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Abstract

The development of accurate chemical kinetic models capable of predicting
the combustion of methane and dimethyl ether in common combustion environ-
ments such as compression ignition engines and gas turbines is important as it
provides valuable data and understanding of these fuels under conditions that
are difficult and expensive to study in the real combustors. In this work, both
experimental and chemical kinetic model-predicted ignition delay time data are
provided covering a range of conditions relevant to gas turbine environments
(T = 600 — 1600 K, p = 7 — 41 atm, ¢ = 0.3, 0.5, 1.0, and 2.0 in ‘air’ mix-
tures). The detailed chemical kinetic model (Mech_56.54) is capable of accurately
predicting this wide range of data, and it is the first mechanism to incorporate
high-level rate constant measurements and calculations where available for the re-
actions of DME. This mechanism is also the first to apply a pressure-dependent
treatment to the low-temperature reactions of DME. It has been validated using
available literature data including flow reactor, jet-stirred reactor, shock-tube ig-
nition delay times, shock-tube speciation, flame speed, and flame speciation data.
New ignition delay time measurements are presented for methane, dimethyl ether,
and their mixtures; these data were obtained using three different shock tubes and
a rapid compression machine. In addition to the DME/CH, blends, high-pressure
data for pure DME and pure methane were also obtained. Where possible, the new
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data were compared with existing data from the literature, with good agreement.
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1. Introduction

The depletion of crude oil resources has motivated the search for alternative
energy sources. Currently, the combustion of hydrocarbons remains the biggest
producer of energy throughout the world, and in the short- to medium-term will re-
main so. However, the combustion of fossil fuels has contributed to global warm-
ing and increased levels of pollution. Biofuels can be produced from renewable
sources and can reduce undesirable emissions associated with conventional fos-
sil fuels. Methane (CH,), which is the predominant component of natural gas,
is a relatively clean-burning fossil fuel and can be considered a renewable en-
ergy source when produced as biomethane via anaerobic digestion of biomass [1].
Dimethyl ether (DME) is also considered a second generation biofuel as it can be
produced from biomass. It is more commonly produced in a two-step process,
where syngas is converted to methanol which can then be used to generate DME
through a dehydration reaction [2]. Semelsburger et al. [3] found that DME ranks
highly as an alternative fuel for the future.

It is for these reasons that a large number of studies have been performed on
the combustion of these fuels. Due to its high cetane number (> 55), DME is
considered a good alternative to diesel. DME has been studied experimentally
in diesel engines [4—7] showing its advantages in terms of emissions and engine
efficiency. Particulate matter (PM) emissions were found to be greatly reduced,
as were NOy and SOy, while there was a slight increase in carbon monoxide (CO)
and hydrocarbon (HC) emissions.

Methane is the main component of natural gas and is commonly burned in gas
turbines. Due to DME’s excellent autoignition characteristics, it has been used as
an additive or alternative to natural gas in gas turbines [8, 9], leading to interest
in the combustion kinetics of mixtures of these two fuels. Mixtures of methane
and DME have also been studied within homogeneous charge compression igni-
tion (HCCI) engines [10, 11], where DME was found to be an excellent ignition
improver. Several flame speed studies have been conducted on DME [12—17] us-
ing a variety of different methods such as constant-volume bomb using optical
observation of the flame and counterflow flames; in some devices, particle im-



age velocimetry has been utilized to determine the laminar flame speed from the
observed gas velocities.

Species profiles were first measured by Dagaut et al. [18] in a jet-stirred reac-
tor (JSR) using fuel mixtures highly diluted in argon, for equivalence ratios from
0.2 to 1.0, at a pressure of 10 atm, and in the temperature range 550 — 1100 K. Sub-
sequently, flow-reactor data were taken by Fischer er al. [19] (1118 K, 3.5 atm, and
1085 K, 1 atm, ¢ = 0.32 — 3.40) and Curran et al. [20] (550 — 850 K, 12 — 18 atm,
¢ =0.7 — 4.2). These studies [19, 20] also developed a detailed chemical kinetic
mechanism to simulate their experimental data, using it to identify the important
reaction pathways controlling DME fuel oxidation. This mechanism was also
used to simulate JSR data [18] and shock-tube ignition delay times.

Zhao et al. [21] used Rice-Ramsperger-Kassel-Marcus (RRKM)/master equa-
tion calculations to calculate rate constants for the unimolecular decomposition of
DME as a function of temperature and pressure. Their study also reported flow re-
actor data at 980 K and 10 atm as a function of residence time. A chemical kinetic
model was validated using experimental data which included flow reactor, JSR,
shock tube ignition delays, laminar flame speciation and flame speed measure-
ments. Wang et al. [22] and Cool et al. [23] used electron-ionization molecular-
beam mass spectrometry and photoionization molecular-beam mass spectrometry
performed using synchrotron radiation for the analysis of a stabilized flat flame to
provide species profiles within DME flames.

Cook et al. [24] used laser absorption of OH behind reflected shock waves
to isolate and measure the rate constants of the decomposition of DME and the
rate constant for H-atom abstraction from DME by OH radicals at high temper-
atures. These measurements were coupled with RRKM/master equation calcu-
lations which agreed well with the measurements. Recently, Pyun et al. [25]
measured species profiles for CO, CHy, and CyH,, during the pyrolysis of DME
within a shock tube using tunable laser absorption with a quantum cascade laser.
This laser absorption study was done at a range of reflected-shock temperatures
(1300 — 1600 K) and at a reflected-shock pressure of 1.5 atm.

Previous ignition delay time studies of these fuels and their mixtures are sum-
marized in Tables 1 and 2. These studies cover a wide range of conditions includ-
ing low-to-high temperatures and pressures. Of these previous ignition delay time
studies [26-37], only the work of Tang et al. [37] included mixtures of CH4 and
DME. It covered dilute mixtures within a pressure range of 1 — 10 atm. The cur-
rent study covers a wider range of temperatures and pressures and includes fuel in
‘air’ mixtures.

Recent experimental studies of DME combustion also include a flame speed
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Table 1: CHy4 ignition delay time studies from the literature.

Instrument Mixture p / atm T/K Year Reference
Review 1994 [26]
Shock Tube Dilutein Ar 3 — 300 1800 1974 [27]
Shock Tube Dilutein Ar 9 — 480 1410 — 2040 1996 [28]
Shock Tube  Fuel-rich 35 —260 1040 — 1600 1999  [29, 30]
RCM ‘air’ 13—16 980 — 1060 2001 [31]
Shock Tube  Fuel-lean 3 —450 1200 — 1700 2003 [32]
Shock Tube ‘air’ 16 —40 1000 — 1350 2004 [33]

Table 2: Summary of DME ignition delay time studies from the literature.

Instrument Mixture p / atm T/K Year Reference
RCM ‘air’ 9.87 —19.74 615 —-735 2008 [34]
Shock Tube ‘air’ 12.83 — 39.48 662 — 1266 1996 [35]
Shock Tube Dilutein Ar 1.58 —6.51 1175 — 1900 2009 [36]
Shock Tube Dilutein Ar 1.00 —9.87 1134 — 2105 2012 [37]

and flame speciation study by Liu et al. [38]. The effect of diluting DME flames
with 20% CO- was studied, and flame speeds over a range of pressures were
reported. Flame speciation using electron-ionization molecular-beam mass spec-
trometry was measured. Guo ef al. [39] measured low temperature species pro-
files in an atmospheric flow reactor with electron-ionization molecular-beam mass
spectrometry used as the detection system. Herrmann et al. [40] used an atmo-
spheric flow reactor to measure mole fractions of species related to DME oxida-
tion at low temperatures (400 — 1200 K) by time-of-flight mass spectrometry. Both
of these studies compared their measured data to models available in the literature.

In this study, we provide new ignition delay time data for these two impor-
tant fuels over wide regimes of temperature and pressure at engine- and turbine-
relevant conditions. We have developed a detailed chemical kinetic mechanism
(Mech_56.54) based on the widely validated mechanism AramcoMechl.3 [41],
which is capable of predicting these new ignition delay data and available liter-
ature data. Presented first is an overview of the experiments, including details
on the mixtures studied, the facilities, the measurement techniques, and modeling
approaches. The experimental section is followed by a summary of the chemical
kinetic mechanism and the reaction rates that were modified for the present study.
A results and discussion section comprises the bulk of this paper and presents all



of the ignition delay time data as well as comparisons to the kinetic mechanism.
Sensitivity analyses and relevant discussions on the observed trends are also pro-
vided.

2. Experimental

A common set of mixtures was selected for study in both the rapid compres-
sion machine (RCM) and in the shock tubes, Table 3.

Table 3: CH4/DME mixture compositions (% molar volume) tested in the present study.

Mix No. % CH; % CH30CH3z % Oz % Diluent ¢

1 3.055 0.000 20.367  76.578 0.3
2 4.990 0.000 19.960  75.050 0.5
100% CH, 3 9.506 0.000 19.011 71483 1.0
4 17.361 0.000 17361  65.278 2.0
5 2.228 0.557 20423 767792 0.3
80%/20% 6 3.646 0911 20.051 75392 0.5
CH,/DME 7 6.974 1.743 19.177 72106 1.0
8 12.829 3.207 17.640  66.324 2.0
9 1.535 1.024 20471 76970 0.3
60%/40% 10 2.516 1.677 20.127  75.680 0.5
CH,/DME 11 4.829 3.220 19317 72.634 1.0
12 8.939 5.959 17.878  67.224 2.0
13 0.000 2.058 20.576  77.366 0.3
14 0.000 3.383 20298 76319 0.5
100% DME 15 0.000 6.545 19.634  73.821 1.0

16 0.000 12.285 18.428  69.287 2.0

For the experiments at NUIG, methane and DME gases were obtained from
Sigma-Aldrich at > 99.0% and > 99.9% purity respectively, while all other gases
were supplied by BOC Ireland; nitrogen (CP Grade) > 99.95%, argon (Research
Grade) > 99.9995%, oxygen (Medical Grade) > 99.5% and all were used with-
out further purification. At TAMU, the DME was Grade 2.6 purity (99.6%), the
methane was Grade 3.7 (99.97%), and both the O, and N, were ultra high purity
grade (99.999%). All test mixtures were made in stainless steel mixing vessels
using partial pressures to determine the volumetric percentage of each constituent
to within 1% of their reported value. The Ny and O, were mixed in the ratio of
3.76 to 1. Test mixtures were allowed to mix for at least 4 hours before use. For
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Figure 1: Typical pressure trace used to determine ignition delay time for a ¢ = 2.0 mixture of
60% CHy4 / 40% DME in ‘air’ at p; = 0.661 atm, T; = 314 K, p. = 16.8 atm, T. = 647.0 K, 7;4,, =
129.6 ms.

the Texas A&M University (TAMU) shock-tube mixing tanks, the gases were in-
troduced into the mixing tanks through a perforated tube that extended the length
of the mixing chamber, inducing turbulent mixing.

2.1. Rapid compression machine

The heated rapid compression machine used here has been described in detail
by Brett et al. [31] and Affleck et al. [42]. It has a twin opposed piston config-
uration. The heating system has been described by Darcy et al. [43]. Pressure
profiles are recorded using a pressure transducer (Kistler 603B) with the signal
passing through a charge amplifier and recorded on a digital oscilloscope. Exper-
imental compression times are quite short at approximately 16 ms. The ignition
delay time, 7;4,,, was defined as the time from the end of compression to the max-
imum rate of pressure rise as shown in Fig. 1. Compressed pressures and ignition
delay times were reproducible to within 15% at each compressed temperature (7).
The initial and compressed pressure and temperature along with the ignition delay
time measurements for all experiments are provided as Supplementary Material.



The compressed gas temperature, 7., was calculated from the initial temper-
ature, 7}, initial pressure, p;, reactant composition, and the experimentally mea-
sured compressed gas pressure, p.. The compressed gas pressure is defined as the
first local maximum on the pressure profile, and frozen chemistry was assumed
during compression. The temperature calculation employed the adiabatic com-
pression/expansion routine in Gaseq [44] which uses the temperature dependence
of the ratio of specific heats, 7y, according to:

(pc) / Te v dT
In{ =) = _
i n 7Y—1T
2.2. Shock tubes

Three different shock-tube facilities were used in this study. The first is lo-
cated at NUI Galway (NUIG). It is an updated version of the shock tube described
in detail by Darcy et al. [45]. It has an inner diameter of 6.35 cm, a driver sec-
tion 3 m in length which is separated from the driven section (5.7 m in length)
by a double diaphragm section (3 cm in length) which houses two pre-scored alu-
minium diaphragms per experiment. It has been updated to increase the range
of reflected-shock pressures that can be safely achieved and to increase the level
of accuracy in the shock velocity measurement by employing an extra PCB113A
pressure transducer which provides a fifth shock velocity measurement. This fa-
cility was used to obtain ignition delay time measurements from 1.0 — 5.5 ms
using tailored interface conditions. This method entails the addition of nitrogen
to helium driver gas by tailoring the acoustic impedance such that the interaction
between the reflected shock and the contact surface results in the flow velocity
of the contact surface becoming near static and there is no further interaction of
the reflected shock wave with the test gas. Conditions for the tailored-interface
shock-tube experiments were determined using an in-house shock code based on
the normal, 1-D shock wave relations.

The NUIG shock tube is equipped with PCB 113A and Kistler 603B pressure
transducers at the sidewall and endwall, respectively, to determine ignition delay
measurements from the sharp increase in pressure due to ignition for the undiluted
fuel-air mixtures studied herein.

The other two shock-tube facilities were operated by the TAMU authors, the
first of which has been described previously by Petersen et al. [46]. It is con-
structed of stainless steel 304 with a 10.7 m long driven section and an internal
diameter of 16.2 cm. The driver section is 3.5 m long and has an internal diam-
eter of 7.62 cm. The second TAMU facility is described in Aul et al. [47]. This



facility has a driven-section inner diameter of 15.24 cm with a length of 4.72 m.
Its driver section has a 7.62-cm inner diameter and is 2.46 m long. In both shock
tubes, the incident-shock velocity profile along the driven-section tube is recorded
by five PCB 113A pressure transducers triggering four Fluke PM 6666 time inter-
val counters. The resulting profile was extrapolated to the endwall to obtain the
reflected-shock conditions at the endwall using the 1-D, normal shock relations
and the Sandia thermodynamic database. This method results in a reflected-shock
temperature uncertainty of 10 K at time zero [46].

For both facilities, the relatively large diameters (greater than 15 cm) led to
minimal facility-induced, post-shock pressure increases [48]. The typical boundary-
layer-induced dp/dt near the endwall region was 2%/ms or less. In addition, any
facility-induced pressure effect was overshadowed by the (albeit slight) first-stage
pressure rise due to the early DME reaction. The pressure at the endwall from
which the ignition delay time was inferred was obtained from a PCB 134A trans-
ducer in both facilities, and the sidewall pressure (1.6 cm from the endwall in
both tubes) was monitored via a Kistler 603B1 transducer. As shown in Fig. 2,
the primary ignition event was rather clear from the sharp increase in pressure,
and for all experiments the endwall pressure was used to determine the ignition
delay time; the sidewall pressure measurements served to confirm the timing of
the main ignition event. Pre-scored aluminum diaphragms in a single-diaphragm
configuration were used for the TAMU experiments.

In addition to pressure, the emission from excited-state species was also mon-
itored in all experiments through either CaFs or sapphire windows at both the
endwall and sidewall (1.6 cm from endwall) locations in both TAMU shock tubes.
The experiments in the Petersen et al. [46] shock tube monitored CH* chemilu-
minescence through a 430-nm narrowband (10 nm) filter, while the tests in the
Aul et al. [47] facility utilized OH* through a 307-nm narrowband filter. Photo-
multiplier tubes from Hamamatsu (1P21) were used to record the light emission
through home-made housings and electronics. In all cases, the light emission con-
firmed the results from the pressure traces. The slight increase in pressure prior
to the main ignition event (due to a first-stage ignition) was also detected in the
chemiluminescence signals. It should be noted that this first-stage reaction is re-
produced quite well by the chemical kinetic model (described below), which is
able to capture the increase in pressure prior to the main ignition event. More
discussion on the first-stage pressure rise and the ignition delay times from the
CH,/DME blends is contained in the M.S. thesis by Zinner [49]. Most the results
for the pure DME and CH,4 experiments were presented in the conference paper
by Pemelton et al. [50].
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Figure 2: Typical endwall, pressure and CH* emission traces used to determine ignition delay time
fora ¢ =0.3 in ‘air’ mixture of 60% CHy / 40% DME at T5 = 1262 K, p. =7.9 atm, 7;4, = 453 us.

For the real fuel/air mixtures utilized in this study, significant pressure rises are
associated with combustion. Therefore, ignition delay times were determined by
measuring the pressure rise at the endwall for the shock-tube experiments. End-
wall emission traces from the activated complex CH* were also used to provide
qualitative results for comparison. Example pressure and emission traces are pro-
vided in Fig. 2. In most cases, the pressure rise due to the ignition event was quite
rapid, so the ignition time was clear. In some experiments, such as the one shown
in Fig. 2, the CH* (or OH*) emission measurement served as a guide for the selec-
tion of the main ignition event in the pressure trace. More examples of pressure
traces are provided as Supplementary Material. Chemiluminescence from OH*
produced emission traces similar to the one shown in Fig. 2.



3. Computational modeling

ChemkinPRO [51] was used for all simulations. Two methods of simulation
were used to model the shock tube and RCM data and are discussed here.

3.1. RCM simulation

Roll-up vortices can cause temperature gradients within the combustion cham-
ber due to the entrainment of the cold boundary layer from the walls into the
chamber. This effect is minimized by using piston heads which have crevices to
capture the boundary layer and whose dimensions are optimized for the conditions
of our RCM leading to a good spatial temperature homogeneity in the combustion
chamber as predicted by Wiirmel et al. [52] using CFD simulations.

Due to the long residence times in the RCM, it is necessary to account for
heat losses during experiments, which occur mainly via diffusion of the core test
gas to the relatively cold walls of the combustion chamber. This effect is ac-
counted for by performing non-reactive experiments concurrently with reactive
experiments. These unreactive experiments are performed by replacing molecular
oxygen with nitrogen as they have similar heat capacities and thermal diffusivities.
The pressure-time profiles from these non-reactive experiments are converted to
volume-time profiles. These profiles are included in our simulations to account
for the pressure and temperature change in the test mixture during experiment.
Once these facility effects have been accounted for, the RCM is simulated as a
homogeneous batch reactor with varying volume.

3.2. Shock-tube simulation

Shock-tube experiments are commonly simulated assuming either constant-
volume or constant-pressure conditions. The short residence times associated with
conventional shock tubes means that they can generally be assumed to be adiabatic
reactors. For ignition delay times greater than 1000 ps and in particular for high
pressures as discussed by Petersen [53], it may be necessary to account for non-
ideal effects to accurately simulate the data. This scenario depends on the extent
of the pressure/temperature change during experiments.

In this study, the shock tubes were simulated as constant-volume, homoge-
neous batch reactors. It was necessary to account for a linear pressure increase
due to non-ideal effects in some cases, in particular for the NUIG experiments
with ignition delay times longer than about 1 ms for pure methane. These ef-
fects were accounted for by including a volume profile to account for the change
of pressure and temperature with time, similar to the RCM simulation described
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above. By quantifying the rate of pressure rise, excluding pressure rise due to igni-
tion, a facility effect pressure profile for a given experiment could be incorporated
into our simulations.

3.3. Sensitivity and flux analyses

Brute-force sensitivity analyses were carried out to identify the important re-
actions controlling ignition under our experimental conditions. Sensitivity coeffi-
cients (S) were determined using the equation:

_ In(ry/7-) _ In(my /)
~In(ky/k)  In(2.0/0.5)

Negative sensitivity coefficients denote a promoting effect (decreasing igni-
tion delay time when a rate constant is increased), while a positive coefficient
points to an inhibiting effect (increasing ignition delay times when a rate constant
is increased). Flux analyses were also performed to monitor the consumption and
production of species under the experimental conditions of interest. All flux anal-
yses were taken at the point of 20% fuel consumption. These analyses provide
an understanding of the reactions and associated rate constants that control the
predictions of the ignition delay times.

4. Chemical kinetic model

The present model (Mech_56.54) consists of the Ho/CO sub-mechanism of
Kéromnes et al. [54], the C;—C, base sub-mechanism of Metcalfe et al. [41] and
the recently published propene mechanism of Burke et al. [55]. The data mea-
sured in this study and available literature data (JSR, flow reactor, RCM, shock
tube, shock-tube speciation, flame speed, and flame speciation) have been used to
re-validate the DME kinetic mechanism, Mech_56.54, developed here. The ex-
perimental data and the ChemkinPRO [51] format kinetics, thermodynamics, and
transport properties files are included as Supplementary Material. Also available
are the ChemkinPRO [51] format input files for simulation of the RCM data, these
can be found at http://c3.nuigalway.ie/ch4_dme.html. Provided in the following
subsections are details on the thermodynamic data used and the rate constants that
were used in the present version of the mechanism.

4.1. Thermodynamic data

The mechanism includes a re-evaluation of the thermodynamic properties for
DME and the intermediate species relevant to its low-temperature combustion.
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The thermodynamic data were calculated using THERM [56] software which em-
ployed optimized group values [57] from comparison of available literature val-
ues. The study of Yamada et al. [58] provided thermodynamic calculations for key
DME low-temperature radical intermediates (CHgOCHQOQ and CHQOCHQ O.H).
These calculations were used to optimize the group C/H,/O/O0 and the bond dis-
sociation group CJOC. These groups were used in the calculation of the thermo-
dynamic properties presented here and are provided as Supplementary Material.

4.2. Rate constants

Chemical kinetic rate constants were considered after finalizing the thermo-
dynamic parameters. The rate constants altered relative to AramcoMech1.3 [41]
relate exclusively to the DME sub-mechanism. These are presented and discussed
in the following sections.

4.2.1. H-atom abstraction reactions

Rate constants for H-atom abstraction reactions were taken from the original
work of Curran/Fischer et al. [19] [20], with the exception of abstraction by HO.,,
CHgOQ and CHg radicals which have been altered in this study.

Table 4: Modified H-atom abstraction reactions. A, n and E, in ChemkinPRO [51] format.
Reaction Kinetic Model A n E,

This Study 3.17x107%  4.64 10556.0
AramcoMech 1.3 [41] 8.67x10M2 3.01 12090.0

Rl Curran/Fischer et al. [19] 1.68x103  0.00 17690.0
Zhao et al. [21] 2.00x10T2  0.00 16500.0
This Study 1.27x107% 4.64 10556.0
RD AramcoMech 1.3 [41] 3.12x101°%2 312 13190.0
Curran/Fischer et al. [19] 1.68x10%3  0.00 17690.0
This Study 7.02x10M%Y 378  9687.0
R3 AramcoMech 1.3 [41] 1.45x107% 573 5700.0

Curran/Fischer et al. [19] 1.45x107% 573  5700.0
Zhao et al. [21] 2.68x101%1 378  9631.0
R1 - CH;0CH3 + HO, = CH3;0CH; + Hy0,

R2 - CH30CH3 + CH302 — CHgOCHQ + CH302H
R3 - CH30CH3 + CHg — CHgOCHQ + CH4

In previous mechanisms [19, 21, 41], the rate constant for H-atom abstraction
by the hydroperoxyl radical was estimated using analogies to similar chemical
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systems. We use the rate constant from the recent quantum chemical calculations
by Mendes et al. [59]. Table 4 lists comparisons of the rate constant used here with
those from previously published models [19, 21, 41]. The rate constant used is
approximately 50% slower than that used in the study of Curran/Fischer et al. [19,
20] and AramcoMechl1.3 [41], at temperatures between 700 — 1100 K. There is
a factor of 3.8 difference at 1000 K in the rate constants used by Zhao et al. [21]
and those calculated by Mendes et al., which has been employed here. It should
be noted that the study of Zhao et al. [21] did not include the H-atom abstraction
from the fuel by methylperoxyl radical which may explain why it was necessary
for them to increase the rate of abstraction by hydroperoxyl radical.

The rate constant for H-atom abstraction by methylperoxyl radical used here
is a factor of 2.5 lower than abstraction by hydroperoxyl radical which is a ra-
tio based on the calculations of Carstensen and Dean [60]. Curran/Fischer et
al. [19, 20] used the same rate constant for abstraction by hydroperoxyl and
methylperoxyl radicals.

The rate constant for H-atom abstraction by methyl radical is based on the
measurements by Tranter ef al. [61]. We have reduced their value by 45% which
is within the uncertainty reported by the authors [61] as this improved agreement
with the methane speciation profiles taken by Pyun et al. [25].

4.2.2. Low temperature oxidation mechanism

The low-temperature DME oxidation mechanism has been shown to proceed
through a similar general reaction scheme as that for alkanes [19, 21]. H-atom ab-
straction, mainly by hydroxyl radicals, leads to the formation of methoxymethyl
(CHgOCHg) radicals. These can either undergo (3-scission to form methyl radicals
and formaldehyde or add to molecular oxygen to form alkyl-peroxyl (CH;OCHs 0,)
radicals. These can isomerize via a 6-membered transition state ring to form hy-
droperoxyl alkyl (CH,OCH,O,H) radicals. Similar to alkyl radicals, CH,OCH,O0,H
radicals can either undergo [3-scission, each forming two molecules of formalde-
hyde and a hydroxyl radical or add to molecular oxygen to form peroxy-hydroperoxyl-
alkyl (OQCHQOCHQOQH) radicals. At low temperatures, addition to Oy domi-
nates, and these radicals undergo a second isomerization reaction leading to the
formation of stable HO,CH>;OCHO molecules and reactive hydroxyl radicals.
The subsequent decompositions of HO,CH,OCHO molecules yield more hy-
droxyl radicals and OCHQOCHO radicals.

Table 5 presents a list of the low-temperature oxidation pathways of CH;OCHs.
Here we have used Quantum-Rice-Ramsperger-Kassel (QRRK) theory with a
modified strong-collision (MSC) model for energy transfer, to initially assess the
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pressure-dependencies of these low-temperature oxidation pathways.

Table 5: Low-temperature DME reactions treated as pressure dependent.
CH3;0CH, = CH; + CH,0
CH3;0CH, + O, = CH;0CH,0,
CH3;0CH,0,5 = CH,OCH,0,H
CH,OCH,0,H — CH,0 + CH,0 + OH
CH,OCH,0,H + 0, 2 O,CH,0CH,0,H
0,CH,OCH,05H = HO,CH,OCHO + OH

The QRRK/MSC method herein [62] requires as input, a high-pressure lim-
iting rate constant for each reaction pathway, Lennard-Jones parameters for the
reactant and bath gas (N2), and an estimate of the average energy transferred in de-
activating collisions (A E,). As part of these calculations we employed the high-
pressure limiting rate constants recommended by Li et al. [63] for the CHgOCHg
radical (3-scission, and the CBS-q calculations of Yamada et al. [S8] for the re-
maining low-temperature oxidation reactions, Table 5.

For the energy transfer model, Miller and Klippenstein [64] performed RRKM/ME
computations on n-propyl radical decomposition reactions and found that a temperature-
dependent function, (AE;) = 110(T/300)!° cm™!, gave good agreement with
experiment. We therefore adopt these energy transfer parameters for the struc-
turally similar CH3OCH> radical. For the ROQ and OQQOOH radical potential
energy surfaces (AFE,) = 200(7/300)*% cm~! and (A E;) = 300(T/300)°85 were
estimated respectively, based on direct analogy to those used by Franklin Gold-
smith et al. [65] for the corresponding radicals on the n-propyl + Oy (C3H;O5)
and C5H;0, + O, potential energy surfaces.

Lennard-Jones parameters for CH3;OCHj, radical were determined empirically
from the correlations of Kee et al. [66], where the critical constants of DME [67]
were employed to calculate o = 4.71 A and ¢/kp = 296.6 K. For the RO, and
o) QOOH radicals, the Lennard-Jones parameters used by Franklin Goldsmith et
al. [65] were adopted. All computations were carried out in an Ny bath gas with
Lennard-Jones parameters of o = 3.681 A ¢/kp = 67.89 K used as in the study of
Jasper and Miller [68].

The initial QRRK/MSC computations were incorporated into the kinetic mech-
anism, and it was found that the pressure-dependency of the CH;OCH, radical
decomposition were particularly sensitive in predicting ignition delay times. We
have therefore re-evaluated k(7' p) for this reaction via quantum chemistry and
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TST/RRKM/ME computations. Geometry optimisation, frequency and single-
point energy calculations were carried out using the CBS-QB3 [69], CBS-APNO
[70] and G3 [71] compound methods. Relaxed potential energy surface scans
of dihedral angles were carried out in 10° increments using the B3LYP method
[72, 73] with a CBSB7 basis set, and the computed rotational barriers were used
in 1-D hindered internal rotation treatments. Gaussian 09 [74] has been used for
quantum chemical calculations with the ChemRate [75] code used for the statis-
tical rate theory calculations. An energy grain size of 30 cm~! was used for the
computation of densities and sums of states of the reactant and transition state,
and thus microscopic rate constants, up to a maximum energy of 100000 cm™!,
with a time-dependent solution of the master equation ultimately employed.

A high-pressure limiting rate constant of 8.03x 102794 exp(13330/T) s+
follows based on B3LYP/CBSB7 ro-vibrational properties and a CBS-QB3 barrier
of 106.9 kJ mol~! (0 K). The high-pressure limiting rate constant is within 14—
64% of that proposed by Li et al. [63] from 500-2000 K, and the results of this
study therefore corroborate their recommendation.
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Figure 3: Rate constants for CHgOCHQ = CHg + CH,O.

Figure 3 presents the pressure-dependent rate constants used in this study
and compares them to the available literature rate constants for (3-scission of the
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CHgOCHg radical. At 1000 K and 10 atm, our computed rate constant is a factor
of 8.6 slower than the high-pressure limiting one. The rate constants used for this
reaction in the two studies of Curran/Fischer et al. [19, 20] and Zhao et al. [21]
are approximately a factor of 2.3 and 3.5 slower than the high-pressure limiting
rate constant calculated by Li et al. [63] at this temperature respectively, and a
factor of 6.3 and 9.7 lower than the high-pressure limiting rate constant recom-
mended in this study. The study of Zhao et al. [21] found that using the rate
constant of Li ef al. [63] meant that they could not achieve accurate predictions
in particular for intermediate temperatures (800 — 1000 K), for both flow reactor
data and ignition delay times. It is interesting to note that the estimations of Cur-
ran/Fischer et al. [19, 20] and Zhao et al. [21] are in close agreement with the
pressure-dependent rate constants used at 10 atm in this study, possibly indicating
why they had to alter the high-pressure limiting rate constant recommended by Li
to achieve agreement with experiment.

Figure 4 shows the difference observed when pressure-dependent rate con-
stants were included in the mechanism. It also shows that the change in the pre-
dictions is mainly due to the pressure-dependent treatment of CH;0CH, = CHj
+ CH,O0. Figure 4 also illustrates the improvement in the predictions compared to
the previous model of Curran/Fischer et al. [19, 20]. Ultimately, it is the pressure-
dependent treatment of the methoxymethyl radical (3-scission that has the greatest
effect on model predictions. The pressure-dependent treatment of the other reac-
tions listed in Table 5 has a minor effect on the model predictions when compared
to the effect of the methoxymethyl radical 3-scission. The QRRK/MSC approach
used to assess the pressure-dependency of these reactions is therefore not updated
to a more sophisticated RRKM/ME treatment, as the added expense of the lat-
ter is unlikely to offer any great improvements with respect to the final model
predictions.

Finally, the rate constant for the decomposition of the carbonyl-hydroperoxide
species (HO,CH,OCHO < OCHQOCHO + OH) was adapted from the study
of Sahetchian et al. [77]. This rate constant was increased by a factor of 5 to
gain agreement with our low-temperature RCM data. The previous studies of
Curran/Fischer et al. [19, 20] and Zhao et al. [21] required unreasonable increases
in this rate constant of factors of approximately 10 and 24, respectively, to achieve
model agreement with experiment.
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Figure 4: Comparison of ignition delay times over a range of pressures for DME in ‘air’ ¢ = 1.0
from this study (ps = 11.9 and 25.0 atm) and Pfahl ez al. [35] (p5 = 12.8 and 39.5 atm). Symbols are
experimental results; Ml —ps; =11.9 atm, ® —p; = 12.8 atm, A — p5 =25.0 atm, ¥ —p5 = 39.5 atm.
Solid lines are predictions using the current mechanism using pressure-dependent rate constants,
dashed lines represent the predictions of the current mechanism using high-pressure limiting rate
constants, dotted lines represent the predictions using pressure-dependent rate constants for all
reactions except methoxymethyl radical -scission and dash -dot lines represent the predictions of
the Curran/Fischer et al. mechanism [19, 20].

5. Results and discussion

As mentioned above, the shock-tube results for 80/20 and 60/40 CH,/DME
mixtures have been described in the thesis of Zinner [49], and the shock-tube re-
sults for both of the pure fuels were presented in a conference paper [50], but
neither set has been published formally in an archival journal until now. The tai-
lored shock-tube data (presented as half-filled symbols) and the RCM data are
presented for the first time in the present study. This section first presents the pure
CH, data and the chemistry which describes its oxidation under the conditions
studied here. This first section is followed by the extensive set of experimental
results and model analyses for 80/20 CH,/DME blends. The results for the 60/40
blends are similar from a chemistry point of view and are included as Supple-
mentary Material. Pure DME mixtures are then presented and discussed. Finally,
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the relative reactivities of the pure fuels and their mixtures are compared and dis-
cussed.

5.1. Methane oxidation

Methane data are presented as a function of pressure in Fig. 5. It is observed
that ignition delay times decrease with increasing temperature and pressure, as
expected. Mech_56.54 captures the overall trends in the experimental data quite
well but tends to under-predict reactivity at 10 atm and at the lower-temperature
conditions of the RCM experiments.
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Figure 5: Influence of pressure on pure methane in air mixtures at ll — ~ 10 atm, ® — 25 atm
(15 atm for Fig. 5(d) ST data), A — 44 atm. Open symbols are RCM data, filled symbols ST data,
half-filled symbols are tailored-interface ST data. Lines are Mech_56.54 predictions.
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An intermediate temperature of 1177 K was chosen to perform brute-force
sensitivity analyses as a function of pressure for data in Fig. 5(a). Figure 6 shows
that for all pressures the most promoting reaction is CH; + O, = CH,0 + OH.
While the most inhibiting reaction under all conditions is methyl radical recom-
bination to form ethane. From 9.9 atm to 41.6 atm, the sensitive reactions do not
change; this is an indication that it is not a change in the controlling chemistry
that causes the observed decrease in ignition delay time with increasing pressure
but the increased concentration of reactants (CH, and O»).

CH, + CH, (+M) & CH,_ (+M)

CH, +HO, < CH, +O,
HO, +HO, < H,0,+0,
H+0,(+M) < HO, (+M)
CH,+H< CH,+H,
HO,+OH < H,0+0,
CH,0,+CH, » CHO+CHO
CH,0 +HO, < HCO +H,0,
CH, +HO, < CH, + H,0,
H+0, 0+O0H

—CH+H0 < CH,0+OH
T L

-0.6 -0.4 -0.2 0. 0 0 2 0 4 0.6

Sensitivity Coefficient

Figure 6: Sensitivity analyses at 1177 K and at ¢ = 0.30, M —9.9 atm, B - 19.7 atm, I —41.6 atm.

Figure 7 presents ignition delay times for pure methane mixtures at equiv-
alence ratios of ¢ = 0.3 — 2.0 and pressures of 10 and 25 atm. Figure 7(a)
shows that, at the lowest temperatures, ignition delay times decrease with increas-
ing equivalence ratio. However the opposite trend is true for experimental data
above 1312 K. This inversion in the effect of equivalence ratio is not seen in
Fig. 7(b) where ignition times decrease with increasing equivalence ratio. There
is an overlap of ignition delay times of varying equivalence ratios at the highest
reflected-shock temperatures presented; this is most evident at temperatures above
1430 K.

Figure 8 depicts brute-force sensitivity analyses performed for the experimen-
tal conditions presented in Fig. 7. Figures 8(a) and 8(b) present high and low
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Figure 7: Influence of equivalence ratio on CH, mixtures at Ml — ¢ =03, ® — ¢ =05, A — ¢ =
1.0, ¥ — ¢ =2.0. Open symbols are RCM data, filled symbols ST data, half-filled symbols are
tailored-interface ST data. Lines are Mech_56.54 predictions.

temperature (1470 and 1056 K) sensitivity analyses at p = 10 atm. Figures 8(c)
and 8(d) present high and low temperature (1436 and 993 K) sensitivity analyses
at p = 25 atm. Under all of the conditions shown the most inhibiting reaction
is methyl radical recombination to form ethane. For both pressures the reaction
CH302 + CHg = CHgO + CHgO promotes reactivity at low-temperature. Both
reactants are fuel derived and as a result, fuel-rich mixtures have faster ignition
delay times at low temperatures. At high temperature for both pressures (p =
10 atm and 25 atm), the reaction H + O = O + OH becomes the most promoting
one leading to the inversion in the effect of equivalence ratio at p = 10 atm. This
inversion is observed at p = 10 atm but is not seen at p = 25 atm, and at the high-
est temperatures studied in Fig. 7(b) there is no effect of equivalence ratio. This
overlap of equivalence ratios was noted at 7' = 1250 K for the 10 atm data. The
inversion temperature for the 25 atm data is increased at higher pressure as the rate

constant for the reaction CHg + Oy (+M) = CHgOQ (+M) is pressure-dependent
and increases with pressure. Therefore, at higher pressure the equilibrium of this
reaction favors the formation of CH;0, radicals up to higher temperatures when
compared to the 10 atm data.
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CH, +CH, (+M) & CH, (+M)
CH,+H o CH +H,
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HCO +0, & CO +HO,

HO, + HO, & H,0,+0,
CH,+He CH,+H,

CH,+OH & CH, + H,0

H+0, (+M) & HO, (M)
CH,0+0, < HCO+HO,

CH,0+HO, & HCO +H,0,
CH, +HO, < CH, +0,
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CH,+HO, & CH, +H,0, CH,0 + HO, < HCO + H,0,
CH,+0,< CHO+0 CH,+ CH,0, < CH_+ CH,0,H
CH,0 +0, < HCO + HO, CH, + HO, < CH,O + OH

H+0,o0+0H CH,0,+CH, & 2CHO

CH, +HO, < CH.O + OH
CH,+0, < CH,0 +OH

H,0, (+M) < OH + OH (+M)
CH,+HO, & CH +HO,

0.5 -0.4 -03 -0.2 -0.1 0.0 0.1 0.2 0.3 04 04 03 -02 -01 00 0.1 02 03 04
Sensitivity Coefficient Sensitivity Coefficient
(c) 1436 K, p =25 atm (d) 993 K, p =25 atm

Figure 8: Sensitivity analyses CH4/‘air’ mixtures, M — ¢ =2.0, M- ¢ =1.0, 1 —¢$ =0.5.

5.2. 80% CH, /20% DME

Ignition delay times were measured for mixtures of 80/20 CH,/DME. The
results of the experimental data and computational simulations are presented in
Fig. 9 as a function of pressure. Similar to pure methane, the 80/20 CH,/DME
blend shows that ignition delay times globally decrease with increasing pressure.

Figure 10 presents brute-force sensitivity analyses adhering to the conditions
presented in Fig. 9(d) ¢ = 2.0 in ‘air’ mixtures at 706 K. What is notable is that un-
der the conditions studied, the most-sensitive reactions are those involving DME.
For example, the most-promoting reaction is CH;OCH3 + OH = CH;0CH, +
}.IQO, while the most-inhibiting reaction is CHQOCHQOQH — CH,0O + CH,O +
OH. This high sensitivity to DME is interesting because, despite the fact that
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Figure 9: Influence of pressure on 80/20 CH4/DME mixtures. Bl — ~ 10 atm, ® — ~ 20 atm, A — ~
30 atm. Open symbols are RCM data, filled symbols ST data. Lines are Mech_56.54 predictions.

there is four times more methane present in the blend, the reactions controlling
ignition involve DME chemistry. Pure methane is unreactive at 706 K, but with
the addition of a small quantity of DME its reactivity increases significantly. At
approximately 1150 K and 10 atm, ignition delay time decreases by a factor of 5.1
from pure methane to 80/20 CH,/DME. From the point of view of gas turbine op-
eration at low temperatures, this decrease in the ignition delay time as a function
of DME addition is significant as the addition of only small quantities of DME
could theoretically be used to tailor the operation of the gas turbine for a given
temperature and pressure.

Figure 11 presents ignition delay times and model simulations for the 80/20
CH,/DME blends as a function of equivalence ratio. Figure 11(b) shows that ig-
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CH,0CH,0,H =2 CH,0 + OH
CH, + OH & CH, + H,0
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Figure 10: Sensitivity to ignition delay time at 706 K, ¢ = 2.0 at B — 5.9 atm, B — 25.3 atm.

nition delay times decrease with increasing equivalence ratio at low temperatures
(< 1100 K). Figure 11(a) shows that ignition delay time is independent of equiv-

alence ratio in the temperature range 1200 — 1490 K. Mech_56.54 predicts all of
these trends very well.
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Figure 12: Sensitivity analyses for ignition delay times at p = 10 atm and at Ml — ¢ =2.0, M — ¢ =
1.0, B -¢=0.5.

Figure 12 presents the results of sensitivity analyses on mixtures shown in
Fig. 11(b) at 1250 K and 706 K. These temperatures were chosen to show the
change in the sensitive reactions from low to high temperature. As discussed
above, the 80/20 blend reactivity at low temperature is controlled primarily by
DME-containing reactions. All equivalence ratios show sensitivity to DME re-
actions, Fig. 12(b). The three most-promoting reactions for all three equivalence
ratios are listed below.

CHgOCHg + OH — CHgOCHQ + HQO
CHQOCHQOQH + 02 - OQCHQOCHQOQH
HO,CH,OCHO = OCH,OCHO + OH

Figure 14(a) shows sensitivity analyses at 1250 K. The most-promoting reac-
tions are CHg + H02 = CHgO +OHand CHgOCH3(+M) = CHgO + CH3(+M).
The most-inhibiting reactions are CH3 + H02 = CH4 + Oy and CH3 + CH3 +M)
= CQHG (+M)

Figure 13 shows the results of flux analyses for data shown in Fig. 11(b) at
1250 K. Similar to the sensitivity analyses, the flux analyses show that methyl rad-
ical chemistry is very important. Methyl radicals are produced by H-atom abstrac-
tion reactions from CH, and unimolecular decomposition of DME. (3-scission of
the methoxymethyl radical also produces methyl radicals. Unimolecular decom-
position of DME is the second most-sensitive reaction over all equivalence ratios;
this shows that DME is controlling ignition at high temperature as well as low
temperatures.
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Figure 13: Flux analyses at 1250 K and p = 17.0 atm in ‘air’, ¢ = 2.0 — bold font, ¢ = 0.5 — italic
font.

The same trends in experimental data are observed for the 60/40 CH,/DME
blends. The controlling chemistry is the same as that described for the 80/20
CH,/DME blends. These similar results are not surprising since DME chemistry
is controlling ignition for the 80/20 blends, so it logically follows that it is also
controlling ignition for the 60/40 blends which contain even more DME. All the
results and analyses for the 60/40 mixtures are included as Supplementary Mate-
rial.

CH4/DME is iso-electronic when compared to CH4/CsHg, this provides an
interesting comparison. Figure 14 shows that reactivity is increased overall in
CH,4/DME blends when compared to CH,/CsHg. The C-H bonds in DME are
weaker than the C—H bonds in propane. This is due to the oxygen atom present in
DME. This increases the overall reactivity of DME when compared to propane.
Propane has an extra chain propagation HO, elimination pathway, C3H,0, =
CsHg + HOQ, that is not possible in the DME oxidation mechanism. Thus, there
are more chain propagation pathways possible for propane compared to DME
which only has the [3-scission of the hydroperoxy-alkyl radical to two molecules
of formaldehyde and OH radical. This also contributes to the reduced reactivity.
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Figure 14: Model predictions for n-CsHg, DME, and 80/20 CH4/(DME or n-C3Hg) in ‘air’ mix-
tures at p = 30 atm. Black lines are n-C3Hg, red lines are DME. Solid line are 80/20 mixtures,
dashed lines are pure fuels.

5.3. Dimethyl ether oxidation

Ignition delay times for pure DME in ‘air’ mixtures are presented in Fig. 15
comparing the effect of pressure over four equivalence ratios. DME displays a
negative temperature coefficient (NTC) region where the ignition delay times in-
crease with increasing temperature. The temperature at which NTC behavior be-
gins is dependent on both the mixture composition and on the pressure studied. As
equivalence ratio increases, so does the temperature at which the NTC behavior
begins. The same effect is noted as the pressure increases. Overall, ignition delay
times decrease as the pressure increases. As in sections 5.1 and 5.2, this decrease
is mainly due to the increase in the concentration of reactants with pressure.

Mech_56.54 predictions together with those by the Zhao et al. [21] and Cur-
ran et al. [19, 20] mechanisms are compared to the experimental data. Mech_56.54’s
predictions offer an improvement over previous mechanisms for all conditions
shown. Improvements in predictions are seen at high temperatures (>1000 K)
when compared to the Zhao et al. [21] mechanism, and at low temperatures
(<800 K) when compared to the mechanism of Curran et al. [19, 20].

Brute-force sensitivity analyses were carried out under the conditions shown
in Fig. 15(b) at ¢ = 0.5 in ‘air’ and 827 K. This temperature was chosen as it
showed the largest effect of pressure on ignition delay times. Similar to pure
methane and the 80/20 blends, the most-sensitive reactions are the same for the
two pressures Fig. 16. This common result reinforces the idea that the decrease
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Figure 15: Influence of pressure on DME mixtures, Bl — ~ 11 atm, ® — ~ 25 atm, A — ~ 30 atm.
Open symbols are RCM data, filled symbols ST data, half filled symbols are tailored interface data.
Solid lines — Mech_56.54, dashed lines — Zhao et al. [21], dotted lines — Curran et al. [19, 20].

in ignition delay time is largely due to increased concentrations at higher pres-
sure, rather than a difference in the reactions controlling ignition. The most-
inhibiting reaction for both pressures is CHoOCH;0O,H — CH>O + CH,O + OH,
while the most-promoting reaction for both pressures is CH,OCH;O2H + Oy &
02CH,OCH,0,H.

Figure 17 shows flux analyses at a temperature of 827 K for the two pressures
presented in the sensitivity analyses. Both pressures show that DME is consumed
by H-atom abstraction forming methoxymethyl radical. Methoxymethyl radical
is consumed through three reactions:
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CH,0CH,0,H = 2 CH,0 + OH
CH,0 + OH & HCO +H,0
CH,OCH, < CH, + CH,0
CH,OCH,0, <2 CH,0 + OH
H+0,(*M) & HO, (+M)
CH,OCH, + HO, & CH,0CH, + H,0,
CH,0 + HO, < HCO + H,0,
CH,0CH, + 0, & CH,OCH,0,
H,0, (+M) < OH + OH (+M)
CH,OCH, + OH & CH,0CH, + H,0
CH,0CH,0 H+0, < 0,CHOCH,0 H
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Figure 16: Sensitivity analysis at 827 K and ¢ = 0.50 at B — 12.4 atm, B — 24.7 atm.

(1) CH;0CH, 2 CH; + CH,O
(2) CH30CH, + 0, — CH,0 + CH,0 + OH
(3) CHgOCHQ + 02 = CHgOCHQOQ

At both pressures of 12.4 and 24.7 atm, the dominant reaction is R3. At
24.6 atm 11.1%, more of the methoxymethyl radical is consumed via R3 com-
pared to 12.4 atm. The methoxymethyl radical can react via the chemically acti-
vated reaction (R2) so that at lower pressure, chemically activated CH;0CH,0,
radicals are formed and decompose directly to products. Figure 17 supports this
idea because at 12.4 atm, 2.4% more of the methoxymethyl radical is consumed by
R2 when compared to 24.6 atm. A similar trend is observed for the consumption
of CHgOCHQOQ radicals. In previous models [19-21] these chemically activated
reactions were not considered. .

The sensitivity analyses indicates that the fate of the CHo,OCH2O,H radical is
all important as it is associated with the two most sensitive reactions, R4 and RS:

(4) CH;0CH,0;H — CH;0 + CH;0 + OH
(5) CHQOCHQOQH + 02 = OQCHQOCHQOQH

R4 is the most-inhibiting reaction, while RS is the most-promoting reaction.
R4 inhibits reactivity as it produces two stable formaldehyde molecules and one
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hydroxyl radical, whereas R5 leads to the formation of OQCHQOCHQOQH radi-
cals, which ultimately lead to chain branching.

Figure 17 shows that, under the conditions analyzed, the CHQOCHQOQH rad-
ical is consumed predominantly via R4. The formaldehyde produced competes
with DME for hydroxyl radicals, and this leads to decreased reactivity. In Fig. 18,
ignition delay times for pure DME are compared as a function of equivalence ra-
tio (¢ = 0.3 — 2.0 in ‘air’) for two pressures. Ignition delay times decrease with
increasing equivalence ratio over all temperatures and pressures presented. As
equivalence ratio increases, so too does the temperature at which NTC behavior
begins.

VaNVANVAN
‘0 C C oH
H H
OH' 835% 88.5%
HO—O' 83% 4.0%
H 42% 38% ) 15.2 %
2
CH, 1.5 % 18.7%
3 ’ 77.9% 73.9%

o o 0, 69.0% /0\ /0\ 633 % /0\ /0\
/ —_— — R
H;C \CH3 H;C \CHZ' H;C ﬁz 0 HyC ﬁz OH

36.3 %
25.4% 843 %
81.0%

CHy +H,C=0 2 H,C=0 + ON

221 %
164%

Figure 17: Flux analyses at 827 K and ¢ = 0.50, 12.4 atm — bold font, 24.7 atm — italic font.

Sensitivity analyses were performed at low (670 K) and high (1250 K) temper-
atures for mixtures corresponding to Fig. 18(a). In contrast to the analyses for pure
methane oxidation, the reactions controlling DME ignition at the two temperatures
are very different. For example, sensitivity analyses for pure methane showed
that at both low and high temperatures, methyl radical recombination was the
most inhibiting reaction. In contrast, DME shows methyl radical recombination
is only sensitive at high temperatures. At low temperatures, the most-inhibiting
reaction is CHQOCHQOQH — CH-O + CH,O + OH as it competes with the
CH,OCH,0,H radical addition to molecular oxygen, which subsequently pro-
ceeds to chain branching. This reaction is seen to be highly promoting for all four
equivalence ratios at low temperatures (600 — 900 K). It is the most-promoting
reaction for ¢ = 0.3 in ‘air’ and the second most-promoting reaction for the other
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Figure 18: Influence of equivalence ratio for DME mixtures. B — ¢ =03, ® — ¢ =0.5, A — ¢
=1.0, ¥ — ¢ =2.0. Open symbols are RCM data, filled symbols ST data, half-filled symbols are
tailored-interface ST data. Lines are Mech_56.54 predictions.

three equivalence ratios. The most-promoting reaction at ¢ = 0.5, 1.0 and 2.0
in ‘air’ is HO,CH,OCHO = OCHQOCHO + OH. This reaction produces two
radical species from one stable molecule, and thus it has a promoting effect on
ignition. An interesting note is that all the reactions associated with DME low-
temperature chemistry (listed in Table 5) are highlighted as being important in the
low-temperature sensitivity analyses.

The most-inhibiting reaction for pure DME at high temperatures is methyl
radical recombination, similar to pure methane and 80/20 blends. The most-
promotlng reaction for all equivalence ratios is unimolecular decomposition, CHgOCHg (+M)
= CH;0 + CH3(+M) Another highly promoting reaction is CH;OCH; + CHj
= CHgOCHg + CHy, highlighting the importance of methyl radical chemistry in
DME oxidation at high temperatures.
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CH, + CH, (+M) & CH, (+M)
CH,+HO, s CH,+ 0,

HO,+ HO, & H,0,+0,
CH,OCH, +H & CHOCH, +H,

CH,0CH, & CH, +CH,0

CH,OCH, +HO, < CH,OCH, + H,0,
CH,OCH, + CH, < CH,0CH, + CH,
CH,0 +CH, & HCO + CH,

CH,0 +HO, & HCO + H,0,
H+0,50+0H

CH, +HO, < CH.O + OH

CH,0CH, (+M) & CH, + CH,O

03 -02 -01 00 01 02 03

Sensitivity Coefficient

(a) 1250K

Figure 19: Sensitivity analyses at p = 10 atm and at Ml — ¢ =0.3, - ¢ =0.5,
=2.0.
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5.4. Influence of mixture composition

The comparison of the ignition delay times of the four mixture compositions
studied is shown in Fig. 20 for pressures of 7 to 10 atm. This comparison shows
that as DME concentration increases, ignition delay time decreases over the whole
temperature range of this study. Mech_56.54 predicts all experimental data very
well. The mechanism in particular predicts the decrease in ignition delay time as
the mixture composition changes.

1250 1000 833 714 1667 1250 1000 833 714 625
T T T T T T T T T T
100 4 (] 1004
104 104
¢
b4
E E
- 1 < 1
e e
0.1 0.1
T T T T T T T T T T
0.8 1.0 12 14 0.6 0.8 1.0 1.2 14 1.6
1000/T 1000/T
(a) =03 ) $=0.5
1667 1429 1250 1111 1000 909 833 769 714 667 1667 1250 1000 833 714
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Figure 20: Influence of mixture composition at p = 7 — 10 atm, Bl — CH,, ® — 80/20 CH4/DME,
A - 60/40 CH4/DME, ¥ — DME. Open symbols are RCM data, filled symbols ST data, half-filled
symbols are tailored-interface ST data. Lines are Mech_56.54 predictions.

As has been stated previously, it is the reactions of DME which control igni-
tion of the blends even though there is a greater concentration of methane. This
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importance of DME concentration shows how the addition of small amounts of
DME allows the radical pool to build at lower temperatures and therefore increase
the rate of methane combustion. To quantify this effect, at approximately 1361 K
in Fig. 20(c) at ¢ = 1.0 the ignition delay time for pure methane is 884 us; for
80/20 itis 152 us; for 60/40 it is 108 us; and for pure DME it is 59 ps. So ignition
delay time is reduced by a factor of 5.8 when just 20% DME is added to methane.

Figure 21 shows sensitivity analyses for different mixture compositions pre-
sented in Fig. 20(c) at ¢ = 1.0 and at 1237 K. Methyl radical recombination is
again the most-inhibiting reaction over all mixture compositions, as discussed
earlier. As has also been discussed previously, both blends show high sensitivity
to reactions involving DME and methyl radicals.

CH, + CH, (+M) & CH_(+M)
CH,+H& CH,+H,
HO, +HO, < H,0,+0,
CH,+OH < CH,+H,0
CH,+HO, < CH, + 0O,
CH,OCH, + H < CH,OCH, + H, =
CH,OCH, < CH, + CH,0 =
== CH,0CH, + HO, & CH,OCH, + H,0,
=== CH,OCH, + CH, < CH,OCH, + CH,
. CH,OCH, (+M) < CH, + CH,O (+M)
CH,0 +CH, & HCO +CH,
CH,0 + HO, < HCO + H,0,
H+0O,< O+ OH
CH, + HO, < CH,O + OH
CH,+ 0, CH,0 +OH

-0.6 -0.4 -0|2 a 0.0 '0:2' a '0:4' o

Sensitivity Coefficient

Figure 21: Sensitivity analyses at 1237 K and ~ 10 atm. Comparing mixture composition. W
— CHy4 (94 atm), B — 80/20 CH4/DME (7.7 atm), @ — 60/40 CH4/DME (7.3 atm), M — DME
(11.4 atm).

In summary, as the DME concentration increases, the ignition delay times
decrease. The addition of DME to methane enhances the reactivity of methane by
increasing radical production at low temperature through DME’s chain branching
pathway, and through its unimolecular decomposition and relatively fast H-atom
abstraction rate constants at high temperature.
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6. Conclusions

A wide range of new ignition delay time data for pure methane, pure DME,
80/20, and 60/40 mixtures of both fuels in ‘air’ are presented. Pressures from 7
to 41 atm were studied in the temperature range 600 — 1600 K. These data allow
for mechanism validation under conditions similar to those found in compression
ignition engines and gas turbines, where methane and DME have been burned pre-
viously. A new detailed chemical kinetic model (Mech_56.54) for the combustion
of DME is presented and validated with the new data and data available in liter-
ature (Flow reactor; JSR; RCM; shock-tube ignition delay time and shock-tube
speciation; flame speeds and flame speciation). The new model utilizes Aram-
coMechl1.3 [41], which had been well-validated previously, and is the first model
to incorporate the calculations of Li ef al. [63] and Yamada et al. [58]. It is able
to predict the pure methane ignition delay times measured and presented here. It
was found that, to accurately predict the ignition delay times of DME, the inclu-
sion of a QRRK pressure-dependent treatment of the low-temperature oxidation
reactions was important. In particular, the 3-scission of the methoxymethyl radi-
cal showed significant pressure-dependent fall-off. RRKM/ME calculations were
performed to calculate the pressure-dependent rate constants for the 3-scission of
the methoxymethyl radical.

The rate constants for unimolecular decomposition and H-atom abstractions
by a variety of radical species from DME have been adopted from high-accuracy
measurements and/or calculations where possible in Mech_56.54. The use of these
calculated rate constants and the application of pressure-dependent rate constants
for the lower-temperature reactions of DME is an important improvement to its
chemical kinetic mechanism. Further investigation into these low-temperature
reactions would help to remove any remaining uncertainty in this chemical kinetic
model. The new data presented in this paper comprehensively covers a wide range
of engine- and combustor-relevant conditions. Validation of the detailed chemical
kinetic mechanism under these wide range of conditions presents an important
improvement in the understanding of the combustion chemistry of DME due to its
dominance in controlling the ignition behavior of its mixtures with methane.
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