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In this study, the ignition delay times of lean and stoichiometric DME/n-butane/air mixtures were mea-
sured behind reflected shock waves at pressures of 2 and 10 atm, temperatures from 650 to 1400 K. The
performances of several chemical kinetic models were evaluated. Numerical simulation and chemical
kinetic analysis were conducted in a broad temperature range and at various DME blending ratios to
understand the interactions between DME and n-butane. It is found that DME addition can promote both
the first-stage and overall ignition delay of n-butane in the NTC region.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays, energy and environmental issues are becoming
world matter of concern. People are searching for clean alternative
fuel for vehicle and also paying particular attention to efficient
combustion technology. Homogeneous charge compression igni-
tion (HCCI) as a clean combustion mode is attracting growing con-
cern in recent years. The HCCI is typically operated in fuel-lean
conditions and based on the burning of homogeneous fuel mix-
tures. It is featured with the low temperature combustion, which
can achieve high thermal efficiency and reduce the NOx and soot
emissions simultaneously. The control of ignition timing is the
major obstacle for the commercial application of HCCI engine. Pre-
vious studies indicate that the ignition of the HCCI combustion is
mainly determined by the chemical kinetics of fuel [1,2]. Moreover,
it is found that during the HCCI combustion, many hydrocarbon
fuels are showing the two-stage heat release and the negative tem-
perature coefficient (NTC) profile [3,4], the first-stage heat release
is closely related to the low temperature kinetic [5,6]. It is pro-
posed that by using the high octane number and high cetane num-
ber binary fuel mixture in the HCCI engine, the ignition timing can
be well controlled and the engine operation region can be
extended [5,6].

n-Butane/DME binary mixture is considered to be the ideal fuel
for HCCI engine. n-Butane is the main ingredient of liquid petro-
leum gas, it is also a component of natural gas. The octane number
of n-butane is close to that of gasoline. DME (Dimethyl Ether) is an
oxygen-containing fuel, which has a high cetane number. Many
previous studies were conducted on HCCI engines using the
DME/n-butane fuel blends under various engine loads, fuel blend-
ing ratios and exhaust gas re-circulation (EGR) ratios, as gives in
Ref. [7–10]. It is found that by varying the DME blending ratio,
the ignition timing of HCCI engine can be adjusted; moreover,
the engine operation region can be extended. Fundamentally, the
ignition delay characteristics of both DME and n-butane have been
widely studied. Specifically, for the neat DME, Pfahl et. al. [11]
measured the ignition delay times of stoichiometric DME/air mix-
ture in a shock tube at 13 and 40 atm from intermediate to low
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Fig. 1. Ignition delay time measurement from end-wall pressure and CH* emission.
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temperatures (840–1300 K), they observed the NTC profile and
two-stage auto-ignition behavior of DME experimentally. Then, Li
et al. [12] followed up and measured the ignition delay of DME
at the lean and rich condition in a shock tube, they also studied
the effect of introducing nitrogen dilution gas. More recently, Cook
et al. [13,14] measured the ignition delay times of argon diluted
DME at temperatures of 1175–1900 K, pressures of 1.6–6.6 bar,
and equivalence ratios of 0.5–3.0, they also measured the reaction
rate of DME, CH3O + CH3. For the low-temperature ignition delay
studies in the rapid compression machines (RCMs), Mittal and co-
workers [15] measured the ignition delay times of DME/O2/N2 mix-
tures at pressures from 10 to 20 atm, temperatures from 615 K to
735 K and equivalence ratios from 0.43 to 1.5. They found that
the NTC region of DME ignition is more significant at lower pres-
sures, and the first-stage ignition delay is insensitive to pressure
and equivalence ratio changes. More recently, Burke et al. [16]
measured the ignition delay times of DME/methane mixtures at
temperatures of 600–1600 K, pressures of 7–41 atm, and equiva-
lence ratios of 0.3, 0.5, 1.0, and 2.0. They also developed a chemical
kinetic model of DME, in which the pressure-dependent of the low-
temperature oxidation reactions were considered. In addition, for
the neat n-butane, Gersen et al. [17] measured the ignition delay
times of n-butane/air and iso-butane/air using the RCM at temper-
atures of 660–1010 K, pressures of 14–36 atm and equivalence
ratios of 0.5 and 1.0. Besides, Healy et al. [18–20] measured the
ignition delay time of n-butane/air and iso-butane/air mixtures at
equivalence ratios of 0.3–2.0, pressures up to 45 atm in both shock
tube and RCM, they also developed a chemical kinetic model. Those
studies show that, the NTC regime and two-stage ignition charac-
teristics of n-butane and iso-butane can be captured in the low-
temperature RCM measurements. The increase of pressure will
lead to decreased ignition delay time of both the butane isomers
and the reduced amplitude of the NTC region.

In practical applications, DME is used as a fuel additive and
cetane number improver been blended with high octane number
alkane fuels to enhance its ignition quality. The DME has high reac-
tivity and will promote the generation of free radicals during the
initial stage of combustion, which can strongly influence the HCCI
combustion. Although many works have been conducted to study
the ignition delays of neat DME and neat n-butane, the combustion
mechanism of DME as additive blended with neat n-butane is still
unclear, especially in the NTC region. Such information is necessary
for understanding the ignition delay characteristic of binary fuel
and the ‘‘knocking” problem in HCCI engines. Furthermore, the
ignition delay data of binary fuels can be used as targets to develop
and validate the kinetic models. The promoting effects of DME
addition on methane ignition have been studied from low to high
temperatures in Ref. [16,21,22], the nonlinear promoting effects
of DME addition were observed, it is found that small amount of
DME addition can obviously promote methane ignition. While
the almost linear promoting effects of DME addition was found
in the high temperature ignitions of propane and n-butane in
Ref. [23–25]. Recently, Dames et al. [26] also observed the nonlin-
ear promoting effect of DME addition on propane ignition in the
low temperature NTC region.

To our knowledge, previous researches on the ignition delays of
DME/n-butane blends were only conducted in the high tempera-
ture region, where the measured ignition delay times exhibit typ-
ical Arrhenius exponential dependence on the reciprocal
temperatures; moreover, the fuel mixtures were diluted by 80%
argon, as gives in Ref. [23,24,27]. It is found that at high tempera-
tures and fuel-lean condition, the ignition delay times of DME and
n-butane are quite close and fuel blending shows the negligible
effects on ignitions. So far, the study of the ignition delay charac-
teristic of DME/n-butane/air mixtures in the engine relevant NTC
region has not yet been conducted. Therefore, in this study, both
experiment and simulation analyses were carried out to interpret
the kinetic coupling effects of DME addition on n-butane ignition
delays. Different from previous studies, all the experiments were
conducted using the fuel/air mixtures instead of the diluted ones,
which are more comparable to the real engine conditions. Then,
the measured ignition delay data were compared with the predic-
tions of several chemical kinetic mechanisms. Again, the effect of
DME addition on n-butane ignition delay in the NTC region, which
is closely related to engine knocking problem, was clarified and the
chemical kinetic of DME/n-butane binary fuel mixture was
interpreted.
2. Experimental and numerical approach

2.1. Experimental setup

In this study, all the experiments were conducted in a shock
tube device of the same construction and specification mentioned
in our previous study [28]. In brief, the stainless-steel shock tube is
separated by double PET (polyester terephthalate) diaphragms into
a 4 m long driver section and a 5.3 m long driven section, the inter-
nal diameter of which is 11.5 cm. Four fast-response piezoelectric
pressure transducers (PCB 113B26) together with three time inter-
val counters (Fluke PM6690) were used to determine the incident
shock velocity at the end-wall. Chemical equilibrium software
Gaseq [29] was used to calculate the temperature and pressure
behind the reflected shock wave. CH⁄ chemiluminescence was
selected by a narrow filter centered at 430 ± 10 nm and detected
by a photomultiplier (Hamamatsu, CR131) located at the end-
wall of the driven section. During the experiment, both CH⁄ emis-
sion signal and pressure time history were recorded by a digital
recorder (Yokogawa, DL750). Ignition delay time is defined as the
time interval between the arrival of the incident shock wave at
the end-wall and the extrapolation of the steepest rise of the end
wall CH⁄ chemiluminescence to the zero baseline, as shown in
Fig. 1. All the test mixtures in this study were prepared in a
128 L stainless steel tank according to Dalton’s law of partial pres-
sure and allowed to settle 12 h to ensure sufficient mixing. A vac-
uum system (Nanguang 2ZX-30D rotary vane vacuum pump and
ZJP-150 roots vacuum pump) was used to evacuate the shock tube
and fuel tank. Before each measurement, the shock tube was evac-
uated below 1 Pa. Oxygen/nitrogen (XO2/XN2 = 21%/79%) mixtures
were used to replace the real air. Detailed test mixture composi-
tions are listed in Table 1. High-purity helium and nitrogen mix-
tures were used as driver gas. Purities of helium, oxygen and



Table 1
Composition of fuel mixtures.

Mixtures / XDME (%) XC4H10 (%) XO2 (%) XN2 (%)

1.100%DME 0.5 3.38 0.00 20.28 76.34
2. 50% DME/50% C4H10 0.5 1.08 1.08 20.52 77.32
3. 100%C4H10 0.5 0.00 1.59 20.67 77.74
4.100%DME 1 6.54 0.00 19.62 73.84
5. 50% DME/50% C4H10 1 2.12 2.12 20.12 75.64
6. 100%C4H10 1 0.00 3.13 20.35 76.52
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nitrogen used in this study are higher than 99.999%. The purity of
DME and n-butane are 99.5% and 99.999% respectively.

The uncertainty of temperature behind the reflected shock
wave was calculated according to standard root-sum-squares
(RSS) method suggested by Petersen et al. [30], more detailed
description of uncertainty analysis can be found in our previous
study [31]. The largest uncertainty in the reflected temperature is
estimated to be 20 K which will result in an uncertainty up to 20%
in the measurement of ignition delay time.

2.2. Kinetic simulations

All simulations were conducted using SENKIN code [32] of
CHEMKIN II program [33] with a zero-dimensional and constant
volume adiabatic model. Non-ideal effects of the interaction
between the boundary layer and reflected shock wave have been
considered in simulations by using SENKIN/VTIM approach
proposed by Chaos and Dryer [34]. An obvious pressure rise
(dp/dt = 4.2%/ms) [28] was observed experimentally and was taken
into account in the numerical simulations. In the simulation, the
first-stage and overall ignition delay times were determined
according to the slope of the simulated OH time history.

For the DME/air mixture, four available chemical kinetic models
were validated against the experimental data, namely Wang DME
model [35], DME2000 model [36–38], San Diego DME model [39]
and Aramco 2.0 model [40–46]. For the numerical simulations of
n-butane/air mixtures, the Aramco2.0 model, the USC2.0 model
[47] and San Diego 2016 model [48] were used.

Wang DME model: This mechanism consists of 56 chemical
species and 301 elementary reactions. It was developed in 2015
based on the Zhao DME model [49] with updated low and interme-
diate temperature chemistry of DME oxidation.

DME2000 model: This mechanism is published by Lawrence
Livermore National Laboratory, which includes 80 species and
351 reactions. It can be used to simulate both the low and high
temperature oxidation of DME.

San Diego DME model: This is the skeletal model of DME oxi-
dation, developed by the research group of UC San Diego in
2015. The model is based on the fourteen chemical-kinetic steps
DME model developed by Prince et al. [50].

Aramco2.0 model: This mechanism is published by the com-
bustion chemistry center of NUI Galway in 2016. The detailed
mechanism consists of 493 species and 2716 reactions. It can be
used to simulate the ignition and combustion behavior of C1-C4
based hydrocarbon and oxygenated fuels from low to high
temperatures.

USC2.0 model: This is a high temperature combustion model
suitable for H2/CO/C1-C4 compounds which consist of 111 species
and 784 reactions. The model is developed based on the GRI model
[51], with updated sub-mechanisms of H2/CO, ethylene, acetylene,
1, 3-butadiene and propene [52,53].

San Diego 2016 model: This mechanism is published by the
combustion research group of UC San Diego in 2016, with newly
added n-butane sub-mechanism based on the theoretical study
by Prince et al. [54]. It includes the detailed chemistry of C0-C4
hydrocarbons and consists of 37 species and 269 reactions.

Fig. 2 (1), shows the comparisons between the measured and
predicted ignition delay times of the DME/air at pressures of 2
and 10 atm, equivalence ratio of 0.5 and 1.0. Note that the San
Diego DME model can only well reproduce the ignition delays of
DME at high temperatures, while the predictions at low tempera-
tures are obviously higher than the experimental data, as well as
the predictions of other three models. Generally, the other three
models, namely the Wang DME model, DME2000 model and Ara-
mco 2.0 model, all give satisfactory predictions and agree well with
the experimental data. At 10 atm and equivalence ratios of both 0.5
and 1.0, DME ignitions show obviously NTC behavior which can be
easily seen from both experimental data and simulations.

Fig. 2 (2), shows the comparisons between the measured and
model predicted ignition delay times of n-butane/air mixture. All
the three models, namely, Aramco2.0 model, USC2.0 model and
San Diego 2016 model, show moderately good predictions on
n-butane ignition delay times in current conditions. The predic-
tions of the San Diego 2016 model show the best agreements with
the experimental data, while the predictions of the Aramco2.0
model are slightly slower than the San Diego 2016 model in the
high temperature region. Meanwhile, the USC2.0 model is slightly
faster than the San Diego2016 model at high temperatures, note
that the USC2.0 model cannot capture the NTC behavior of n-
butane at low temperature region, no surprise since this model
only involves high temperature chemistry.

For 50%DME50%n-butane/air mixtures, as shown in Fig. 2 (3),
the Aramco2.0 model which includes both DME and n-butane
sub-mechanisms, present moderately good predictions for 50%
DME50%n-butane/air binary mixture in current conditions.

The Aramco2.0 model was recently published in 2016 and the
sub-mechanism of the butene isomers [40,41] and propene [43,44]
were updated; these alkenes are important intermediates in the
pyrolysis and oxidation of higher-order alkanes. In addition, the
low and high temperature sub-mechanisms of the oxygenated fuels
were also updated. This model has been widely validated against
experimental data in the shock tubes, rapid compression machines,
flames, jet-stirred and plug-flow reactors [40–46]. It is found that
the model can well reproduce the ignition delay times of neat
n-butane and n-butane/hydrocarbonmixtures [18,20,55] measured
in the shock tube and RCM over a wide range of conditions. In addi-
tion, the DME sub-mechanism and related thermodynamic parame-
ters of this model were based on the recent work of Burke et al. [16],
which were also validated against a large number of experimental
targets. As indicated in the previous research [26], the uncertainties
in the low temperature oxidation of DME are largely related to the
molecule oxygen addition reactions (CH3OCH2 + O2 , CH3OCH2O2

and CH2OCH2O2H + O2 , O2CH2OCH2O2H). Tomlin et al. [56] also
pointed out the importance of these reactions and found some pub-
lished DME models [45,57,58] cannot capture the low temperature
ignition delay measurements in RCM [15]. Tomlin and co-workers
[56], also emphasized the importance of considering the pressure-
dependent of DME low temperature oxidation chemistry in the



Fig. 2. Comparisons between the measured and model predicted ignition delay times using different mechanisms at pressures of 2 and 10 atm, equivalence ratios of 0.5 and
1.0.
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development of the kineticmodels. In the chemical kineticmodel of
Burke et al. [16], the Quantum-Rice-Ramsperger-Kassel calculations
were conducted to acquire the pressure-dependent rates for the
low-temperature oxidation of DME, including the first and second
molecule oxygen addition reactions (CH3OCH2 + O2 , CH3OCH2O2

and CH2OCH2O2H + O2 , O2CH2OCH2O2H), the decomposition of



320 X. Jiang et al. / Fuel 203 (2017) 316–329
CH3OCH2, CH2OCH2O2H and O2CH2OCH2O2H, as well as the isomer-
ization of CH3OCH2O2.

Therefore, the Aramco2.0 model can well capture the ignition
delay measurements in this study, moreover, the low temperature
kinetics of this model have been recently updated. This model was
used to calculate the ignition delay times and conduct the chemical
kinetic analysis of the DME/n-butane/air fuel blends in this study.
3. Results and discussion

3.1. Ignition delay times and correlation

In this study, the ignition delay times of DME/n-butane/air mix-
tures were measured at pressures of 2 and 10 atm, temperatures of
650–1400 K and equivalence ratios of 0.5 and 1.0. All the experi-
mental data can be seen in the Supporting Information. The exper-
imental results show that, the ignition delay times of DME/air
mixtures at both lean and stoichiometry conditions, exhibit the
Arrhenius-type dependence only at high temperatures
(T > 1000 K), besides, the NTC behavior of ignition delay was
observed at intermediate and low temperatures. However, the
n-butane/air and 50%DME50%n-butane/air mixtures give the typi-
cal Arrhenius-type dependence in all conditions, the NTC region of
which cannot be reached experimentally due to the limitation of
the current shock tube device. Basically, our shock tube can mea-
sure the ignition behavior at relatively high temperatures and
pressure below 20 atm, where corresponds the longest ignition
delay time of about 4 ms. However, the NTC characters of the
n-butane/air and 50%DME50%n-butane/air can be acquired and
have been analyzed in the chemical kinetic simulations.

The multiple linear regression method was used to obtain the
Arrhenius-type correlation of ignition delay time. The correlations
are used to estimate the dependence of fuel ignition delays on the
equivalence ratio, pressure, temperature, dilution ratio et al. Those
obtained global dependencies are helpful for understanding the
fuel combustion chemistry. Moreover, the correlations were also
conducted for comparative purposes, which provide the possibility
to compare the measured ignition delay data with the literature
data under different conditions, and between different facilities
[59]. The basic form of the correlation is as follows:
sign ¼ Apa/bExp
Ea

RT

� �
ð1Þ
where sign is the ignition delay time in seconds, p is the pressure in
atmospheres, / is the equivalence ratio, T is the temperature in kel-
vins, Ea is the activation energy in kilo calorie per mole, and
R = 1.986 � 10�3 kcal mol�1 K�1 is the universal gas constant.

For DME/air mixture, the correlations were not applied in the
temperatures below 1000 K, where corresponding to the NTC
region and the ignition delay times no longer present the
Arrhenius-type dependence on temperature. The correlation
parameters of n-butane/air, DME/air and 50%DME/50%n-butane/
air mixtures at equivalences of 0.5 and 1.0, pressures of 2 and
10 atm are given in Table 2, these correlation results can well
reproduce the experimental measurement in current conditions.
Table 2
Correlation of DME/n-butane mixtures using Eq. (1).

Mixture A a

100% n-butane 7.64 � 10�3 �0.613
50%DME50%n-butane 8.94 � 10�3 �0.625
100%DME 1.46 � 10�3 �0.672
3.2. Effect of pressure and equivalence ratio

Fig. 3 (1)–(3) give the effects of pressure and equivalence ratio
on ignition delay times of DME/air, n-butane/air and 50%DME50%
n-butane/air binary fuel. Note that for all mixtures, ignition delay
times decreased with the increase of pressure, meaning that the
increase of pressure can promote fuel ignition in current condi-
tions. This is mostly due to the increased fuel concentration and
enhanced molecule collision probability at elevated pressures.

The influences of equivalence ratio on the ignition delays of
DME/air and n-butane/air mixtures were investigated at pressures
of 2 and 10 atm. For the DME/air mixture, as shown in Fig. 3 (1),
both experiment and simulation exhibit shorter ignition delay
times under the fuel stoichiometric (/ = 1.0) condition than the
fuel lean (/ = 0.5) condition from low to high temperatures, mean-
ing that the ignition delay time of DME decreases with the increase
of the equivalence ratio. For the n-butane/air mixture, as shown in
Fig. 3 (2), the lean mixture (/ = 0.5) ignite slightly faster than the
stoichiometric mixture (/ = 1.0) at high temperatures, however,
with the decrease of temperature, the tendency becomes reversed
and the fuel stoichiometric mixture exhibits shorter ignition delay
time than the fuel lean mixture, especially in the NTC region. For
the n-butane/air mixture at high temperatures, the reaction
O2 + H, O + OH is the dominating chain-branching reaction [23],
this indicates that the n-butane ignition is very sensitive to the
oxygen concentration. Therefore, at high temperatures, the lean
n-butane/air mixtures are more reactive and ignite faster than
the stoichiometric mixtures. This is a common phenomenon for
alkane fuels. For the 50% DME50% n-butane/air mixture, as shown
in Fig. 3 (3), an ignition delay behavior similar to that of DME/air
mixture is presented, an increasing equivalence ratio can promote
the ignition and lead to shorter ignition delay times. It is also
observed that, for the DME/air, n-butane/air and 50%DME50%n-
butane/air mixtures, the influence of the equivalence ratio is less
obvious in the high temperature region (T > 1000 K), however,
becomes gradually stronger with the decrease of temperature.
3.3. Effect of DME addition

Previous researches [15,18] indicate that both the DME and
n-butane are showing the NTC regime and two-stage heat release
during their low temperature oxidation processes. DME has high
reactive, the addition of which to the n-butane will promote the
generation of free radicals at low temperatures during the initia-
tion stage of ignition and enhance the reactivity. Fig. 4 shows the
simulations of both the first-stage and overall ignition delay times
of DME/n-butane/air mixtures at the equivalence ratio of 0.5, the
pressure of 10 atm and various DME blending ratios. Note that in
current condition, as DME blending ratio increases, both the first-
stage and overall ignition delay of the fuel mixtures become
shorter; meaning that both the first-stage and overall ignition
delay can be promoted with the increase of the DME blending
ratio. Fig. 5 illustrates the promoting effect of DME on n-butane
ignition at the equivalence ratio of 0.5, temperatures of 700 K
and 1200 K, the pressure of 10 atm and at various DME blending
ratios. Apparently, the promoting effect of DME addition at 700 K
is more significant than that at 1200 K. As illustrated in the figure,
b Ea (kcal/mol) R2

�0.103 29.01 ± 1.55 0.931
�0.230 28.19 ± 1.19 0.949
�0.387 31.90 ± 1.60 0.936



Fig. 3. Effect of pressure and equivalence ratio on ignition delay times of DME,
n-butane and 50%DME50%n-butane blends at 2 and 10 atm. (Simulation: Aramco2.0
model).

Fig. 4. Effect of DME addition on the first-stage and overall ignition delay times of
n-butane at 10 atm and the equivalence ratio of 0.5. (Simulation: Aramco2.0
model).

Fig. 5. Effect of DME addition on n-butane ignition delay times at 10 atm and the
equivalence ratio of 0.5. (Simulation: Aramco2.0 model).
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at 1200 K, DME addition gives an almost linear prompting effect on
n-butane ignition, the 5% DME addition reduces the ignition delay
time of n-butane by only 1.47%, while 30% DME addition can
reduce the ignition delays of n-butane by 9.34% under current con-
ditions. At high temperatures, it is found that only a small amount
of DME addition can significantly promote the homogeneous igni-
tion of methane [21,22]. However, the almost linear promoting
effects of DME addition were found in propane and n-butane igni-
tion delays [23,25]. This is mainly due to that the reactivity of
methane is much lower relative to that of DME. Therefore, even
with a small amount of DME addition, the ignition was strongly
promoted by the decomposition of DME accompanied by the rapid
build-up of free radicals, thus lead to the nonlinear promoting
effect on methane ignition [21,22]. However, for the higher order
alkanes, such as propane and butane, the reactivity of which are
higher and the ignition delay times are much shorter relative to
methane. Moreover, in the high temperature oxidation of methane,
the rate of the governing reaction CH4 + O2 , CH3 + HO2 is much
slower than of the similar reactions of the higher order alkanes
[22]. Therefore, the nonlinear promoting of DME addition on igni-
tion is not observed for higher order alkanes at high temperatures.

However, at 700 K, as shown in Fig. 5, with only 5% DME addi-
tion, the first stage and overall ignition delay times of n-butane
were reduced by 16.71% and 14.57%, respectively. Such nonlinear
promoting effect of DME addition in the low temperature ignition
was also observed for methane and propane in Ref. [16,26]. Burke
and co-workers [16] noticed the nonlinear promoting effect of
DME addition on the overall ignition delay times of the 20%
DME/80%methane mixture. Recently, Dames et al. [26] also found
that with 5% DME addition, the ignition delay of propane was
reduced by 20%. They pointed out that these nonlinear promoting
effects at low temperatures are mainly due to the weaker C–H
bonds of DME relative to those of methane and propane. In the cur-
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rent study, the n-butane has longer carbon chain length, higher
reactivity and weaker C–H bond, thus the nonlinear promoting
effect of DME addition is less pronounced relative to propane and
methane.

3.4. Chemical kinetic analysis

3.4.1. Sensitivity analysis
Sensitivity analysis of DME/air and n-butane/air mixtures were

performed at the pressure of 10 atm, equivalence ratios of 0.5 and
1.0, and the temperature of 700 K to find out the most important
reactions that influence the ignition delay times in the NTC region.
The top 10 most promoting and inhibiting reactions are shown in
Fig. 6. The sensitivity coefficient is defined as,

S ¼ sð2kiÞ � sðkiÞ
sðkiÞ ð2Þ

where s is ignition delay time, ki is the specific rate coefficient. A
positive coefficient denotes that the reaction inhibits reactivity
and vice versa.

At the temperature of 700 K, ignition delay times of the DME/air
and n-butane/air mixture all decrease with the increase of equiva-
lence ratio. Note that for both the DME/air and n-butane/air mix-
tures, the fuel radical species are playing the dominating role in
the low temperature oxidation. These fuel radical species are
directly produced from their parent fuel, therefore, the increased
fuel concentration with the increase of equivalence ratio will lead
to more pronounced chain branching of the fuel relevant radicals,
thus promote the overall reactivity.

For both the lean and stoichiometric DME/air mixture at 700 K,
as shown in Fig. 6, the sensitivity analyses indicate that the fuel
relevant reactions: CH3OCH2O + OH, CH3OCH2O2H (R458), CH3-
OCH2 + O2 , CH3OCH2O2 (R446) and CH3OCH3 + CH3OCH2O2 -
, CH3OCH2 + CH3OCH2O2H (R439) are the most-promoting
reactions, which will finally lead to the low temperature chain-
branching thus promote the reactivity. Meanwhile, the b- scission
reaction of CH3OCH2 , CH3 + CH2O (R445) is the most-inhibiting
reaction, which yields CH3 radical and CH2O and leads to a reduced
reactivity.

Similarly, for the n-butane/air mixtures, in both lean and stoi-
chiometric conditions, the H-atom abstractions of n-butane
C4H10 + OH, PC4H9 + H2O (R959) is the most promoting reaction,
through which n-butyl radical (PC4H9) were produced. The PC4H9

radicals will lead to the increased production of the QOOH radicals
and promote the low temperature chain branching. Another
important ignition prompting reaction is the oxygen addition
reaction C4H8OOH2-4 + O2 , C4H8OOH2-4O2 (R1115). The
reactions NC4KET24, CH2O + CH3COCH2 + OH (R1164) and
NC4KET13, CH3CHO + CH2CHO + OH (R1168) are also consider-
ably important, which will yield OH radical and promote the global
reaction rate. It is interesting to notice that the secondary H-atom
abstraction reaction of n-butane, C4H10 + OH, SC4H9 + H2O
(R981) is showing the obvious inhibiting effect on reactivity. This
is because that the yield SC4H9 radicals will lead to the increased
production of the butene isomers, which are the main ignition
inhibiting channels during the low temperature ignition. Note that
the reactions PC4H9O2 , C4H8-1 + HO2 (R1079) and SC4H9O2 , C4-
H8-1 + HO2 (R1042) are showing the high positive sensitivity coef-
ficients that inhibiting fuel ignition at both equivalence ratios, both
of which are chain propagation reactions and will cause a reduced
reactivity.

3.4.2. Reaction pathway analysis
In order to interpret the influence of DME addition on n-butane

ignition, the reaction pathway of DME/air, n-butane/air and 50%
DME/50% n-butane/air mixtures at both the first-stage ignition
and the overall ignition were analyzed using the Aramco2.0 model
at the equivalence ratio of 0.5, the temperature of 700 K and the
pressure of 10 atm.

For the DME/air mixture during the first-stage ignition, as
shown in Fig. 7, the DME molecule entirely undergoes H-atom
abstraction reactions and yield methoxymethyl radical (CH3OĊH2),
mostly by ȮH radical (94.5%) while the H radical (4.8%) also partic-
ipated. Then, 77% of the CH3OĊH2 radicals combine with molecular
oxygen and yield the methoxymethyl-peroxy radical (CH3OCH2Ȯ2)
through the reaction CH3OCH2 + O2 , CH3OCH2O2. The rest of the
CH3OĊH2 radical, accounting for 21.1%, proceeds b- scission or
react with molecule oxygen to form the formaldehyde (CH2O).
After that, about 34.3% of the CH3OCH2Ȯ2 radical consumed
through the reaction CH3OCH2O2 , 2CH2O + OH and produced
the CH2O and OH radical. Meanwhile, most of the unstable
CH3OCH2Ȯ2 radical (64.7%) isomerizes via a 6-membered transi-
tion state ring to generate the hydroperoxy methoxymethyl radical
(ĊH2OCH2O2H). Again, about 76.1% of the ĊH2OCH2O2H radical
proceed with b- scission, CH2OCH2O2H, 2CH2O + OH, while
23.3% of the generated ĊH2OCH2O2H radical consumed by the
molecular oxygen addition pathway yield the peroxy-
hydroperoxyl-alkyl radicals (Ȯ2CH2OCH2O2H). Again, all the
produced Ȯ2CH2OCH2O2H radical releasing the OH radical and
producing a carbonyl-hydroperoxide molecule, HO2CH2OCHO.
The NTC behavior of DME ignition observed at low temperatures
can be attributed to the competition between the branched path-
ways of b- scission and molecular oxygen addition reaction of
the CH3OĊH2 radical and ĊH2OCH2O2H radical [12], those chain
propagation b- scission reactions will inhibit the reactivity, while
the molecule oxygen addition pathway can lead to the low temper-
ature chain branching to promote the ignition.

For the DME/air mixture at the overall ignition, which basically
happens at high temperatures, the fuel molecules are entirely con-
sumed through the H-atom abstraction by the OH (88.4%), O (8.3%)
and H (3.2%) radicals, and formed the methoxymethyl radical
(CH3OCH2). Subsequently, all the CH3OCH2 radical undergoes the
b- scission and formed the CH3 radical and formaldehyde (CH2O).

For the n-butane/air mixture at the first-stage ignition, as
shown in Fig. 7, the n-butane fuel molecule wholly undergoes pri-
mary (34%) and secondary (61.6%) H-atom abstraction reaction
(mostly by ȮH radicals) and produces the n-butyl radical (PĊ4H9)
and the sec-butyl radical (SĊ4H9), respectively. The proportion of
the secondary H-atom abstraction is higher than the primary
H-atom abstraction due to the lower bond dissociation energies
of secondary hydrogen atoms. Then, nearly all the produced pri-
mary and secondary butyl radicals added to molecular oxygen,
through reaction PC4H9 + O2 , PC4H9O2 (98.1%) and SC4H9 + O2 -
, SC4H9O2 (96%), and generate the n-butylperoxy radical
(PC4H9Ȯ2) and the sec-butylperoxy radical (SC4H9Ȯ2) respectively.
Most of the PC4H9Ȯ2 radicals then proceed H-atom isomerization
through the reaction PC4H9O2 , C4H8OOH1-3 (73.4%), PC4H9O2 -
, C4H8OOH1-4 (8.4%), and PC4H9O2 , C4H8OOH1-2 (1.8%), about
8% of the PC4H9O2 radical also undergoes the molecular elimina-
tion channel to produce 1-butene through the reaction PC4H9O2 -
, C4H8-1 + HO2. Similarly, about 24.5% of the SC4H9Ȯ2 radical
undergoes isomerization to form the hydroperoxyl radicals,
through the reactions SC4H9O2 , C4H8OOH2-3 and SC4H9O2 , C4-
H8OOH2-4. The yield SC4H9Ȯ2 radical also proceed the molecular
elimination channel to produce butene isomers, SC4H9O2 , C4H8-
1 + HO2 (26.8%), SC4H9O2 , C4H8-2 + HO2 (22.2%). A small amount
of the SC4H9Ȯ2 radical (5.8%) also reacts with the HO2 radical and
yield the SC4H9O2H. It is found that the NTC behavior on n-
butane ignition is largely due to the branched pathways of the
butylperoxy radicals, the generated hydroperoxy-butyl radicals
will lead to low temperature chain-branching and ultimately



Fig. 6. Sensitivity analysis for DME/air and n-butane/air mixture at equivalence ratios of 0.5 and 1.0, the pressure of 10 atm and the temperature of 700 K. (Simulation:
Aramco2.0 model).
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promote the reactivity, however, the butene isomers will finally
undergo chain propagation pathways and inhibit the ignition [18].

During the overall ignition of the n-butane/air mixture, most of
the n-butane undergoes the H-atom abstraction reaction to pro-
duce the SC4H9 radical (26.3%) and PC4H9 radical (44.4%). The OH
radical is playing the dominant role in n-butane H-atom abstrac-
tion, while O and OH radicals also participate. The vast majority
of the PC4H9 radical undergo the b- scission to yield the ethyl rad-
ical (C2H5) and ethylene (C2H4). Meanwhile, 3.8% of the SC4H9 rad-
ical also formed the C4H8-1. At the same time, approximate 67.3%
of the SC4H9 radical form the propene (C3H6) and CH3 radical via b
– scission reactions. Meanwhile, 31.3% of the SC4H9 radical extract
the H-atom and formed the butene isomers, C4H8-1 and C4H8-2.
Besides the H-atom abstraction pathway, 10.7% of the n-butane
also formed the propyl radical (NC3H7) and CH3 radical through
the C–C bond dissociation, while 18.6% of which also produces
the C2H5 radical through the directed composition reaction.

For the 50%DME50%n-butane mixtures at the first-stage igni-
tion, note that with n-butane addition, the molecular oxygen addi-
tion channel of the CH3OĊH2 radical obviously increased from 77%
to 90.7%. In addition, the isomerization pathway of the CH3OCH2Ȯ2

radical that formed the ĊH2OCH2O2H radical increased from 64.7%
to 73.8%. Besides, 51.8% of the ĊH2OCH2O2H radical proceed
through the molecular oxygen addition pathway and yield the Ȯ2-
CH2OCH2O2H radical, which is almost twice as much as that of the
neat DME mixture. For the n-butane fuel, with the DME addition,
the molecular oxygen addition of the PC4H9 radical reduced from
98.1% to 93.4% while that of the SC4H9 radical reduced from 96%
to 88%. Note that more SC4H9O radical and PC4H9O radical were
produced during the first-stage ignition. Generally, with n-butane
addition, the low temperature oxidization pathway of DME was
slightly enlarged during the first-stage ignition. At the same time,
DME addition also leads to slightly reduced low temperature path-
way of n-butane in the first-stage ignition.
3.4.3. First-stage heat release, temperature and fuel consumption
The previous study indicates that [5], the temperature increase

in the initial stage of ignition can dramatically influence the fuel
ignition delay time since the ignition chemistry is largely driven
by the temperature changes during the oxidation process. It is also
found that in the current study, fuel blending will affect the system
temperature during the first-stage ignition, which will also influ-
ence the reaction pathways.
Fig. 8 shows the simulated net heat release and temperature
time histories of the DME/air, n-butane/air and 50%DME50%n-
butane/air mixtures at the initial temperature of 700 K, the pres-
sure of 10 atm, and the equivalence ratio of 0.5. As shown in figure,
all the mixtures show obviously two-stage temperature increases.
For the DME/air mixture, as gives in Fig. 8 (1), an intense first-stage
heat release was observed and accompanied by the rapid temper-
ature increase during the first-stage ignition. With 50% n-butane
addition, as gives in Fig. 8 (2), the first-stage temperature increase
becomes more gentle; meanwhile, the heat release significantly
reduced. Note that for the n-butane/air mixture, shown in Fig. 8
(3), the first-stage heat release is not obvious. The simulation also
shows that under the same initial temperature of 700 K, the first-
stage ignition temperature of the DME/air mixture is 874 K; while
that for the 50%DME/50%n-butane mixture is 793 K. For the n-
butane/air mixture, however, the temperature only increased from
700 K to 757 K during the first-stage ignition. Consequently, the
heat release during the first-stage ignition will affect the system
temperature; therefore influence the reaction pathway and the
ignition kinetics.

From the practical application point of view, it is necessary to
understand the influence of DME addition on temperatures during
the first-stage ignition in the NTC region. Fig. 9 shows the calcula-
tions of the first-stage temperature increment of XDME = 0%, 30%,
50%, 70% and 100% mixtures at 10 atm and the equivalence ratio
of 0.5. The first-stage temperature increment is defined as the tem-
perature difference between the initial temperature and the first-
stage ignition temperature. Firstly, for the given mixture, the
first-stage temperature increment reduces with the increase of ini-
tial temperature, similar observation has been found in the exper-
imental measurement of n-heptane in Ref. [60]. Secondly, the
DME/air mixture gives the highest first-stage temperature incre-
ment, while the n-butane/air mixture shows the lowest one. This
is because that the DME mixture releases more heat during the
first stage ignition relative to the n-butane, as indicated in Fig. 8.
Thirdly, at the given temperature of 700 K, as the DME mole frac-
tion varies from 0% to 100%, the first-stage temperature increment
also increases with the increasing DME blending ratio, meaning
that the first-stage ignition temperature will increase with the
increase of DME blending ratio.

Fig. 10 shows the simulated overall fuel consumption in the
first-stage ignition of XDME = 0%, 30%, 50%, 70% and 100% mixtures
at 10 atm and the equivalence ratio of 0.5. Note that, for all fuel
mixtures, the fraction of fuel consumption in the first-stage



Fig. 7. Reaction pathway of DME/air, n-butane/air and 50%DME50%n-butane/air mixture at first-stage ignition and overall ignition, at the pressure of 10 atm, the temperature
of 700 K, and the equivalence ratio of 0.5. (Red: 100% DME/air or 100% n-butane/air mixture; Blue: 50%DME50%n-butane/air mixture. Simulation: Aramco2.0 model). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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ignition decreases with the increasing temperature, similar obser-
vation was also noticed in n-heptane oxidation in Ref. [60,61]. As
obtained from the simulations, in all temperatures, the first-stage
fuel consumption of n-butane/air mixture is the lowest; however,
that of the DME/air mixture is the highest, DME addition can
increase the fuel consumption during the first-stage ignition.
Specifically, at the given temperature of 700 K, the fuel consump-
tion fraction in the first-stage ignition shows a gradual growth
with the increment of DME blending ratio. As discussed above,
DME can release more heat during the first-stage ignition relative



Fig. 8. Net heat release and temperature time-histories of 100% DME, 100% n-
butane and 50%DME50%n-butane mixtures at the initial temperature of 700 K, the
pressure of 10 atm, and the equivalence ratio of 0.5. (Simulation: Aramco2.0
model).

Fig. 9. Calculations of the first-stage temperature increment of XDME = 0%, 30%, 50%,
70% and 100% mixtures at 10 atm and the equivalence ratio of 0.5. (Simulation:
Aramco2.0 model).

Fig. 10. The overall fuel consumption in the first-stage ignition of XDME = 0%, 30%,
50%, 70% and 100% mixtures at 10 atm and the equivalence ratio of 0.5. (Simulation:
Aramco2.0 model).
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to neat n-butane. This will lead to the increased temperature, thus
more fuels are consumed during the first-stage ignition and the
ignition of n-butane can be promoted.

3.4.4. Mole fraction and ROP analysis
As indicated in the reaction pathway analysis, the OH radical is

playing an important role in the chain initiation of both DME and
n-butane under current condition. Moreover, in the low tempera-
ture chemistry of DME and n-butane, the fuel relevant radical spe-
cies, namely the R radical and RO2 radical, are also dominating the
low temperature chain branching. To identify the inter-reactions
between DME and n-butane at low temperature during the first
stage ignition, the simulated species profiles of the OH radical, R
radical (including CH3OCH2, PC4H9 and SC4H9) and RO2 radical
(including CH3OCH2O2, PC4H9O2 and SC4H9O2), as well as the rate
of production and consumption (ROP) analysis of these radicals
for the DME/air, n-butane/air and the 50%DME/50% n-butane/air
binary mixture are presented in Figs. 11–14. All the simulations
were conducted using the Aramco2.0 model at the temperature
of 700 K, the pressure of 10 atm, and the equivalence ratio of 0.5,
which corresponding to the NTC region.

The OH radical mole fraction profile of the DME/air, n-butane/
air and 50%DME50%n-butane/air mixtures is shown in Fig. 11 (1).
During the first stage ignition, the OH radical concentration slightly
increased, while most of the OH radicals were generated at high
temperatures during the overall ignition. For the R radical, as gives
in Fig. 11 (2), evident two-stage mole fraction profile was observed
with the increasing temperature. In addition, as shown in Fig. 11
(3), it is found that the concentration peak of the RO2 radical
appears during the first stage ignition. Generally, the simulation
results demonstrate that the OH, R and RO2 radicals are more
quickly formed during the ignition induction time of DME com-
pared to that of n-butane. The DME addition will lead the increase
of mole fractions of OH, R and RO2 radicals, which will increase the
reactivity and decrease the ignition delay.

Rates of production and consumption the OH, R and RO2 radi-
cals during the first stage ignition are given in Figs. 12–14. Simula-
tion results show that for the DME/air mixture in the first-stage
ignition, Fig. 12 (1), the OH radicals are mainly produced from



Fig. 11. Effect of DME addition on the mole fractions of OH radical, R radical
(including CH3OCH2, PC4H9 and SC4H9) and RO2 radical (including CH3OCH2O2,
PC4H9O2 and SC4H9O2) at the temperature of 700 K, the pressure of 10 atm, and the
equivalence ratio of 0.5. (Simulation: Aramco2.0 model).

Fig. 12. Rates of production and consumption of the OH radical for 100% DME, 100%
n-butane and 50%DME50%n-butane mixtures at T = 700 K, p = 10 atm and / = 0.5.
(Simulation: Aramco2.0 model).
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the following fuel radical species relevant reactions, CH3OCH2O2 -
, CH2O + CH2O + OH (R450), CH2OCH2O2H, CH2O + CH2O
+ OH (R451), O2CH2OCH2O2H, HO2CH2OCHO + OH (R454) and
HO2CH2OCHO, OCH2OCHO + OH (R459). Meanwhile, the OH rad-
icals are mostly consumed by the DME molecule through H-atom
abstraction reaction, CH3OCH3 + OH, CH3OCH2 + H2O (R431).

For the n-butane/air mixture in the first-stage ignition, Fig. 12
(2), however, the OH radicals are mainly produced from the follow-
ing reactions, HO2CH2CO, CO + CH2O + OH (R375), C4H8OOH1-
3O2 , NC4KET13 + OH (R1127) and NC4KET13, CH3CHO + CH2-
CHO + OH (R1165). Note that the production rate of the OH radical
of the n-butane/air mixture is significantly lower relative to the
DME/air mixture. This will lead to the decreased reactivity and
longer ignition delay time. It is also found that for the n-butane/
air mixture, most of the OH radicals are consumed through the
n-butane molecule H-atom abstractions during the first stage igni-
tion, C4H10 + OH, SC4H9 + H2O (R981) and C4H10 + OH, PC4-
H9 + H2O (R959).

For the 50%DME/50%n-butane/air mixture, as shown in Fig. 12
(3), similar to the DME/air mixture, most of the OH radicals are
generated by the DME fuel radical species relevant reactions
(R450), (R451), (R454) and (R459). The contribution of the
n-butane relevant reactions to the OH radical growth during
the first-stage ignition is limited. Note that with DME addition,
the production rate of the OH radical obviously increased relative
to the n-butane/air mixture. As a result, DME addition can increase
the OH radical production during the first-stage ignition, thus pro-
mote the ignition of n-butane in current condition. Note that the
produced OH radical are mainly consumed by the fuel molecule
H-atom abstraction reactions of both DME and n-butane.



Fig. 13. Rates of production and consumption of the R radical for 100% DME, 100%
n-butane and 50%DME50%n-butane mixtures at T = 700 K, p = 10 atm and / = 0.5.
(Simulation: Aramco2.0 model).

Fig. 14. Rates of production and consumption of the RO2 radical for 100% DME,
100% n-butane and 50%DME50%n-butane mixtures at T = 700 K, p = 10 atm and
/ = 0.5. (Simulation: Aramco2.0 model).
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Fig. 13 shows ROP analysis of the R radical during the first stage
ignition. For the DME/air mixture, Fig. 13 (1), it is found that the
reaction CH3OCH3 + OH, CH3OCH2 + H2O (R431) is the key
reaction to produce the R radical, and the reaction CH3OCH2 + O2 -
, CH3OCH2O2 (R446) is the key reaction consuming it. For the
n-butane/air mixture, Fig. 13 (2), the reaction C4H10 + OH, SC4-
H9 + H2O (R981) and C4H10 + OH, PC4H9 + H2O (R959) give the
greatest contribution to the R radical formation, while the gener-
ated R radical are mainly consumed through the molecule oxygen
addition reactions of PC4H9 + O2 , PC4H9O2 (R1005) and SC4H9 +
O2 , SC4H9O2 (R1008). For the 50% DME/50% n-butane/air
mixture, Fig. 13 (3), a combined ROP profile of both the DME/air
mixture and n-butane/air mixture was observed. The R radicals
are formed from both the DME and n-butane fuel molecule through
reactions (R431), (R981) and (R959); while mainly consumed by
the reactions (R446), (R1005) and (R1008).

Similarly, the ROP analysis of the RO2 radical shows that, as
gives in Fig. 14 (1)–(3), for the DME/air mixture and n-butane/air
mixtures, the RO2 radicals are mainly formed by the reaction
(R446), (R1005) and (R1008), respectively. For the DME/air mix-
ture, the yield CH3OCH2O2 radicals then consumed by CH3OCH2-
O2 , CH2OCH2O2H (R449) and CH3OCH2O2 , CH2O + CH2O + OH
(R450). For the n-butane/air mixture, those RO2 radicals were then
consumed through the reactions, PC4H9O2 , C4H8OOH1-3
(R1040), SC4H9O2 , C4H8-1 + HO2 (R1079) and SC4H9O2 , C4H8-
2 + HO2 (R2140). The 50%DME/50%n-butane/air mixture also
shows a combined production and consumption profile of both
DME and n-butane mixtures. Generally speaking, with DME addi-
tion, the rates of production of both R and RO2 radical are increased



328 X. Jiang et al. / Fuel 203 (2017) 316–329
relative to that of n-butane/air, which leads to the enhanced sys-
tem reactivity and decreased ignition delay times.
4. Conclusions

Ignition delay times of DME/air, n-butane/air and 50%DME50%
n-butane/air mixtures were measured in a shock tube at equiva-
lence ratios of 0.5 and 1.0 and pressures of 2 and 10 atm. The
chemical kinetic study was conducted using the Aramco2.0 model.
The main conclusions are as follows:

(1) Ignition delay times of DME/air, n-butane/air and 50%
DME50%n-butane/air mixtures were measured. Arrhenius
type correlations of ignition delay times were obtained by
using multiple linear regression analysis.

(2) The measured ignition delay times were compared with
numerical predictions from six available mechanisms,
namely Aramco2.0 model, Wang DME model, DME2000
model, San Diego DME model, USC2.0 model and San Diego
2016 model. The Aramco2.0 model gives satisfactory predic-
tions on ignition delay times of both neat and binary fuels,
therefore been adopted in the chemical kinetic analysis in
this study.

(3) It is found that the increase of pressure can promote the
ignition of DME/air, n-butane/air and DME/n-butane/air bin-
ary fuel mixture. For the DME/air mixture, ignition delay
time decreases with the increase of the equivalence ratio.
However, for the n-butane/air mixture, the lean mixture
ignites slightly faster than the stoichiometric mixture at
high temperatures; this tendency becomes reversed with
the decrease of temperature. For the 50%DME50%n-butane/
air mixture, the ignition behavior is similar to that of the
DME/air mixture.

(4) It is found that DME addition can promote both the first-
stage and overall ignition delays of n-butane in the NTC
region. Simulations indicate that DME addition can promote
the first-stage heat release, thereby increase the first-stage
ignition temperature and the first-stage fuel consumption.
It is also found that DME addition can accelerate the forma-
tion the OH, R and RO2 radicals in the first stage ignition of
n-butane.
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