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Ignition delay times of dimethyl carbonate DMC were measured using low- and high-pressure shock
tubes and in a rapid compression machine (RCM). In this way, the effect of fuel concentration (0.75%
and 1.75%), pressure (2.0, 20, and 40 atm) and equivalence ratio (0.5, 1.0, 2.0) on ignition delay times
was studied experimentally and computationally using a chemical kinetic model. Experiments cover the
temperature range of 795-1585K. Several models from the literature were used to perform simulations,
thus their performances to predict the present experimental data was examined. Furthermore, the ef-
fect of the thermodynamic data of the CH;0(C=0)0 radical species and the fuel consumption reaction
CH50(C=0)0CH; = CH;0(C=0)0 + CHs, on the simulations of the ignition delay times of DMC was an-
alyzed using the different models. Reaction path and sensitivity analyses were carried out with a final
recommended model to present an in-depth analysis of the oxidation of DMC under the different con-
ditions studied. The final model uses AramcoMech 2.0 as the base mechanism and includes a DMC sub-
mechanism available in the literature in which the reaction CH;0(C=0)OCH; = CH3;0(C=0)0 + CHshas
been modified. Good agreement is observed between calculated and experimental data. The model was
also validated using available experimental data from flow reactors and opposed flow diffusion and lam-
inar premixed flame studies showing an overall good performance.

© 2017 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Dimethyl carbonate (CH30(C=0)OCH3, DMC), a non-toxic and
non-corrosive carbonate ester with no C-C bonds and containing
53% oxygen by weight, has been identified as a suitable fuel com-
pound to be added to diesel fuel to reduce PM emissions without
affecting NOyx emissions [e.g., 1]. Even though it is 100% miscible
with diesel fuel, it must be used as a blended fuel in diesel en-
gines due to its low cetane number (35-36), low calorific value
(15.78 MJ/kg), and high latent heat of evaporation (369 kj/kg) [2,3].

To contribute to the development of detailed chemical kinetic
models to describe the combustion characteristics of DMC, a thor-
ough understanding of its combustion chemistry is needed. These
chemical kinetic models can be used in conjunction with compu-
tational fluid dynamics (CFD) codes, with the necessary simplifi-
cations, to simulate the physical and chemical processes in en-
gines, leading to optimal engine efficiency with minimal emissions.
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To this end, studies addressing the thermal decomposition [4-6],
photolysis [7] and oxidation of DMC have been reported in the lit-
erature.

Sinha and Thomson [8] measured species concentrations across
DMC/air and propane/DMC/air opposed flow diffusion flames.
Formaldehyde was found to be an important intermediate species
in the DMC flame, and the presence of oxygen on the central car-
bon in DMC favors breakage of the O-CO bond which results in
very low levels of formation of methane, ethane, ethylene, and
acetylene. Glaude et al. [9] developed the first chemical kinetic
sub-mechanism for DMC conversion, which was incorporated into
a previously developed chemical kinetic mechanism for dimethoxy
methane (DMM) and dimethyl ether (DME) [10,11]. The predicted
composition profiles using this model were in reasonable agree-
ment with the measured species profiles from Sinha and Thomson
[8].

Chen et al. [12] investigated the oxidation of
n-heptane/DMC/O,/Ar mixtures in a laminar pre-mixed low-
pressure (30Torr) flame, at an equivalence ratio of 1.16, using
synchrotron photoionization and molecular-beam mass spectrom-
etry (PI-MBMS) techniques. Measured and simulated mole fraction
profiles of major and intermediate species were compared. The
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calculations were performed using a model which includes the
DMM and DMC sub-mechanisms from the model developed by
Glaude et al. [9]. The predicted concentrations of flame species
agree reasonably well with the measured results. The authors
observed an early production of CO, in both the measured and
modeling results which is suggested to occur mainly due to the
decomposition of methoxy formyl (CH;0C=0) radicals.

Peukert et al. [13,14] studied the high temperature thermal de-
composition of DMC, and its interaction with H and O atoms, us-
ing the shock tube technique in conjunction with master equation
analysis. Bardin et al. [15] measured laminar burning velocities of
DMC(/air flames at initial gas mixture temperatures of 298, 318,
338, and 358 K. These results were simulated using the model de-
veloped by Glaude et al. [9], and it was found that the model sig-
nificantly over-predicted the measured laminar burning velocities.

More recently, Hu et al. [16] measured ignition delay times
of DMC oxidation in a shock tube at high temperatures (1100-
1600K), at different pressures (1.2-10 atm), fuel concentrations
(0.5-2.0%) and equivalence ratios (¢ =0.5-2.0). A chemical kinetic
model, based on the modification of the DMC sub-mechanism from
Glaude et al. [9] and the AramcoMech 1.3 mechanism [17], was
proposed to describe the ignition delay times of DMC. The mea-
sured ignition delay times from this work, as well as the DMC/air
opposed diffusion flame data reported by Sinha and Thom-
son [8], were compared with model calculations showing good
agreement.

Sun et al. [18] investigated both pyrolysis of DMC in a flow re-
actor at different pressures (40, 200 and 1040 mbar) and its oxida-
tion in laminar premixed low-pressure DMC/O,/Ar flames at equiv-
alence ratios of 1.0 and 1.5, at 25 and 30 Torr, respectively. A de-
tailed kinetic model for DMC pyrolysis and combustion, based on
a new sub-mechanism for DMC conversion and the AramcoMech
1.3 mechanism [17], was proposed. This model was validated us-
ing the experimental data obtained by Sun et al. [18] and with
the opposed flow flame [8], burning velocities [15] and shock tube
[16] experimental data from the literature. A more detailed de-
scription of these three DMC sub-mechanisms [9,16,18] is further
shown in Section 3.

Most recently, Alzueta et al. [19] carried out an atmospheric
flow reactor study of DMC oxidation in the absence and pres-
ence of NO in the temperature range 700-400K at ¢ =0.028,
1.0, 143, and 3.33. It was found that, in the DMC-NO interac-
tion, the fuel-rich conditions contribute slightly to the net reduc-
tion of NOx. A detailed kinetic model, based on the DMC sub-
mechanism from Glaude et al. [9] and a core mechanism de-
scribed and updated by the authors [20-24], was proposed. With
this model, these authors evaluated the impact of the thermody-
namic data on the modeling results, finding that the enthalpy of
formation of the DMC radical CH;0(C=0)0 significantly influences
the DMC conversion results. The influence of the thermodynamics
of the CH30(C=0)0 radicals species on our current ignition delay
time measurements will be further discussed in Section 4. Alzueta
et al. [19] also performed one DMC pyrolysis experiment in
an atmospheric flow reactor in order to determine its capac-
ity to form soot, which was found to be very low. Following
this work, Alexandrino et al. [25] studied the sooting propen-
sity of DMC through pyrolysis experiments in an atmospheric
flow reactor in the temperature range 1075-1475K and inlet DMC
concentrations of 33,333 and 50,000 ppm. It was confirmed that
DMC has a very low tendency to form soot, even when com-
pared with ethanol, because the formation of CO and CO, is fa-
vored, and thus few carbon atoms are available for soot forma-
tion. The formation of CO, is highly favored by the decomposi-
tion of the CH;0C=0 and CH;0(C=0)0 radicals. Soot reactivity
and characterization by instrumental techniques was also consid-
ered, showing that the higher the temperature and the inlet DMC

Table 1
Composition of DMC mixtures studied in the low-pressure shock tube.
Mix.  Ps® (atm) ¢ DMC (mole%) O, (mole%)  Ar (mole%)
1A 2.0 05 075 4.5 94.75
2A 2.0 1.0 075 2.25 97.0
3A 2.0 20 075 112 98.12
4A 2.0 05 175 10.5 87.75
5A 2.0 1.0 175 5.25 93.0
6A 2.0 20 175 2.62 95.62

2 Ps is the pressure behind the reflected shock wave.

concentration of soot formation, the lower the reactivity of the
soot.

To our knowledge, to date the work of Hu et al. [16] is unique
in studying ignition delay times for DMC oxidation. Although that
work covered a wide range of equivalence ratios, DMC concentra-
tions and pressures, more experimental data for the ignition of
DMC are needed to develop and validate chemical kinetic mod-
els to accurately describe DMC combustion. Keeping this in mind,
the aims of this work are: 1) to study ignition delay times of
DMC under new experimental conditions, and thereby extend the
available experimental data of DMC oxidation. In particular, low-
and high-pressure shock tubes were used and, for the first time,
a rapid compression machine was used in order to extend the
high-pressure shock tube data of DMC to lower temperatures; 2)
to compare the performance of the different models for DMC con-
version available in the literature to predict the measured ignition
delay times of this work. This also includes the analysis of the
effect of changing the thermodynamic of the CH;0(C=0)O radi-
cals species and reaction kinetics on the modeling calculations. The
goal is to find a model that best predicts our experimental ignition
delay times and also various other experimental targets including
flow reactors and opposed flow diffusion and laminar premixed
flames; and 3) to perform the chemical interpretation of the ef-
fect of the DMC concentration, pressure and equivalence ratio on
measured ignition delay times through rate of production and sen-
sitivity analyses.

2. Experimental

Shock tube and rapid compression machine ignition delay time
data were obtained using the facilities at the National University of
Ireland Galway (NUIG). The full list of mixtures studied and their
compositions are provided in Tables 1 and 2. Experiments with sto-
ichiometric and fuel-rich mixtures compressed at 40 atm could not
be performed in the rapid compression machine due to the high
rate of heat release during ignition, which damaged the pressure
transducer used to monitor the pressure.

DMC liquid (99% pure, Sigma-Aldrich) was used without further
purification. O,, Ar and N, cylinders were supplied by BOC at high
purity (99.5%). Mixtures were prepared in an evacuated and heated
(348 K) stainless steel mixing tank at each facility, using the partial
pressure method. The fuel was injected via an injection port on
the tank using a gas-tight syringe, followed by the addition of O,
and finally the diluent (Ar or N;). For all conditions, the partial
pressure of the fuel was maintained at a value less than one-third
that of its saturated vapour pressure at the tank temperature to
avoid fuel condensation. Each mixture was allowed to homogenize
overnight before use. The uncertainty in mixture concentrations is
estimated to be +2%. The experimental procedure and facilities to
determine the ignition delay time data are explained briefly below.

2.1. Low-pressure shock tube

To measure the ignition delay time of DMC/O,/Ar mixtures at
high temperatures (T=1220-1585K) and at low pressure (P=2.0
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