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Abstract

A detailed chemical kinetic model has been used to study dimethyl ether (DME) oxidation
over a wide range of conditions. Experimental results obtained in a jet-stirred reactor (JSR)
at 1 and 10 atm, 0.2 < ¢ < 2.5, and 800 < T < 1300 K were modeled, in addition to those
generated in a shock tube at 13 and 40 bar, ¢ = 1.0 and 650 < T' < 1300 K. The JSR results
are particularly valuable as they include concentration profiles of reactants, intermediates
and products pertinent to the oxidation of DME. These data test the kinetic model severely,
as it must be able to predict the correct distribution and concentrations of intermediate and
final products formed in the oxidation process. Additionally, the shock tube results are very
useful, as they were taken at low temperatures and at high pressures, and thus undergo
negative temperature dependence (NTC) behaviour. This behaviour is characteristic of the
oxidation of saturated hydrocarbon fuels, (e.g. the primary reference fuels, n-heptane and
iso-octane) under similar conditions. The numerical model consists of 78 chemical species
and 336 chemical reactions. The thermodynamic properties of unknown species pertaining
to DME oxidation were calculated using THERM.
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Introduction

Legislative restrictions pertaining to the emission of particulates, volatile organic compounds
and NOy from internal combustion engines have been increasing in severity in the U.S.,
Europe and Japan over the past decade. Engine makers and automotive companies have had
to look at ways to decrease the emission of these toxic pollutants. Fuel composition affects
the tendency of a fuel to form soot particulates and NO, during combustion; increasing the
carbon to hydrogen ratio or the number of carbon-carbon bonds increases the tendency of
a fuel to form soot. Dimethyl ether (DME), CH3OCHj, is the simplest linear ether, has no
carbon—carbon bonds and after methane, has the lowest possible carbon to hydrogen ratio.
It is a high cetane fuel with a cetane number of 55-60, is not prone to particulate formation
and has a low toxicity. Recently, therefore, diesel engines fueled with DME have been
tested [1, 2]. It was found that DME did indeed affect a decrease in the emission of CO, NOx,
formaldehyde, particulates and non-methane hydrocarbons [1], compared with commercial
diesel fuels. DME has also been successfully used as a methanol ignition improver in diesel
engines where it has been reported to dramatically reduce total hydrocarbon emissions [3].
Finally, the technology required for DME handling and use in an engine is that already
developed for LPG.

There have been a number of studies which have described the pyrolysis of dimethyl
ether [4]-[13], and these have helped in the determination of the rate constant expressions
for H atom abstraction from the fuel by H atom and CHj; radical, and the rate constant
of methoxymethyl radical (-scission. There have also been a number of studies which have
reported on DME oxidation in laboratory experiments [14]-[18], but these experiments were
performed at room temperature and at pressures reaching slightly greater than one atmo-
sphere, conditions which bear little resemblence to those in an operating diesel engine. Da-
gaut et al. [19] obtained results in a jet-stirred reactor (JSR) at 1 and 10 atm, 0.2 < ¢ < 2.5,
and 800 < 7' < 1300 K. Pfahl and coworkers [20] measured DME ignition delay times behind
reflected shock waves at 13 and 40 bar, ¢ = 1.0 and 650 < T < 1300 K. The studies of both
Dagaut ef al. and Pfahl and coworkers are very valuable as they more closely reflect diesel
engine operating conditions. In addition, these latter studies are quite complementary as
both were carried out at temperature and pressure ranges which overlap. The shock-tube
data extends to lower temperatures and higher pressures where negative temperature co-
efficient behaviour is observed. Previous modeling work was performed by Dagaut et al.
who provided a chemical kinetic mechanism to explain the oxidation of DME under their
experimental conditions. We have found in modeling the shock tube data that the rate con-
stants for unimolecular fuel decomposition and methoxymethyl radical 3-scission needed to
be adjusted and an appropriate low-temperature oxidation scheme added.

Computational Model

All of the modeling computations in this study were carried out using the HCT modeling
code [21]. This code permits the use of a variety of boundary and initial conditions for reac-
tive systems depending on the needs of the particular system being examined. In the case of
the JSR, the relevant conditions are those which describe the bulk gases in an homogeneous
reactor of constant volume with a prescribed influx of fresh reactants and constant temper-
ature and pressure within the reactor. The shock tube experiments were modeled assuming



constant volume behind the reflected shock wave. The detailed chemical kinetic reaction
mechanism used in these calculations was based on the hierarchical nature of reacting sys-
tems starting with a core mechanism describing Hy /Oy and CO oxidation. To this is added
the progressively larger C;-Co mechanism and ultimately the DME mechanism whereby the
complete model consists of 78 different chemical species and 336 elementary reactions.

The thermodynamic properties for the relevant radicals and stable parents were obtained
by group additivity using THERM [22] with updated H/C/O groups and bond dissociation
groups [23]. The thermochemical data, listed in Table 1, allow the calculation of reverse
reaction rate constants by microscopic reversibility. The dimethyl ether reaction submech-
anism is listed in table 2 while a full listing of the reaction mechanism can be obtained by
Internet electronic mail (curran6@llnl.gov) or on disk or print by writing to the authors.

Dimethyl Ether Oxidation

The overall reaction scheme for DME oxidation can be depicted as follows:

CHzo + éH3

CH;0CH, i» CH,OCH, <22, CH;0CH,0, CH,OCH,0,H — CH,0+ CH,0+ OH
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Figure 1: Overall reaction scheme for dimethyl ether oxidation

where R refers to an arbitrary radical such as CH3, CH3O, OH, and H atom. We define
species names as follows: CH;OCH; (dimethyl ether), CH;OCH, (methoxymethyl radical),
CH30CH,0, (methoxymethyl-peroxy radical), CH,OCH,0,H (hydroperoxy-methoxymethyl),
0,CH,0CH,0,H (peroxy-methoxymethyl-hydroperoxide radical) and HO,CH,OCHO (hydro-
peroxy-methylformate).

At high temperatures, the fuel consumption pathway is quite simple, with unimolecular
fuel decomposition, (reaction 313), forming methoxy and methyl radicals, and F-scission of
the methoxymethyl radical (reaction 322) proceeding to formaldehyde and methyl radical.

However, at low temperatures, chain branching is due primarily to the reaction pathway
leading through the ketohydroperoxide species. As the temperature increases through the
negative temperature coefficient region, the chain propagation reactions of alkylhydroperox-
ide species increase in importance, leading to the formation of 3-decomposition products,
while the proportion of chain branching reactions decrease. The present study was carried
out over a broad range of temperature (650-1300 K), where both low and high temperature
chemistry contribute to fuel oxidation.



Unimolecular fuel decomposition
In this study, initiation occurs via the following two reactions,

313

CH;0CH; —— CH30+CH3
CH;0CH; + 0, 25 CH;0CH, + HO,

The rate constant for unimolecular decomposition of dimethyl ether was estimated using a

chemical activation formalism based on Quantum Rice-Ramsperger-Kassel (QRRK) theory,
as described by Dean [24, 25]. This analysis used a high pressure limit rate constant for
CH;0 + CH; addition of 5.0 x 10'3 ¢m® mol~! s='. The calculated rate constants for uni-
molecular fuel decomposition are given in Table 2 at pressures of 1, 10 and 40 atm. There
have been a number of different measurements of this rate constant expression. Pacey [10]
measured the rate of unimolecular decomposition to be 1.0 x 10'® exp (-76.0 kcal/RT) s™! in
the temperature range 782-936 K, at a pressure of 25-395 torr and with dimethyl ether as
the bath gas. Aronowitz and Naegeli [11] measured the rate constant for decomposition to be
2.2 x 10" exp (-76.6 kcal/RT) s~ at 1 atm in the temperature range 1063-1223 K using Ny
as the bath gas. Batt ef al. [26] measured a rate constant expression of 3.2 x 10'% exp (-83.0
kcal/RT) s~! in the temperature range 680-850 K, in the pressure range 400-800 torr using
CH, as the bath gas. A NIST database [27] fit to these data yields a rate constant expression
of 2.6 X 10'% exp (-82.2 kcal/RT) s~! in the temperature range 680-1223 K and 25-800 torr.
This corresponds to a rate constant of 2.8 x 1072 s7! at 1 atm and 1000 K which is very
similar to the value of 2.9 x 1072 s7! given by our QRRK fit, at the same temperature and
pressure.

H atom abstraction from the fuel

As the radical pool becomes established, H atom abstraction from the fuel becomes
more important, with abstraction primarily by OH H HO2, CH; and CH;0, radicals and
molecular oxygen, O,, and to a lesser extent by CH;0, and O radicals. The rate constants
we use for these abstraction reactions are reported in Table 2.

There have been a number of studies on the rate of H atom abstraction from dimethyl
ether by OH radicals [28]-[31],

CH;0CH; + OH 2y CH,;0CH, + H,0

in the temperature range 240-440 K, and at pressures from 5-760 torr. However, the
temperature range of these measurements is significantly lower than the conditions of the
current analysis. In addition, there is some scatter in the measured rate constant expressions
and so we have decided to base our rate constant on that measured by Droege and Tully [32]
for secondary H atom abstraction from propane. The bond dissociation energy for H atom
abstraction from CH3OCHj; is 97.5 kcal mol~! which is similar to the value for secondary
H atom abstraction of 98.5 kcal mol~!. There are six H atoms in the DME molecule and
only two secondary H atoms in propane and so the A-factor has been multiplied by three.
Most recently, Arif et al. [33] have measured this rate constant expression in the temperature
range 295650 K and at a pressure of 740 torr. Our estimated rate constant expression is
5% and 1.3% slower at 300 K and 400 K respectively, and 11% faster at 800 K, in good
agreement with the measurements of Arif et al..
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H atom abstraction from DME by H atoms,
CH;OCH; +H 22 CH;0CH, + H,

has been measured by Meagher et al. [34] who report a rate constant expression of 1.30 x
10" exp (-4.6 kcal/RT) cm® mol™! 7' in the temperature range 300404 K, at a pressure of
0.4-0.9 torr with helium as the bath gas. Faubel et al. [35] measured this rate constant also
using helium as the bath gas, in the temperature range 250-620 K and at a pressure of 2.25—
9.75 torr and reported a rate constant of 1.9 x 10'® exp (-5.2 kcal /RT) ¢cm® mol™! s7*. Lee et
al. [36] published a rate constant expression of 2.6 x 10'? exp (-3.9 kcal/RT) cm?® mol~' s7! in
the temperature range 273-426 K, at a pressure of 30-200 torr with argon as the bath gas.
The above rate constant expressions have been correlated, together with the rate expression
derived by Aronowitz and Naegeli [11] of 1.1 x 10'3 ¢cm® mol~! s7! in the temperature range
1063-1223 K and 1 atm pressure, using the NIST database to generate a three parameter fit
to this reaction which is given in Table 2.

H atom abstraction by O atoms,

CH;0CH; + O %5 CH,0OCH, + OH

has been measured by LeFevre et al. [41] from 1.4-4.1 torr pressure and in the temper-
ature range 217-366 K with helium bath gas, resulting in the rate constant expression of
5.0 x 10'? exp (-2.85 kcal/RT) cm® mol™' s~!. Faubel et al. [42] measured a rate constant
expression of 2.3 x 10 ¢m® mol~! s at 298 K in the pressure range 2.25-6.76 torr with
helium bath gas. Liu et al. [43] measured this rate expression to be 3.24 x 10'2 exp (-2.6
kcal /RT) cm® mol~! s7! in the temperature range 240-400 K and 25-50 torr pressure, using
argon bath gas. Herron [44] carried out an extensive literature review of this rate constant
and recommends an expression of 5.0 x 10'® exp (-4.6 kcal /RT) ¢cm® mol~™' ™! in the tempera-
ture range 300-500 K. We have performed a NIST database fit to the above recommendations
and report a three parameter fit to this data in Table 2.
Abstraction of H atom by H02 and CH302 radicals is quite important in the oxidation
process.

CH;0CH; + HO, 2% CH;0CH, + H,0,
CH;0CH; + CH;0, —225 CH;0CH, + CH;0,H

However, these rate constant expressions have not been measured, and therefore there is
some degree of uncertainty in their absolute values. Walker [37] recommends a rate constant
expression of 2.8 x 10'? exp (-17.7 kcal/RT) cm?® mol™! s™! per H atom for the abstraction
of secondary H atoms from an alkane by HO, radicals. We have used this rate expression in
our study but with an A-factor of 1.0 x 10" and not 1.7 x 10'® using a degeneracy of six.
The reduced A-factor gave better agreement with experimental results. In addition, H atom
abstraction from CH3OCHj; by CH302 and CH3OCH202 was taken to equal that by H02
radicals.

H atom abstraction by CHz was measured by Pacey [10],

CH;0CH; + CH; -2 CH,;0CH, + CH,



who reported a rate constant of 3.2 x 10" exp (-15.1 kcal/RT) cm?® mol~" s under identical
conditions to those given above for his expression for unimolecular fuel decomposition. Batt
et al. [26] have also made direct measurements of this rate constant reporting an expression
of 3.6 x 10'? exp (-11.8 kcal/RT) cm® mol~" s™! over the temperature range 373-935 K and
400-800 torr pressure with CH3OCH3 as the bath gas. Other relative measurements by Gray
and Herod [38, 39] and Held et al. [12] contributed to a NIST database fit yielding the three
parameter rate constant expression reported in Table 2.

The rate constant expressions for abstraction of H atoms from dimethyl ether by molec-

ular oxygen and methoxy radicals were taken to be twice Tsang’s [40] recommendation for
CH3OH + R = CHQOH + RH, where R = 02 and CH3O

CH;0CH; + 0, 25 CH;0CH, + HO,
CH;0CH; + CH;0 224 CH,0CH, + CH;0H

Reactions of methoxymethyl radical
Methoxymethyl radicals can undergo two different reactions:

e (-scission to yield formaldehyde and methyl radicals.

e addition to molecular oxygen to produce methoxymethyl-peroxy radicals, CH;0CH,0,.

CH;0CH, -2, CH,0 + CH;
CH;0CH,0, <&Z% CH;0CH, + O,

Addition to Oy mainly occurs at low temperatures as the activation energy barrier to (-
scission products is 25.5 kcal mol~! while the bimolecular addition of methoxymethyl radical
to Og has no activation energy barrier associated with it. The A-factor for addition to Oq
was taken to be 1.0 x 10'? cm® mol™! s7! similar to that recommended by Benson [45] for the
addition of alkyl radicals to molecular oxygen. The rate of CH3OCH, (-scission (reaction
322), was taken from the study of Loucks and Laidler [46] which reported a high-pressure
limit Arrhenius expression in the temperature range 373-473 K, Table 2. The activation
energy of 25.5 kcal mol~! determined by Loucks and Laidler is somewhat lower than 32.5
kcal mol~! recommended by Dagaut et al. [19] for this reaction. However, even an activation
energy of 25.5 kcal mol~! seems high considering that the reaction is endothermic by only 5.0
kcal/mol. Moreover, the activation energy for the addition of radical species to the ozygen
atom of a C=0 bond has never been measured and may be quite different to the value
associated with addition to an olefinic carbon atom. The rate constant expression of Loucks
and Laidler has resulted in good agreement with the experimental shock tube data of Pfahl
et al. [20], in which the NTC behaviour, so sensitive to the fate of the alkyl radical, is well
predicted by the model.

Reactions of methoxymethyl-peroxy radical

The CH;0CH,0, radical which occurs at low temperature (500 < T < 900 K) can
undergo three different types of reaction:



1.

Decomposition to CH3OCH2 + O,. This rate constant is the reverse of reaction 327
above, and is calculated from the reverse rate constant and from microscopic reversibil-
ity (thermochemistry).

. Intermolecular abstraction of hydrogen atoms from other hydrocarbon species to pro-

duce the stable methoxymethyl-hydroperoxide species, (CH;OCH20.H), which then
decomposes to CH;0CH,0 + OH, followed by reactions of the CH3;0CH,0 radical.
Modeling results showed this sequence of reactions to be of relatively minor impor-
tance in this study.

. The most important step involves isomerization of the CH3OCHgO2 radical via internal

H atom transfer to form hydroperoxy-methoxymethyl radical, CH,OCH,O.H

CH;0CH,0, == (H,OCH,0.H

The rate constant for isomerization is described in terms of the number of atoms in

the transition state ring structure, which includes the H atom, and the type of site
(primary in this case) at which the transferred H atom is initially located. Thus, we
estimate the activation energy, &,, using the expression,

E, = AH,, + ring strain + E,pg

where AH ., is taken to be the enthalpy of reaction and is included only if the reaction
is endothermic. The activation energy for abstraction is determined, following the
analysis of Bozzelli and Pitz [47], from an Evans-Polanyi plot, E,us vs AHpy (taken
in the exothermic direction), of similar H atom abstraction reactions, RH + R/ = R +
R’H, leading to the following expression:

Eapst = 12.7 4 (AHpxo x 0.37)

As this transition state involves a six membered ring we assume there is no ring strain.
In addition, from thermochemistry (Table 1) we find AH,, = +9.3 kecal mol~! and
therefore £, = 18.6 kcal mol~!. The A-factor was chosen to be 7.4 x 10! s71, identical
to that used for a (1,5) transition state ring in our modeling of n-heptane oxidation [48].
The reverse isomerization rate constant is based on the forward rate constant and on
calculated thermodynamic properties using bond additivity.

Reactions of CHQOCHQOQH
The hydroperoxy-methoxymethyl species formed can react via three major pathways.

1.

Reverse isomerization of CHyOCH,O,H radical (reaction 333) to CH3;0CH,0, radical
as described above.

. The CH,OCH,0,H species can undergo (-scission, leading to the formation of two

molecules of formaldehyde and OH radical, as the hydroperoxy-methyl radical (CHQOQH)
is assumed to decompose into formaldehyde and OH radical very quickly.

CH,OCH,0,H =2 CH,O + CH,O + OH
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This endothermic rate constant is unknown but was estimated as follows. The reverse
rate (i.e. addition of hydroperoxy-methyl radical to formaldehyde) was likened to a
methyl radical adding across the double bond in ethylene to yield the nCsH7 radical.
The rate for this reaction was taken from Baulch et al. [49] to be 2.1 x10" exp (—7.4
kcal/RT) cm® mol~! s7'. The forward rate constant was then calculated by microscopic
reversibility. This gives a rate constant expression in the forward direction of 1.3
x10'% exp (—21.2 kcal/RT) cm® mol~! s™!. However, it was found that it was necessary
to adjust the calculated forward activation energy downward by 3.0 kcal mol~! in order
to predict the ignition delay times measured by Pfahl and co-workers [20]; in particular,
to simulate the point at which the NTC region comes into effect. It is reasoned that the
presence of the O atom in formaldehyde reduces the activation energy of the addition
of CHQOQH to the double bond. The final rate expression is shown in Table 2.

3. In addition, hydroperoxy-methylmethoxy species can react with molecular oxygen to
form the O,CH,OCH,0O-9H radical.

0,CH,OCH,0,H &% CH,0CH,0,H + O,

The rate of this reaction was taken to be 9.0 x10M cm?® mol=! s7!, just slightly less
than that used for the addition of methoxymethyl radical to Os.

02 CH,OCH,0-H isomerization

It is important to note that the fate of the CHQOCHQOQH radical de‘permines the reactivity
of the system at low temperatures; a faster rate of (-scission of CH,;OCHsOoH radical
leads to reduced reactivity, while addition to O, leads to chain branching and hence greater
reactivity. The 0,CH,OCH,0,H radical isomerizes, releasing OH and producing a stable
ketohydroperoxide molecule, HO,CH,OCHO, Figure 1.

0,CH,OCH,0,H =2 HO,CH,OCHO + OH

The rate for this isomerization via an internal H atom transfer, presented in Table 2, is
calculated in identical manner to that for CH;OCH,0O = CH,OCH,O,H isomerization.
The activation energy has been calculated to be 16.3 kcal mol~ and the A-factor has been
reduced by a factor of 0.5 considering steric hindrance due to the OOH group.

Ketohydroperoxide decomposition

Finally, the decomposition of the ketohydroperoxide molecule leads to chain branching,
as two radicals are formed from its decomposition, OH and OCH,OCHO radicals.

HO,CH,0CHO 25 OCH,0OCHO + OH
The rate constant of 2.0 x10'® cm® mol™' s~! was chosen in the reverse direction, the
addition of OH radical to OCHQOCHO and the forward rate constant was determined from
microscopic reversibility. This resulted in a three parameter rate constant expression in the
forward direction with an activation energy of 47.1 kcal mol~!. It was necessary to reduce
this activation energy by 3.0 kcal mol~! in order to reproduce the experimental data at low
temperatures.



The OCH,OCHO radical decomposes to produce formaldehyde and HCO, radical.
OCH,OCHO -2, CH,0 + HCO,

The rate constant of this reaction was considered in the reverse direction addition of
HCO, radical to CH,0. The reverse rate constant was estimated to be 1.3 x10'! exp (—7.4
kcal /RT) cm® mol~! s7! and the forward rate constant, reported in Table 2, was determined
from thermochemistry.

Jet-Stirred Reactor Results

In this section, the product species concentrations calculated by the model and measured in
the JSR experiments [19] are discussed and compared. The JSR experiments are a stringent
test of the high temperature portion of the model, as they test the detailed distribution of
both primary and secondary product formation. Comparisons of the product species profiles
measured in the experiment and calculated in the model simulation are shown in Figures 2-
6 for mixtures varying from fuel lean to fuel rich. It is clear that the model-predicted
concentration profiles for each product species are in good agreement with the experimental
results. The computed fuel and O, concentration profiles are also in good agreement with the
measured profiles except at 0.2% DME, ¢ = 2.5 and 10 atm pressure the model underpredicts
the rate of Oy consumption.

Product Formation

Under stoichiometric conditions, ¢ = 1.0, the primary products formed are carbon
monoxide (CO), hydrogen (H,), methane (CH,), formaldehyde (CH50) and carbon diox-
ide (COy), Figures 2-4. It can be seen that the model is able to reproduce the fuel, O, and
product profiles observed in the experiment, although the model underpredicts the measured
concentration profile for ethene at 10 atm and ¢ = 1.3 by about a factor of two. Product
formation can be fully explained by the reaction scheme discussed below.

The radical pool is initiated by unimolecular decomposition:

CH;0CH; -5 CH;0 + CH;

which leads to the formation of methoxy, CH3O and methyl, CH; radicals. Methoxy radicals

can decompose to generate formaldehyde and H atoms, (reaction 40). Hydrogen atoms,
(reaction 315), and CHj radicals, (reaction 319), abstract H atoms from the fuel to produce
methoxymethyl radical and hydrogen and methane respectively.

CH;O0O -2, CH,0+H
CH,OCH; +H -85 CH;0CH, + H,
CH;0CH; + CH; -2 CH,;0CH, + CH,

Subsequent (-scission of the methoxymethyl radical also leads to the formation of formalde-
hyde and methyl radical (reaction 322), which is the predominant route to CHyO formation
as the radical pool becomes more established. Furthermore, as the radical pool concen-
tration increases, CH; reacts with HO, radical to produce CH;0 + OH, further promoting
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formaldehyde formation and producing reactive hydroxyl radical that abstract H atoms from
the fuel.

CH;0CH, -2 CH,O + CH,
CH; + HO, 25 CH;0 + OH
CH;0CH; + OH 2y CH,;0CH, + H,0

Methyl radical reacts with formaldehyde, molecular hydrogen, fuel, and HO, to yield
methane and a radical species.

CH,0 +CH; 24 HCO + CH,
CH;+H, —2s CH,+H
CH; + HO, -2+ CH,+ O,

H atoms, which lead to the formation of molecular hydrogen, are generated from the de-
composition of both formyl, HCO (reaction 12), and methoxy radicals, CH3O (reaction 40)
above. Reaction 12 also leads to the formation of carbon monoxide which reacts with HOq
radical and to a lesser extend with OH radical to form carbon dioxide and OH and H radicals
respectively.

HCO -5 H+CO
CO+HO, 23 CO,+OH
CO+0OH -5 CO,+H

Under fuel lean conditions, less Hy and CH4 and more CO and CQO, are formed relative to
the stoichiometric case. This is because the higher concentration of Og results in more H02
formation and this radical reacts with methyl radicals forming methoxy and OH radicals
(reaction 22) above. The methoxy radical decomposes to formaldehyde which subsequently
yields CO and then CO,. Under fuel rich conditions the reverse is true, higher concentrations
of Hy and CH, are formed due to the reduced concentration of H02 radicals.

The formation of ethane, CoHg, is explained by the recombination of CHj radicals (reac-
tion 24). The rate constant expression for this reaction was taken from the work of Walter
et al. [50] which includes a Troe fall-off fit to this reaction.

CoHg + (M) —25 CHj + CH; + (M)

Ethane subsequently undergoes H atom abstraction by H, OH and CHj, forming ethyl
radical, CoH5, which decomposes to ethene, CoH4 and H atom.

CQH(; + R —_— CQH5 + RH
CoHs +M —> CoH,+H+M
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Ethene subsequently undergoes H atom abstraction by H, OH and CHs, forming vinyl
radical, CoHj3, which reacts with O, to form formaldehyde and formyl radical, and to a lesser
extent, ethyne (CoHj), and HO, radical.

CQH4 -+ R —_— CQH3 + RH
CoHs + 0y, —2s CH,O + HCO
CoHs + 0y =23 CoH, + HO,

Shock Tube Results

The low temperature portion of the chemical kinetic mechanism, which is depicted in Fig-
ure 1, and described earlier with the associated rate constant expressions, Table 2, and the
high temperature mechanism was used to model the experimental results of Pfahl et al. [20]
in a high pressure shock tube. A comparison of model prediction with the experimental
results can be seen in Figure 7, and indicates that the model is able to predict accurately the
total ignition delay times measured in the experiments. Furthermore, the model accurately
predicts the experimentally measured first stage ignition delay times (71), at 40 bar, but
predicts a longer first stage ignition time at 13 bar.

At low temperatures (T < 1100 K) the methoxymethyl radical adds with O, leading to
the formation of the hydroperoxy-alkyl, CH,OCH,O,H radical, Figure 1. At temperatures
below 800 K molecular oxygen adds to this molecule resulting in the formation of the stable
ketohydroperoxide molecule, which decomposes leading to chain branching and fast fuel
ignition. However, as the temperature rises above 800 K, the CHQOCHQOQH radical starts
to undergo (-scission which yields two formaldehyde molecules and OH radical, and thus is
a propagation process. This results in the NTC behaviour observed in both the experiments
and the model predictions, Figure 7.

At temperatures above 1100 K, high temperature kinetics control fuel oxidation and the
alkyl radical, CH30CH, no longer undergoes addition to O, but decomposes via 3-scission
to form methyl radical and formaldehyde.

Sensitivity Analysis

In analysing the chemistry edits produced as output from the HCT code, we were able to
develop a flux diagram of the major oxidation pathways responsible for DME oxidation,
Figure 1. Therefore, we have carried out a detailed sensitivity analysis focusing on these
reactions, but also included additional reactions such as CH3 + H02 = CH3O + OH and
H+ O+ M = H02 + M as these reactions were shown above to influence the 0X1dat10n of
DME in the JSR experiments.

The sensitivity analysis was performed by multiplying the rate constant of a reaction by
a factor of two (both forward and reverse rate constants) and then calculating the percent
change in reactivity. Therefore, in the case of the shock tube experiments of Pfahl et al. [20]
we calculated the percent change in ignition delay time compared with the baseline simula-
tion. A positive percent change indicates a decreased overall reaction rate and a negative
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change an increased overall reactivity of the system. Three different temperatures were cho-
sen to help indicate sensitivity of each class to the onset, middle and end of the NTC region
at an average pressure of 40 atm. The reaction rate constants that exhibited the highest
sensitivity are shown in Figure 8.

At low temperatures the reactions with greatest negative sensitivity and hence is the
most effective in promoting the overall rate of oxidation are H atom abstractions from the
fuel by OH, HO,, and O,, and the addition of CH,OCH,O,H to O, and subsequent reactions
which lead to chain branching. The decomposition of the ketohydroperoxide molecule has
the greatest sensitivity at 650 K.

CH;0CH; + OH -2y CH,;0CH, + H,0
CH;0CH; + HO, 2% CH,0CH, + Hy0,

0,CH,OCH,0,H &% CH,OCH,0,H + O,
0,CH,OCH,0,H -2, HO0,CH,OCHO + OH

HO,CH,OCHO 2% (OCH,0CHO + OH

At low temperatures isomerization of the O,CH,OCH,0,H radical (reaction 336), leads
to the formation of the ketohydroperoxide molecule, HO,CH,OCHO + OH. Subsequent
decomposition of the ketohydroperoxide molecule leads to the formation of another OH
radical and an oxygenated-alkoxy radical which is chain branching. However, at low temper-
atures the high activation energy barrier (44070 cal/mol) associated with ketohydroperoxide
decomposition is difficult to overcome and ensures that decomposition of the stable keto-
hydroperoxide species occurs very slowly. As fuel oxidation proceeds and the associated
heat release raises the reactor temperature, these stable molecules decompose more readily
relieving this “bottleneck” and ensuring greater reactivity of the system. This behaviour is,
to large degree, responsible for the first stage or “cool-flame” ignition at low temperatures.

The reaction which is next greatest in promoting the rate of fuel oxidation at 650 K and
shows the highest negative sensitivity coefficient at 850 K is the addition of the hydroperoxy-
alkyl radical to molecular oxygen, CH,OCH,0,H+ O, (reaction -335), which competes with
the (-scission reaction of CHQOCHQOQH to form two formaldehyde molecules and OH radical
(reaction 334). The molecular addition to O, leads to the formation of the ketohydroperoxide
molecule and favours chain branching, while the (-scission reaction has the highest positive
sensitivity coefficient at both 650 K and 850 K as it competes with the chain branching
process, forming only one reactive OH radical. H atom abstraction from the fuel by OH,
H, HO,, CH30,, and CH;0 all show relatively high negative coeflicients at a temperature
of 850 K and above, as they help promote fuel consumption. H atom abstraction by OH
radical has the second highest negative sensitivity at 850 K as the low temperature chain
branching pathways lead to high concentrations of this radical.

One interesting result of the sensitivity analysis is the sensitivity to reaction 318:

CH;0CH; + CH;0, —225 CH;0CH, + CH;0,H

The sensitivity coefficient pertaining to this reaction increases with rising temperature,
Figure 8-9. The concentration of methyl radicals steadily increases with temperature rise
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as methoxymethyl radical (-scission becomes more and more important. This allows for
higher concentrations of CH;0, radicals and more CH5;O,H molecules. With rising temper-
atures methylperoxide molecules decompose more readily to produces reactive methoxy and
hydroxyl radicals (reaction 191).

CH;0,H -2 CH;0 + OH

This sequence of reactions consumes Os and the relatively unreactive CHj radical, producing
two more reactive radicals in return, an OH radical and a CH3O radical, which can decompose
to yield formaldehyde and reactive H atom or abstract a H atom directly from the fuel.

Another reaction that exhibits similar behaviour is the reaction of methyl radicals with
hydroperoxyl radical (reaction 22):

CH; + HO, —25 CH;0 + OH

Again, this reaction leads to the formation of CH;0 and OH radicals. Note that the sensi-
tivity coefficient for H atom abstraction by CH;0, from the fuel and CH; + HO, (reaction
22), are greater than that for H atom abstraction by OH radicals. This is because at 1000 K
(B-scission of the methoxymethyl radical has becomes more important than Oy addition, thus
producing higher concentrations of CHj; radicals and in turn more CH3O, radicals. In con-
trast, the low temperature chain branching reactions produce high concentrations of hydroxyl
radicals and these reactions are now much less important than at lower temperatures.

At 850 K, the reaction with the second highest positive sensitivity coefficient is the
B-scission of the methoxymethyl radical (reaction 322), to form formaldehyde and methyl
radical. This reaction prevents the addition of the alkyl radical to molecular oxygen which
at low temperatures leads to the chain branching process and thus explains the positive
sensitivity.

The third largest positive sensitivity at 850 K is the addition of H atom to molecular
oxygen to form HO, radical (reaction 26). This positive sensitivity is confusing as H atom
abstraction from the fuel by HO, radical has a high negative sensitivity coeffieient, and reac-
tion 26 promotes the formation of HO, radical. However, even though reaction 26 produces
one reactive HO, radical it removes a H atom and Oy molecule from the system, which are
two reactive species at low temperatures, as observed in the high negative sensitivities to the
addition reactions of alkyl and hydroperoxy alkyl radicals to Oy, and H atom abstraction
from the fuel by H atom. At 1200 K, it is interesting that the addition of CH;0CH, to O
(reaction 327) exhibits the second highest sensitivity. Based on discussion of low tempera-
ture reactions in the literature, one would expect CH;OCH,0, to decompose rapidly at this
relatively high temperature so that reaction 327 would not be important. However at the
high pressure of 40 atm which is similar to that found in diesel engines, the bimolecular O,
addition is enhanced over the unimolecular CH3OCH202 decomposition so that this reaction
plays an important role even at relatively high temperatures.

A similar sensitivity analysis was performed on the JSR experiments of Dagaut et al. [19],
by multiplying the equilibrium rate constant of a reaction by a factor of two. This analysis
was carried out at temperatures of 835 K and 950 K to indicate sensitivity at 25.0% and
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66.35% fuel conversion, for 0.2% DME, ¢ = 2.5 and P = 10 atm. The sensitivity coefficient
is defined as:

[fuel in reactor] — [baseline fuel in reactor]

[baseline fuel in reactor]

and the results of the sensitivity analysis are shown in Figure 9. At intermediate tempera-
tures chain branching occurs through the decomposition of hydrogen peroxide to form two
reactive hydroxyl radicals. Therefore, systems in which intermediate chemistry dominates
will show high sensitivity coefficients to hydrogen peroxide decomposition and reactions
which lead to the formation of hydroperoxyl radicals and hydrogen peroxide. The sensitivity
results in Figure 9 at 835 K and 40 bar reveal high sensitivity coefficients associated with
important intermediate temperature reactions:
51

Hy0,+M —— OH+OH+M
CH;0CH; + HO, 255 CH30CH, + Hy0,
CH,0 + HO, 5 HCO + H,0,

H+0, =2 HO,
HCO + 0, —25 CO +HO,

Conversely, we observe high positive sensitivites to reactions which compete with or
otherwise hinder the formation of hydroperoxyl radicals and hydrogen peroxide.
CH; + HO, —25 CH;0 + OH
CH; + HO, —25 CH4+ O,
CH;OCH; + OH 2% CH;0CH, + H,0

CH;OCH; + H 225 CH;0CH, + H,

It is not immdeiately clear why H atom abstraction from the fuel by H and OH radicals
should show such high positive sensitivity coefficients. However, increasing the rate constant
of these reactions allows less fuel to react with CH3 and H02 radicals. These latter radicals
react with each other instead, forming two different sets of reactants, mainly CH4 and O, but
also CH;0 and OH radicals. The second set of products does lead to one reactive hydroxyl
radical but does not allow H atom abstraction reactions by H02 to form H,0O5 which would
yields two OH radicals. At 950 K intermediate temperature kinetics no longer dominates
fuel oxidation and H atom abstraction from the fuel by H and OH radicals show positive
sensitivity coefficients.

Similarily, we see a positive sensitivity associated with formyl radical decomposition

(reaction 12):

HCO+M -2 H+CO+M
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Again, this result is unexpected as reaction 12 generates H atoms which can react with Oy to
generate HO, radical, and promote the rate of fuel oxidation. However, H atom abstraction
from the fuel by H atoms lowers the reactivity of the system and additionally, formyl radical
can react with Oy (reaction 46),

HCO +0, -2 CO+HO,

Even under these fuel rich conditions, reaction 46 is faster than formyl decomposition, and
yields HO, radical. This radical primarily reacts with the fromaldehyde and the fuel, and
both of these reactions have high negative sensitivities.

Figure 9 indicates that the low temperature mechanism plays a very small role in the
oxidation process of the JSR at the temperatures and pressures of this study, as is indicated
by the lack of sensitivity to the low temperature oxidation reactions. However, it is incorrect
to say that the low temperature mechanism plays no role in the oxidation process as indicated
by the negative sensitivity coefficient to reaction 327:

CH;0CH,0y o2 CH;OCH, + Os

This reaction leads to the formation of methoxymethyl-peroxy radical which, after under-
going isomerization (reaction 333), yields two formaldehyde molecules and OH radical.

CH;0CH,0, =2 (H,OCH,O.H
CH,OCH,0oH o CH,O + CH,0 + OH

Thus, the addition of methoxymethyl radical to Oz helps promote the rate of fuel oxidation
considerably at 835 K and to a lesser extent at 950 K as it forms reactive OH radical.
Sensitivity to (-scission of the methoxymethyl radical (reaction 322):

CH;0CH, -2, CH,0 + CH;

shows a large positive sensitivity coefficient at 800 K with a lesser positive sensitivity at

950 K. At 835 K, the addition of CH3OCH2 to O2 has a very important role in generating
OH radicals. This addition competes with CH;0CH, decomposition and the two paths
show large negative and positive sensitivities, respectively. As the temperature is increased to
950 K, the role of the addition path in generating OH radicals is reduced, and the competition
between the addition and decomposition paths is not as important to the overall reactivity
of the system.
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Conclusions

In this study we have employed two different rate constant expressions for methoxymethyl
and hydroperoxy-methoxymethyl radical (-scission in order to reproduce the experimental
results of Pfahl et al. Both of these reactions are endothermic and when viewed in the
reverse direction, involve the addition of a radical species to the doubled bonded oxygen
atom of formaldehyde. The rate constant expression associated with radical addition to a
C=0 moiety has never been measured, and experiments performed on such reactions would
be very useful to the modeling community. Furthermore, the thermochemistry associated
with both the methoxymethyl radical and hydroperoxy-methoxymethyl radical is not very
well know, there being an uncertainty of approximately 3 kcal mol~! in the heat of formation
of the methoxymethyl radical [51]. In addition, we have chosen to use the high pressure limit
rate constant for the methoxymethyl radical 3-scission reaction and the reaction associated
with the low temperature mechanism. We assume that these reactions will be at or near
their high pressure limit at 13 bar and 40 bar; for example the rate constant at 1000 K for
unimolecular fuel decomposition (reaction 313) calculated at 10 atm. is approximately 90%
faster than that at 1 atm. but is only 9% slower than that calculated at 40 atm. We have
included fall-off in the unimolecular fuel decomposition reaction for the JSR experiments
where the pressure varied from 1 to 10 atm, as this reaction is important in the initiation of
the radical pool. Low temperature chemistry does not play a role in the oxidation of dimethyl
ether at 1 atm, over the temperature range investigated by Dagaut et al. [19]. Thus, we feel
that using high pressure limit expressions as we did, is adequate under the conditions of this
study.

Concentration profiles of reactants, intermediates and products of the oxidation of DME
measured in a JSR over a wide range of conditions, 1 and 10 atm, 0.2 < ¢ < 2.5, 800-1300 K,
have shown that the model can predict both primary and secondary product formation with
a high degree of accuracy. The good agreement found between experimental and modeling
predictions under JSR and shock-tube conditions gives us confidence in the reliability of the
reaction mechanism, certainly at high temperatures.

The detailed model, containing a low temperature submechanism, was used to simulate
the shock tube experiments of Pfahl et al. [20] for stoichiometric mixtures of DME in air, at
temperatures of 650-1300 K and reflected shock pressures of 13—40 bar. It was found that the
model was able to predict accurately total ignition delay times and first stage or “cool-flame”
ignition times. The underprediction of ethene by the model as shown in Figure 6 indicates
that there may be an alternative path to ethene formation not included in the model.
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Species Hy @298 K [ S @298 K | C, @ 300 K

(kcal/mol) | (cal/mol-K) | (cal/mol-K)
CH,OCH;, 434 63.8 15.8
CH;0CH, 2.0 67.3 16.3
CH;OCH,0,H 72.0 84.5 24.8
CH;0CH,O 34.5 73.9 18.4
CH;OCHO 84.4 71.5 17.1
CH;0CH,0, -35.9 84.8 22.8
CH,OCH,0.H _26.6 86.7 25.4
0,CH,OCH,0,H 64.6 104.2 31.8
HO,CH,OCHO,H -54.3 105.1 34.5
HO,CH,OCHO ~113.0 90.9 26.2
OCH,OCHO 75.5 80.3 19.8

Table 1: Thermodynamic properties for selected species
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No. Reaction A n Ea Citation
313 CH30CH;3; = CH50 + CH; 1.38E + 52 —10.9 96640. te
313 CH30CH3; = CH30 + CH; 1.62E +41 —7.46 92480. tb
313 CHs30CH3; = CH50 + CHj 1.45E + 34  —5.3 89440. te
314 CH30CH3 + OH = CH30CH; + Hy0 1.40E +08 1.61  —35. 1
315 CH30CH3 + H = CH30CH, + Hy 11.54E + 00 4.0  2050. 1
316 CH30CH3 + O = CH30CH, + OH 1.86E — 03 53 —110. 1
317 CH30CH3 4+ HOy = CH;0CH, + Hy O 1.0E+13  0.00 17685. t
318 CH30CH; + CH50, = CH30CH, + CH30,H 1.0E+13  0.00 17685. 1
319 CH30CH3 + CH3 = CH30CH, + CH, 2.26E —05 5.35  5810. 1
320 CH30CH;3 + O, = CH30CH, + HO, 4.10E +13  0.00 44910. 1
321 CH30CH; + CH30 = CH30CH, + CH30H 6.02E +11  0.00  4075. 1
322 CH30CH; = CH; + CH,0 1.60E +13  0.00 25500.  [46]
323 CH30CH; + CH30 = CH30CH3 + CH,0 241E+13  0.00 0. 1
324 CH30CH; + CH,0 = CH30CH;3 + HCO 549E+03  2.80  5860. 1
325 CH30CH; + CH3CHO = CH30CH3 + CH3CO 1.26E+12  0.00  8500. 1
326 CH30CH; + HOy = CH3;0CH,0 + OH 9.64E +12  0.00 0. 1
327 CH30CH30, = CH30CH, + O, 4.68E+17 —1.20 38240. 1
328 CH30CH30, + CH30CH; = CH3OCH,0,H + CHsOCH,  1.00E +13  0.00 17685. 1
329 CH30CH,0, + CH,0 = CH;OCH,0,H + HCO 1.99E +12  0.00 11665. 1
330 CH30CH,0, 4+ CH3CHO = CH3;0CH,0,H + CH3;CO 2.80E +12  0.00 13600. t
331 CH30CH;0,H = CH;0CH,0 + OH 1.83E+20 —1.54 44150. 1
332 CH30CH,0 = CH50 + CH,0 6.48E +12 —0.13 14870. 1
333 CH30CH30, = CH,OCH,0.H 742E +11  0.00 18560. 1
334 CH,OCH,0,H = CH,0 + CH,0 + OH 1.25E+13  0.00 18160. 1
335 0y,CH,0OCH,0,H + CH,OCH00H + O, 4.99E +17 —1.22 38260. 1
336 0,CHyOCH,05H = HO,CH,OCHO + OH 3.71IE+11  0.00 16300. 1
337 HO,CH,OCHO = OCH,OCHO + OH 1.01E+20 —1.46 44090. 1
338  OCH,OCHO = CH,0 + HCO, 5.05E +16 —1.60 15400. 1

Table 2: Rate expressions for critical reactions in dimethyl ether oxidation; cm®/mol/sec/cal

units. {: this study, see text. a = 1 atm, b = 10 atm, ¢ = 40 atm
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Figure Captions
Figure 1: Overall reaction scheme for dimethyl ether oxidation

Figure 2: Experimental results (points) [19] versus model predictions (lines) at 0.1%
DME, ¢ = 1.0, P=10 atm, 7=1 s. Dotted lines correspond to open symbols

Figure 3: Experimental results (points) [19] versus model predictions (lines) at 0.1%
DME, ¢ = 0.2, P=10 atm, 7=1 s. Dotted lines correspond to open symbols

Figure 4: Experimental results (points) [19] versus model predictions (lines) at 0.2%
DME, ¢ = 2.5, P=10 atm, 7=1 s. Dotted lines correspond to open symbols

Figure 5: Experimental results (points) [19] versus model predictions (lines) at 0.1%
DME, ¢ = 1.0, P=1 atm, 7=0.1 s. Dotted lines correspond to open symbols

Figure 6: Experimental results (points) [19] versus model predictions (lines) at 0.1%
DME, ¢ = 1.0, (a) P=10 atm, 7=1 s and (b) P=1 atm, 7=0.1 s. Dotted lines
correspond to open symbols

Figure 7: Experimental ignition delays (points) [20] versus model predictions (lines) for
stoichiometric dimethyl ether oxidation in air. Dotted lines correspond to open
symbols

Figure 8: Sensitivity coeflicients for dimethyl ether oxidation in a shock tube.
Stoichiometric fuel in air, Ps=40 bar

Figure 9: Sensitivity coefficients for dimethyl ether oxidation in a JSR. 0.2% DME,
¢ = 2.5, P=10 atm, 7=1.0 s
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Figure 2: Experimental results (points) [19] versus model predictions (lines) at 0.1% DME,
¢ = 1.0, P=10 atm, 7=1 s. Dotted lines correspond to open symbols
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Figure 3: Experimental results (points) [19] versus model predictions (lines) at 0.1% DME,
¢ = 0.2, P=10 atm, 7=1 s. Dotted lines correspond to open symbols
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Figure 4: Experimental results (points) [19] versus model predictions (lines) at 0.2% DME,
¢ = 2.5, P=10 atm, 7=1 s. Dotted lines correspond to open symbols
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Figure 5: Experimental results (points) [19] versus model predictions (lines) at 0.1% DME,
¢ = 1.0, P=1 atm, 7=0.1 s. Dotted lines correspond to open symbols
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Figure 7: Experimental ignition delays (points) [20] versus model predictions (lines) for
stoichiometric dimethyl ether oxidation in air. Dotted lines correspond to open symbols
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Figure 8: Sensitivity coefficients for dimethyl ether oxidation in a shock tube. Stoichiometric
fuel in air, Ps=40 bar
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Figure 9: Sensitivity coefficients for dimethyl ether oxidation in a JSR. 0.2% DME, ¢ = 2.5,
P=10 atm, 7=1.0 s
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