and the one by Pan et al. [33] (using reversible reactions) representing
a mechanism of intermediate size. The mechanism by Khare et al. [32] is based on the San
Diego mechanism [30]. They have been validated for both laminar flames [32] and shock
tube experiments [32,33].
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Table 1. Reaction mechanisms. Abbreviations of validation targets: first part indicates experimental
configuration (JSR—Jet Stirred Reactor, ST—Shock Tube, FR—Flow Reactor, LF—Laminar Flame);
second part is type of data (ig—ignition delay time, SL—laminar burning velocity, s—speciation,
ext—extinction strain rate). The San Diego, LLNL and Zhao290 reaction mechanisms use only
reversible reactions whereas Aramco, P82 and K71 use both reversible and irreversible reactions.

Reference Species Reactions Validation Targets

Aramco [17] 433 1004 FR, JSR, ST-ig, LF-SL, LF-s
LLNL [28] 79 697 JSR, ST, LF

San Diego [30] 48 284 JSR, ST, LF
P82 [33] 27 82 ST-ig, engine emission data
K71 [32] 26 71 ST-ig, LF-ext

Ever increasing development in computational capacities has enabled the use of
Large Eddy Simulations (LES) to become a viable simulation option for a wide range of
applications [34–36]. That said the computational capacity still represents a major limiting
factor with geometric representation, applied simulation models, number of mesh cells and
the complexity and numerical stiffness of the chemistry determining the computational
cost. One of the main limiting factors to the overall computational cost is the cost related
to the modelling of the chemical kinetics hence several reduction techniques have been
developed over the years [37–39]. The high computational cost effectively excludes use of
any of the detailed reaction mechanisms due to their high computational cost, creating a
demand for smaller reaction mechanisms. Several high-fidelity combustion LES studies,
incorporating reduced kinetic mechanisms of hydrogen and a range of hydrocarbons, have
been published by Bulat et al. [40], Zettervall et al. [36,41–43], Liu et al. [44], Fureby [45],
Larsson et al. [35], Vincent-Randonnier et al. [46,47] and Danel et al. [48].

In the present work we present a new reduced reaction mechanism for DME com-
bustion, specifically developed for use in combustion LES. Several parameters need to be
met before the mechanism can be successfully implemented in high-fidelity LES, such as
having a low computational cost, determined by mainly number of species and reactions,
and the numerical stiffness of the mechanism itself. A low number of species will also
require less memory storage in a LES. The mechanism is developed to accurately predict
combustion characteristics over a wide range of temperature, pressure and fuel/oxidizer
ratio conditions. The presented reaction mechanism is then compared to experimental data
and several available detailed and reduced reaction mechanisms for DME combustion.

2. Mechanism Development
2.1. Mechanism Development Methodology

The reduced reaction mechanism presented here builds on the well-proven mechanism
build-up concept used by Zettervall et al. [36] on hydrogen (H2), Larsson et al. [35] on
methane (CH4), and Zettervall et al. [49] on ethylene (C2H4), propane (C3H8) [43] and
kerosene (C12H23) [41,50,51].

A thorough description of the development process is given by Zettervall et al. [50].
The reduced mechanism can be sectioned into three subsets: fuel breakdown, intermediate
hydrocarbon oxidation and base mechanism. The previous ethylene [49], propane [43] and
kerosene mechanisms [41,50,51] and the DME reaction mechanism presented here all use
the same set of reactions in their respective H/C1/O base mechanism. The intermediate
hydrocarbon oxidation submechanism presented here however differs to previous work
on the C2–C12 species fuels [43,49–51]. The intermediate hydrocarbon oxidation section
is radically different in order to facilitate the important low- and medium-temperature
kinetics that accompany oxygenated biofuels in general and DME in particular. It was
found, during the development work, that adding reactions for C2Hx species did not
affect the overall predictability of the flame parameters targeted, hence these species and
reactions were not included in order to keep the number of species and reactions in the
mechanism to a minimum. The basic structure of the mechanism is shown in Figure 1.
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Figure 1. Mechanism structure diagram for Z69. The coloured boxes refer to the three
submechanisms—base mechanism in green, intermediate hydrocarbon oxidation in blue and fuel
breakdown reactions in red.

For fuel relevant reactions for this DME mechanism mainly the two detailed mecha-
nisms by Fischer et al. [28] and Burke et al. [17] were used as the starting point. Combustion
characteristics obtained from experiments and detailed reaction mechanisms then guided
the development process, which included minor adjustments to reaction rate parameters
for reactions in the reduced reaction mechanism. Key flame properties guiding the de-
velopment are the laminar burning velocity, SL, at different initial gas temperatures and
pressures, flame temperature, Tflame, profiles of major species (CO, CO2, H2O, H2), key
minor species (CH3O, CH2O, OH, O) as well as the ignition delay times, τig, and extinction
strain rates, σext, all for the relevant range of temperatures, pressures and equivalence
ratios. These flame properties thoroughly characterize a flame; predicting them at a wide
range of conditions ensures that the reaction mechanism is versatile and that it can be
applied for a wide range of flame configurations.

The experimental data and reference simulations used as reference targets are sum-
marized in Table 2. The reduced reaction mechanism presented in this work consists of
30 species and 69 irreversible reactions, and the mechanism is listed in Table 3 and will
from now on be referred to as Z69.

Table 2. Summary of experimental data and modelling performed using the reference mechanisms
in their respective studies.

Experiments Reference Simulations

Type P (atm) T (K) φ Ref. P (atm) T (K) φ

Laminar flames 1–10 298 0.7–1.7 [23] 1–10 300–750 0.5–1.8
1–10 298 0.7–1.6 [26]

1 293 0.6–1.6 [25]
1 298 0.7–1.8 [21]
1 298 0.7–1.4 [24]
1 298 0.7–1.4 [22]

Ignition delay 2–10 700–1400 0.5–1.0 [15] 2–25 600–1500 0.5–2.0
10–25 630–1450 0.5–2.0 [17]

Extinction strain rate 1–10 300 1.0
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Table 3. The reduced reaction mechanism Z69 (k = A × Tn × exp(−Ea/RT), units: s, mole, cm3, cal, K).

Reaction A N Ea Ref.

1 CH3OCH3 + M→ CH3 + CH3O + M f [17]
kf 4.38 × 1021 −1.57 83,890
kf0 7.52 × 1015 0 42,790

2 CH3OCH3 + OH→ CH3OCH2 + H2O 6.32 × 106 2.00 −652 [17]
3 CH3OCH3 + H→ CH3OCH2 + H2 7.72 × 106 2.09 3384 [17]
4 CH3OCH3 + O→ CH3OCH2 + OH 7.75 × 108 1.36 2250 [17]
5 CH3OCH3 + CH3O2 → CH3OCH2 + CH3O2H 1.68 × 1013 0 13,690 [28]
6 CH3OCH3 + CH3CO→ CH3OCH2 + CH3CHO 7.75 × 1011 0.28 16,980 [28]
7 CH3OCH3 + CH3O→ CH3OCH2 + CH3OH 6.02 × 1011 0 4074 [28]
8 CH3OCH3 + O2 → CH3OCH2 + HO2 4.10 × 1013 0 44,910 [17]
9 CH3OCH2 + CH3O2H→ CH3OCH3 + CH3O2 2.29 × 1014 −0.8 7270 [28]
10 CH3OCH2 → CH2O + CH3 1.60 × 1013 0 25,500 [17]
11 CH3OCH2 + O2 → CH3OCH2O2 2.00 × 1012 0 0 [17]
12 CH3OCH2O2 + CH3OCH2O2 → O2 + CH3OCH2O + CH3OCH2O 1.55 × 1023 −4.5 0 [17]
13 CH3OCH2O2 → CH3OCH2 + O2 4.44 × 1019 −1.59 36,240 [28]
14 CH3OCH2O2 + CH3CHO→ CH3OCH2O2H + CH3CO 2.80 × 1012 0 13,600 [17]
15 CH3OCH2O2 + CH3OCH3 → CH3OCH2O2H + CH3CO + H2 2.80 × 1012 0 10,600 a
16 CH3OCH2O2 → CH2OCH2O2H 2.20 × 109 0 10,846 [32]
17 CH2OCH2O2H→ CH3OCH2O2 2.20 × 109 0 500 a
18 CH2OCH2O2H→ 2 CH2O + OH 1.50 × 1013 0 30,500 [32], c
19 CH2OCH2O2H + O2 → HO2CH2OCHO + OH 2.86 × 1016 −1.48 1873 [32]
20 HO2CH2OCHO→ CH2O + CO2 + OH + H 2.50 × 1016 0 43,000 [32]
21 HO2CH2OCHO→ CH2O + CO + 2 OH 2.50 × 1016 0 38,000 [32], c
22 CH3OCH2O + OH→ CH3OCH2O2H 2.00 × 1013 0 0 [28]
23 CH3OCH2O→ CH3O + CH2O 5.18 × 1012 −0.13 19,370 [28]
24 CH3OCH2O2H→ CH3OCH2O + OH 4.38 × 1021 −1.94 41,700 [28], c
25 CH3O2 + CH3O2 → O2 + CH3O + CH3O 1.40 × 1016 −1.61 1860 [28]
26 CH3OH + M→ CH3 + OH + M g [28]

kf 1.90 × 1016 0 91,730
kf0 2.95 × 1044 −7.35 95,460

27 CH3 + O2 + M→ CH3O2 + M 2.40 × 1013 0 28,812 a
28 CH4 (+ M)→ CH3 + H (+ M) d [35]

kf 6.30 × 1014 0 104,000
kf0 1.00 × 1017 0 86,000

29 CH3 + H (+ M)→ CH4 (+ M) d [35]
kf 5.20 × 1012 0 −1310
kf0 8.25 × 1014 0 −19,310

30 CH4 + H→ CH3 + H2 2.20 × 104 3 8750 [35]
31 CH3 + H2 → CH4 + H 9.57 × 102 3 8750 [35]
32 CH4 + OH→ CH3 + H2O 1.60 × 106 2.1 2460 [35]
33 CH3 + H2O→ CH4 + OH 3.02 × 105 2.1 17,422 [35]
34 CH3 + O→ CH2O + H 6.80 × 1013 0 0 [35]
35 CH3 + O2 → CH3O + O 3.00 × 1013 0 25,652 [35], b
36 CH3 + OH→ CH2 + H2O 7.60 × 106 2 5000 [35]
37 CH3O + H→ CH2O + H2 2.00 × 1013 0 0 [35]
38 CH3O + M→ CH2O + H + M 2.40 × 1013 0 28,812 [35]
39 CH2 + O→ CO + H2 3.00 × 1013 0 0 [35]
40 CH2 + OH→ CH + H2O 1.13 × 107 2 3000 [35], b
41 CH2O + H→ HCO + H2 5.00 × 1013 0 3991 [35], b
42 CH2O + OH→ HCO + H2O 1.40 × 1014 0 1100 [35], b, c
43 CH + O→ CO + H 5.70 × 1013 0 0 [35]
44 CH + OH→ HCO + H 3.00 × 1013 0 0 [35]
45 CH + O2 → HCO + O 3.30 × 1013 0 0 [35]
46 CH + CO2 → HCO + CO 8.40 × 1013 0 200 [35]
47 HCO + H→ CO + H2 4.00 × 1013 0 0 [35]
48 HCO + M→ CO + H + M 1.60 × 1014 0 14,700 [35]
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Table 3. Cont.

Reaction A N Ea Ref.

49 CO + OH→ CO2 + H 1.51 × 107 1.3 −758 [35]
50 CO2 + H→ CO + OH 1.57 × 109 1.3 20,400 [35], c
51 H + O2 → OH + O 1.50 × 1014 0 16,800 [35], b
52 OH + O→ H + O2 1.20 × 1013 0 690 [35]
53 O + H2 → OH + H 1.80 × 1010 1 8826 [35]
54 OH + H→ O + H2 8.00 × 109 1 6760 [35]
55 H2 + OH→ H2O + H 1.17 × 109 1.3 3626 [35]
56 H2O + H→ H2 + OH 6.00 × 109 1.3 18,588 [35], b
57 OH + OH→ O + H2O 6.00 × 108 1.3 0 [35]
58 O + H2O→ OH + OH 4.00 × 109 1.3 17,029 [35], b
59 H + O2 + M→ HO2 + M e 2.20 × 1018 −0.8 0 [35], b
60 H + HO2 → OH + OH 1.50 × 1014 0 1004 [35]
61 H + HO2 → H2 + O2 2.50 × 1013 0 700 [35]
62 OH + HO2 → H2O + O2 2.00 × 1013 0 1000 [35]
63 HO2 + HO2 → H2O2 + O2 2.00 × 1014 0 0 [35], b
64 H2O2 + M→ OH + OH + M 1.30 × 1017 0 45,500 [35]
65 OH + OH + M→ H2O2 + M 9.86 × 1014 0 −5070 [35]
66 H2O2 + OH→ H2O + HO2 1.00 × 1013 0 1800 [35]
67 H2O + HO2 → H2O2 + OH 2.86 × 1013 0 32,790 [35]
68 OH + H + M→ H2O + M 2.20 × 1022 −2.0 0 [35]
69 H + H + M→ H2 + M 1.80 × 1018 −1.0 0 [35]

a: this work, see text; b: pre-exponential factor has been modified compared to the cited reference; c: activation energy has been modified
compared to the cited reference; d: collisional coefficients CH3OCH3:3 CH4:6.5 CO:0.75 CO2:1.5 H2:1 H2O:6.5 N2:0.4 O2:0.4; e: collisional
coefficients CH4:6.5 CO:0.75 CO2:1.5 H2:1 H2O:6.5 N2:0.4 O2:0.4; f: troe: A = 0.454, T3 = 1E−30, T1 = 2510.0; g: troe: A = 0.414, T3 = 279.0,
T1 = 5459.0.

2.2. Base Mechanism

The reactions in the H/C1/O submechanism are the same 42 irreversible reactions
(reactions 28–69 in Table 3) as in previously presented work by Larsson et al. [35], and then
later by Zettervall et al. [36,41,43,49–51], but with tuning of some rate constants, as noted in
Table 3. These adjustments, applied on ten reactions, are mainly made in order to adjust the
production and consumption of the radical pool (O, H, OH). The submechanism originates
from the 35-step methane-air mechanism, SG35, created by Smooke and Giovangigli [52]
with modifications resulting in the Z42 mechanism described by Larsson et al. [35]. The
base mechanism Z42 has been extensively validated in laminar cases and implemented in
full combustion LES’ [35,40,42,53,54].

2.3. Fuel Breakdown Reactions

In the following, text reactions are presented with the same numbering as given in
Table 3. The small size of the DME molecule enables a semi-detailed modelling of the
reactions describing the fuel breakdown, with no need to incorporate global fuel breakdown
reactions. In the presented mechanism fuel breakdown is initialized by either

CH3OCH3 + M→ CH3 + CH3O + M (R1)

or
CH3OCH3 + O2 → CH3OCH2 + HO2, (R8)

with the thermal decomposition reaction R1 being more closely associated with high
temperature oxidation and the oxygen oxidation reaction R2 being more active at lower
temperatures, both of which are general hydrocarbon oxidation features [55]. H-abstraction
from CH3OCH3 by any of the radicals H, O or OH (R2–R4) actualizes as soon as a sufficient
radical pool has been formed. H-abstraction from the fuel can also occur via intermediate
oxygenated hydrocarbon (CH3O2, CH3CO and CH3O, R5–R7) or oxygen molecules. Re-
action R1 is a direct link between the fuel breakdown and the underlying H/C1/O base
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mechanism. Except from reaction R1, all fuel breakdown reactions are H-abstraction reac-
tions, creating CH3OCH2, which is then oxidized further in the intermediate hydrocarbon
submechanism.

2.4. Intermediate Hydrocarbon Oxidation

The reactions presented in this submechanism represent a bridge between the sub-
mechaisms “fuel breakdown” and “base mechanism”. The reactions in this submechanism
are adopted from the mechanisms by Burke et al. [17], Fischer et al. [28] and Khare et al. [32].
The reactions are chosen to represent a minimum set of reactions without compromising the
completeness of the chemical representation, i.e., all important intermediate compounds
are included but their main reaction channels are chosen while minor reaction channels are
omitted. Once the CH3OCH2 has been formed through H-abstraction of the fuel, it then
oxidizes through

CH3OCH2 → CH2O + CH3 (R10)

or
CH3OCH2 + O2 → CH3OCH2O2. (R11)

Reactions R10 and R11 are both involved in the oxidation at lower temperatures [17].
Reaction R10 creates (in the same way as R1) a bridge to the base mechanism, bypassing
the low-temperature kinetics. Reaction R11 on the other hand initializes one low- and
medium-temperature kinetic pathway with the product CH3OCH2O2 proceeding through
reactions R12–R16.

CH3OCH2O2 + CH3OCH2O2 → O2 + CH3OCH2O + CH3OCH2O (R12)

and
CH3OCH2O2 + CH3CHO→ CH3OCH2O2H + CH3CO (R14)

both result in CH3OCH2O, either directly (R12) or via

CH3OCH2O2H→ CH3OCH2O + OH. (R24)

CH3OCH2O continues the oxidation pathway through

CH3OCH2O→ CH3O + CH2O (R23)

which is essential for the oxidation process at low and medium temperatures. A sec-
ond route for CH3OCH2O2 is also provided, where it is reconfigured to CH2OCH2O2H.
CH2OCH2O2H can then decompose as

CH2OCH2O2H→ CH2O + CH2O + OH (R20)

or react with oxygen molecules,

CH2OCH2O2H + O2 → HO2CH2OCHO + OH. (R21)

HO2CH2OCHO can thermally decompose to CH2O, CO2, OH and H via reaction R20
or to CH2O, CO and two OH via reaction R21. Both of these reactions, forming C1 species
and fast radicals, are important for the ignition at low temperatures. Finally, reactions

CH3 + O2 + M→ CH3O2 + M, (R27)

CH3O2 + CH3O2 → O2 + CH3O + CH3O, (R25)

CH3OCH2O2 + CH3OCH3 → CH3OCH2O2H + CH3CO + H2 (R15)

and
CH3OH + M→ CH3 + OH + M (R26)
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produce and/or oxidize the intermediate oxygenated species CH3O2, CH3CO and CH3OH.

3. Modelling Details

Modelling of the laminar flame propagation, ignition delay times, extinction strain rate
and sensitivity analysis were performed in 0D and 1D reactors using the Cantera software
2.3.0 [56]. Adaptive grid refinements were used for the laminar propagation simulations,
resulting in grids using roughly 650 grid points for all three mechanisms. Ignition delay
times were simulated using constant pressure assumptions, with time steps of 1.0 × 10−7.
The extinction strain rate, σext, is simulated using a non-premixed model set-up with a
stream of fuel meeting a stream of air resulting in a counterflow flame at T = 300 K and
pressures of 1, 3 and 10 atm. Thermodynamic data were adopted from the databases
provided by Burcat et al. [57], Fischer et al. [28], Burke et al. [17], and Khare et al. [32], and
transport data from Fischer et al. [28] and Khare et al. [32].

4. Mechanism Validation

The mechanism validation targets are the laminar burning velocity, flame temperature,
major species concentrations (CO, CO2, H2O, H2), key minor species (CH3O, CH2O, OH,
O), ignition delay times and extinction strain rates. Regarding the species chosen, CH3O
represents a key intermediate hydrocarbon and a product species from fuel breakdown,
reaction R1, as well as a product species from the thermal decomposition of CH3OCH2O,
reaction R23. CH2O is a key intermediate hydrocarbon being present throughout the
intermediate hydrocarbon oxidation and base submechanisms, and OH and O are key
radicals in all hydrocarbon combustion. The laminar burning velocities were simulated for
a wide range of initial gas pressures, p = 1 atm to 10 atm, and temperatures, T = 300 K to
750 K, and for fuel lean to fuel rich conditions, φ = 0.5 to φ = 1.8. For the ignition delay
time the range in equivalence ratios goes from fuel lean to fuel rich, φ = 0.5 to φ = 2.0, with
pressures from p = 2 to 25 atm. The pressure range for the extinction strain rate simulations
goes from p = 1 atm to 10 atm, at an initial temperature of 300 K.

The detailed reaction mechanisms by Fischer et al. [28], Burke et al. [17] and the
San Diego mechanism [30] and the reduced reaction mechanisms by Pan et al. [33] and
Khare et al. [32] are used for comparison. Experimental data is included where possible,
and all experimental data and a full range of simulation parameters are listed in Table 2.

4.1. Laminar Burning Velocity

Figure 2 shows simulation results for laminar burning velocity at standard conditions,
defined here to be 1 atm and 300 K. For all equivalence ratios investigated, Z69 is in good
agreement with the experimental data and the detailed reaction mechanisms. The spread
in laminar burning velocity predictions for the reference mechanisms and experimental
data sets are however relatively wide, spanning up to 9 cm/s for mechanism predictions at
around stoichiometric conditions and 8 cm/s for experimental results at highly fuel rich
conditions. These differences are large when comparing to other more well-characterised
alkane and alkene fuels. The reduced mechanism by Pan et al. [33] completely fails at
predicting the laminar burning velocity, and the fact that that reaction mechanism was
not designed to model laminar burning velocities is clearly shown in the results below.
The main focus of that mechanism is to predict ignition delay times, and since the aim of
the present work is to present reaction mechanisms capable of predicting a range of flame
parameters, and due to the poor performance of the reaction mechanism by Pan et al. [33]
for laminar burning velocities, it will not be included in further comparisons.



Fuels 2021, 2 331Fuels 2021, 2, FOR PEER REVIEW 9 
 

 

 
Figure 2. Laminar burning velocities for DME-air mixtures versus equivalence ratio, simulated at 1 
atm and 300 K. Legend: experimental data for SL from () Daly et al. [21], (×) Qin et al. [23], () 
Vries et al. [26], (●) Wang et al. [25], (▼) Zhao et al. [22]. Mechanism predictions from Z69 in blue, 
LLNL in green [28], Aramco in red [17], K71 in magenta [32], San Diego in black [30] and Pan82 in 
cyan [33]. 

Sensitivity analysis identifies the reactions with the largest importance for a particu-
lar flame parameter. Figure 3a–e present the results for the fourteen most sensitive reac-
tions in each reaction mechanism for the laminar burning velocity, at stoichiometric con-
ditions standard and 1 atm and 300 K. Figure 3a–e clearly show that reactions in the 
H/C1/O chemistry dominate the modelling of the laminar burning velocity in all reaction 
mechanisms. The reactions with the highest positive sensitivities in the detailed mecha-
nisms are the usual suspects: H + O2 → O + OH, CO + OH → CO2 + H and HCO + M → CO 
+ H+M, and the reactions with the highest negative sensitivities are generally chain termi-
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Figure 2. Laminar burning velocities for DME-air mixtures versus equivalence ratio, simulated at
1 atm and 300 K. Legend: experimental data for SL from (#) Daly et al. [21], (×) Qin et al. [23], (�)
Vries et al. [26], (•) Wang et al. [25], (H) Zhao et al. [22]. Mechanism predictions from Z69 in blue,
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Sensitivity analysis identifies the reactions with the largest importance for a particular
flame parameter. Figure 3a–e present the results for the fourteen most sensitive reactions
in each reaction mechanism for the laminar burning velocity, at stoichiometric conditions
standard and 1 atm and 300 K. Figure 3a–e clearly show that reactions in the H/C1/O
chemistry dominate the modelling of the laminar burning velocity in all reaction mecha-
nisms. The reactions with the highest positive sensitivities in the detailed mechanisms are
the usual suspects: H + O2→ O + OH, CO + OH→ CO2 + H and HCO + M→ CO + H+M,
and the reactions with the highest negative sensitivities are generally chain terminating
or H-consuming reactions. The importance of the chain branching and chain terminating
reactions determining the laminar burning velocity is a common feature for all hydrocarbon
and oxygenated hydrocarbon fuels. Few reactions involved in the breakdown of the fuel
or oxidation of intermediate fuel products show high importance for the prediction of the
laminar burning velocity.
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larly when increasing the pressure to either 5 or 10 atm, resulting in lower laminar burning 
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as the pressure increases, slightly underpredicting the velocity. Both Z69 and the detailed 
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between the mechanisms at 1 atm and 300 K holds when the initial gas temperature is 
increased to 450 K, 600 K and 750 K at 1 atm. Note that the simulation using the Aramco 
mechanism did not converge to provide a solution at the highest temperature. 
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Figure 3. Sensitivity spectra of the fourteen most sensitive reactions for the San Diego mechanism
in (a), the LLNL mechanism in (b), the Aramco mechanism in (c), Z69 in (d) and K71 in (e), all at
φ = 1.0, 1 atm and 300 K.

Figure 4 shows the effect of increasing initial gas pressure, Figure 4a, and temperature,
Figure 4b, on the laminar burning velocity. All five reaction mechanisms react similarly
when increasing the pressure to either 5 or 10 atm, resulting in lower laminar burning
velocities. The K71 mechanism however has a larger decrease in laminar burning velocity
as the pressure increases, slightly underpredicting the velocity. Both Z69 and the detailed
reaction mechanisms match the experimental data reasonably well. The relative relation
between the mechanisms at 1 atm and 300 K holds when the initial gas temperature is
increased to 450 K, 600 K and 750 K at 1 atm. Note that the simulation using the Aramco
mechanism did not converge to provide a solution at the highest temperature.
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Figure 4. Laminar burning velocities for DME-air mixtures with varying pressures of 5 atm (solid
line) and 10 atm (dashed line) in (a) and temperatures of 450 K (dashed line), 600 K (solid line) and
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4.2. Ignition Delay Time

The second development target is the ignition delay time, with the specific target
conditions summarized in Table 2. The definition of when ignition has occurred is when
the temperature has increased by 300 K, matching the rise in pressure and the peak of OH*
as explained by Zettervall et al. [49]. The complex low- and medium-temperature ignition
characteristics of DME compared to short chained alkanes and alkenes mean that even
reduced reaction mechanisms must include a considerable number of reactions for describ-
ing the low- and medium-temperature process. The intermediate hydrocarbon oxidation
submechanism in Z69 incorporates some of the main reaction pathways of the low- and
medium-temperature reaction kinetics in order to capture the NTC behaviour. The high-
temperature reaction kinetics is mainly present in the fuel breakdown submechanism and
in the H/C1/O kinetics in the base mechanism. The performance of the base mechanism
on high-temperature ignition delay times has been tested for a range of fuels [35,43,49–51].
Additional figures for 11 and 25 atm are shown in Appendix A.

Ignition delay times for all five reaction mechanisms and experimental data at a
pressure of 25 atm and φ = 0.5 and φ = 1.0 are shown in Figure 5. Here, Z69 is the only
mechanism matching the experimental data at temperatures below 900 K and φ = 0.5,
Figure 5a. The ignition delay times predicted by the mechanisms converge when the
temperature increases, matching the experimental data. At lower temperatures all reference
mechanisms taper off with only small NTC behaviours, where the NTC behaviour predicted
by Z69 is more pronounced. The highly reduced set of reactions in Z69 compared to the
other, larger mechanisms results in a simpler description of reaction pathways present,
especially during the ignition process. Since the majority of the pathways for fuel lean
conditions are kept, and the reduction focuses more on reactions modelling the fuel rich
conditions, the modelling accuracy is higher at fuel lean conditions. This fact is seen when
comparing the NTC behaviour for Z69, which is more accentuated at fuel rich conditions
(see Appendix A). All mechanisms show a slight decrease in ignition with an increase in
equivalence ratio, as is also shown by Burke et al. [17].
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Legend: experimental data for τig from (×) Burke et al. [17]. Mechanism predictions from Z69 in 
blue, LLNL in green [28], Aramco in red [17], K71 in magenta [32] and San Diego in black [30]. 

Figure 6 show the ignition delay times at 10 atm and ϕ = 0.5 in (a) and ϕ = 1.0 in (b), 
respectively. As for the higher pressure in Figure 5, all mechanism predictions converge 
to similar ignition delay times at temperatures above 1000 K, indicating strong similarities 
in their respective high temperature kinetics. Z69 again show a stronger NTC behaviour 
than the other mechanisms, with a reasonable agreement to the experimental data. K71 
has a less pronounced NTC curve compared to Z69, whereas the NTC behaviour of the 
detailed mechanisms goes from none to relatively strong, depending on the equivalence 
ratio. The spread in ignition delay times between the mechanisms is greater than at 2 atm 
in Figure 7. 

Figure 5. Ignition delay time for DME-air mixtures at 25 atm and φ = 0.5 in (a) and φ = 1.0 in (b).
Legend: experimental data for τig from (×) Burke et al. [17]. Mechanism predictions from Z69 in
blue, LLNL in green [28], Aramco in red [17], K71 in magenta [32] and San Diego in black [30].

Figure 6 show the ignition delay times at 10 atm and φ = 0.5 in (a) and φ = 1.0 in (b),
respectively. As for the higher pressure in Figure 5, all mechanism predictions converge to
similar ignition delay times at temperatures above 1000 K, indicating strong similarities in
their respective high temperature kinetics. Z69 again show a stronger NTC behaviour than
the other mechanisms, with a reasonable agreement to the experimental data. K71 has a
less pronounced NTC curve compared to Z69, whereas the NTC behaviour of the detailed
mechanisms goes from none to relatively strong, depending on the equivalence ratio. The
spread in ignition delay times between the mechanisms is greater than at 2 atm in Figure 7.
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tively. As for the higher pressures of 10 and 25 atm, the predicted ignition delay times 
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The ignition predicted by Z69 displays a stronger NTC behaviour, at all pressures, 
than the other mechanisms. This is often due to a peak in ignition time estimate at around 
1000 K and it can be seen for all pressures investigated. 

Figure 6. Ignition delay time for DME-air mixtures at 10 atm and φ = 0.5 in (a) and φ = 1.0 in (b).
Legend: experimental data for τig from (#) Jiang et al. [15] and (×) Burke et al. [17]. Mechanism
predictions from Z69 in blue, LLNL in green [28], Aramco in red [17], K71 in magenta [32] and San
Diego in black [30].

Ignition delay times at 2 atm and φ = 0.5 and φ = 1.0 are shown in Figure 7a,b,
respectively. As for the higher pressures of 10 and 25 atm, the predicted ignition delay
times converge when the temperature increases, matching the experimental data.

The ignition predicted by Z69 displays a stronger NTC behaviour, at all pressures,
than the other mechanisms. This is often due to a peak in ignition time estimate at around
1000 K and it can be seen for all pressures investigated.
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propagate. This means that a too high predicted extinction limit enables a flame to burn 
at turbulence levels where it would otherwise be extinguished. The simulations model a 
case with a non-premixed condition, where a stream of fuel meets a stream of air resulting 
in a counterflow diffusion flame, with temperatures of T = 300 K and pressures of 1, 3 and 
10 atm. Figure 8 shows the extinction strain rate for the five reaction mechanisms at the 
three investigated different pressures. All reaction mechanisms show similar strain rate 
behaviour, with Z69 predicting the lowest strain rate and LLNL the highest. More im-
portantly is the pressure dependence of the strain rate resulting in a significantly higher 
strain rate already at moderately elevated pressures, indicating that even modest pressure 
significantly increases the flame’s ability to withstand high levels of turbulence. All mech-
anisms capture this shift in extinction strain rate that comes with increasing pressure. 

Figure 7. Ignition delay time for DME-air mixtures at 2 atm and φ = 0.5 in (a) and φ = 1.0 in (b).
Legend: experimental data for τig from (#) Jiang et al. [15]. Mechanism predictions from Z69 in blue,
LLNL in green [28], Aramco in red [17], K71 in magenta [32] and San Diego in black [30].

4.3. Extinction Strain Rate

The extinction strain rate determines at what extinction limit the flame will no longer
propagate. This means that a too high predicted extinction limit enables a flame to burn
at turbulence levels where it would otherwise be extinguished. The simulations model a
case with a non-premixed condition, where a stream of fuel meets a stream of air resulting
in a counterflow diffusion flame, with temperatures of T = 300 K and pressures of 1, 3
and 10 atm. Figure 8 shows the extinction strain rate for the five reaction mechanisms at
the three investigated different pressures. All reaction mechanisms show similar strain
rate behaviour, with Z69 predicting the lowest strain rate and LLNL the highest. More
importantly is the pressure dependence of the strain rate resulting in a significantly higher
strain rate already at moderately elevated pressures, indicating that even modest pressure
significantly increases the flame’s ability to withstand high levels of turbulence. All
mechanisms capture this shift in extinction strain rate that comes with increasing pressure.
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Figure 8. Extinction strain rates for DME-air mixtures at 1 atm, solid line, 3 atm, dashed line, and
10 atm, dot-dashed line. Legend: Mechanism predictions from Z69 in blue, LLNL in green [28],
Aramco in red [17], K71 in magenta [32] and San Diego in black [30].

4.4. Flame Profiles

Figure 9 presents flame profiles of major species (CO, CO2) and temperature profiles,
for equivalence ratios 0.6, 1.0 and 1.4. The chosen equivalence ratios represent fuel lean,
stoichiometric and fuel rich conditions, all simulated at 1 atm and 300 K. Flame profiles
showing other major species (H2O, H2) and key minor species (CH3O, CH2O, OH, O) are
shown in Appendix A. For φ = 0.6 in Figure 9a all reaction mechanisms show similar results,
with CO2 reaching its maximum value shortly after the flame front. CO peaks in the flame
front and is then oxidized further to CO2 due to the excess O2 at these operating conditions.

The stoichiometric mixture in Figure 9b again shows strong similarities between all
reaction mechanisms, for both CO and CO2, and temperature. The higher fuel-to-air ratio
in Figure 9c means that not all CO is being converted into CO2 resulting in considerably
higher values of CO, the CO concentrations at the end of the domain being higher than CO2.
All five mechanisms produce similar results regardless of species and equivalence ratios.
This is also true for the other major and minor species targeted by the Z69 mechanism,
with plots showing results for all five mechanisms present in Appendix A.
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Figure 9. Flame profiles showing the flame temperature (solid line) and major species concentra-
tions, CO2 (dashed line) and CO (dotted line), at standard conditions of 1 atm and 300 K. Three 
equivalence ratios are shown with ϕ = 0.6 in (a), ϕ = 1.0 in (b) and ϕ = 1.4 in (c). Legend: mechanism 
predictions from Z69 in blue, LLNL in green [28], Aramco in red [17], K71 in magenta [32] and San 
Diego in black [30]. 
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In this work a reduced reaction mechanism for DME-air combustion is presented and 

validated for key flame properties over a wide range of conditions. 
The reaction mechanism builds on the block structure modelling approach previ-

ously used to model a range of alkane and alkene fuels [35,43,49–51], with the approach 
consisting of a H/C1/O submechanism of high complexity coupled to submechanisms for 
the fuel breakdown and intermediate hydrocarbon oxidation. 

Overall, the agreements of the presented reaction mechanism to the reference mech-
anisms and the experimental data are good over the wide ranges of conditions investi-
gated. The sensitivity analyses show that the reactions with the highest and lowest sensi-
tivities are similar for all reaction mechanisms, indicating similar reactions, species and 
reaction pathways between their respective underlying chemistries. When considering 

Figure 9. Flame profiles showing the flame temperature (solid line) and major species concentrations,
CO2 (dashed line) and CO (dotted line), at standard conditions of 1 atm and 300 K. Three equivalence
ratios are shown with φ = 0.6 in (a), φ = 1.0 in (b) and φ = 1.4 in (c). Legend: mechanism predictions
from Z69 in blue, LLNL in green [28], Aramco in red [17], K71 in magenta [32] and San Diego in
black [30].

5. Summary and Discussion

In this work a reduced reaction mechanism for DME-air combustion is presented and
validated for key flame properties over a wide range of conditions.

The reaction mechanism builds on the block structure modelling approach previously
used to model a range of alkane and alkene fuels [35,43,49–51], with the approach consisting
of a H/C1/O submechanism of high complexity coupled to submechanisms for the fuel
breakdown and intermediate hydrocarbon oxidation.

Overall, the agreements of the presented reaction mechanism to the reference mecha-
nisms and the experimental data are good over the wide ranges of conditions investigated.
The sensitivity analyses show that the reactions with the highest and lowest sensitivities
are similar for all reaction mechanisms, indicating similar reactions, species and reaction
pathways between their respective underlying chemistries. When considering that the
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three reduced reaction mechanisms mentioned in the introduction all use either reversible
reactions only or a combination of reversible and irreversible reactions, the proposed Z69
contains 35% fewer reactions than the smallest of the other three mechanisms. The low
number of species and reaction makes Z69 highly suitable for three-dimensional CFD,
where a small mechanism size is of utmost importance. Added to this, Z69 is also capable
of predicting all the above-mentioned flame parameters, such as laminar burning velocity
and ignition delay time, something that for example the Pan82 mechanism cannot.

This work presents good possibilities for including high-performing kinetics for DME-
air combustion in finite rate combustion LES. Z69 builds on the same chemical kinetic
platform as used in reaction mechanisms for other alkane and alkene fuels [35,36,43,49–51],
solidifying the usability, versatility and flexibility of that platform and extending its use
to also include oxygenated fuels. By including proper fuel breakdown and intermediate
hydrocarbon submechanisms, it has been proven that the base mechanism can be used to
predict key flame parameters, including ignition with NTC behaviour, for as diverse fuels
as small oxygenated hydrocarbons (Z69) and large alkanes [51].
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Figure A1. Ignition delay time for DME-air mixtures at 25 atm and ϕ = 2.0. Legend: experimental 
data for τig from (×) Burke et al. [17]. Mechanism predictions from Z69 in blue, LLNL in green [28], 
Aramco in red [17], K71 in magenta [32] and San Diego in black [30]. 

Figure A1. Ignition delay time for DME-air mixtures at 25 atm and φ = 2.0. Legend: experimental
data for τig from (×) Burke et al. [17]. Mechanism predictions from Z69 in blue, LLNL in green [28],
Aramco in red [17], K71 in magenta [32] and San Diego in black [30].
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Figure A2. Ignition delay time for DME-air mixtures at 11 atm and ϕ = 2.0. Legend: experimental 
data for τig from (×) Burke et al. [17]. Mechanism predictions from Z69 in blue, LLNL in green [28], 
Aramco in red [17], K71 in magenta [32] and San Diego in black [30]. 
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Figure A3. Flame profiles showing the flame temperature (solid line) and major species concentra-
tions, H2O (dashed line) and H2 (dotted line), at standard conditions of 1 atm and 300 K. Three 
equivalence ratios are shown with ϕ = 0.6 in (a), ϕ = 1.0 in (b) and ϕ = 1.4 in (c). Legend: mechanism 
predictions from Z69 in blue, LLNL in green [28], Aramco in red [17], K71 in magenta [32] and San 
Diego in black [30]. 

Figure A2. Ignition delay time for DME-air mixtures at 11 atm and φ = 2.0. Legend: experimental
data for τig from (×) Burke et al. [17]. Mechanism predictions from Z69 in blue, LLNL in green [28],
Aramco in red [17], K71 in magenta [32] and San Diego in black [30].
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equivalence ratios are shown with φ = 0.6 in (a), φ = 1.0 in (b) and φ = 1.4 in (c). Legend: mechanism
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Diego in black [30].
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Figure A4. Flame profiles showing the flame temperature (solid line) and minor species concentra-
tions, CH2O (dashed line) and OH (dotted line), at standard conditions of 1 atm and 300 K. Three 
equivalence ratios are shown with ϕ = 0.6 in (a), ϕ = 1.0 in (b) and ϕ = 1.4 in (c). Legend: mechanism 
predictions from Z69 in blue, LLNL in green [28], Aramco in red [17], K71 in magenta [32] and San 
Diego in black [30]. 
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Figure A4. Flame profiles showing the flame temperature (solid line) and minor species concentra-
tions, CH2O (dashed line) and OH (dotted line), at standard conditions of 1 atm and 300 K. Three
equivalence ratios are shown with φ = 0.6 in (a), φ = 1.0 in (b) and φ = 1.4 in (c). Legend: mechanism
predictions from Z69 in blue, LLNL in green [28], Aramco in red [17], K71 in magenta [32] and San
Diego in black [30].
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(c)  

Figure A5. Flame profiles showing the flame temperature (solid line) and minor species concentra-
tions, CH3O (dashed line) and O (dotted line), at standard conditions of 1 atm and 300 K. The values
for CH3O have been timed by 200 in order to be easier to read. Three equivalence ratios are shown
with φ = 0.6 in (a), φ = 1.0 in (b) and φ = 1.4 in (c). Legend: mechanism predictions from Z69 in blue,
LLNL in green [28], Aramco in red [17], K71 in magenta [32] and San Diego in black [30].
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