
Dear author, 

Please note that changes made in the online proofing system will 
be added to the article before publication but are not reflected in 
this PDF. 

We also ask that this file not be used for submitting corrections. 



ARTICLE IN PRESS 

JID: CNF [m5G; October 12, 2017;8:46 ] 

Combustion and Flame xxx (2017) xxx–xxx 

Contents lists available at ScienceDirect 

Combustion and Flame 

journal homepage: www.elsevier.com/locate/combustflame 

An experimental and model ing study of the ignition of dimethyl 

carbonate in shock tubes and rapid compression machine 

Katiuska Alexandrino 

a , b , ∗, María U. Alzueta 

b , Henry J. Curran 

a Q1 

a Combustion Chemistry Centre, School of Chemistry, NUI Galway, Ireland 
b Aragón Institute of Engineering Research (I3A), Department of Chemical and Environmental Engineering, University of Zaragoza, 50018 Zaragoza, Spain 

a r t i c l e i n f o 

Article history: 

Received 14 July 2017 

Revised 22 August 2017 

Accepted 2 October 2017 

Available online xxx 

Keywords: 

Shock tube 

Rapid compression machine 

Dimethyl carbonate 

Oxidation 

Kinetic model 

a b s t r a c t 

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 by model ing. Experiments cover the temperature range of (795–1585 K). 

Several models from literature were used to perform simulations, thus their performances to predict 

the present experimental data was examined. Furthermore, the effect of the thermodynamic data of the 

CH 3 O(C = O) ̇O radical species and the fuel consumption reaction CH 3 O(C = O)OCH 3 � CH 3 O(C = O) ̇O + CH 3 , 

on the simulations of the ignition delay times of DMC was analyzed using the different models. Reaction 

path and sensitivity analyses were carried out with the final model to present an in-depth analysis of 

the oxidation of DMC under the different conditions studied. The final model used AramcoMech 2.0 as 

the base mechanism and included a DMC sub-mechanism available in literature to which the reaction 

CH 3 O(C = O)OCH 3 � CH 3 O(C = O) ̇O + CH 3 was modified. Good agreement is observed between calculated 

and experimental data. The model was also validated using available experimental data from flow reac- 

tors and opposed flow diffusion and laminar premixed flames studies showing an overall good perfor- 

mance. 

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

1. Introduction 1 

Dimethyl carbonate (CH 3 O(C 

= O)OCH 3 , DMC), a non-toxic and 

Q2 

2 

non-corrosive carbonate ester with no C–C bonds and containing 3 

53% oxygen by weight, has been identified as a suitable fuel com- 4 

pound to be added to diesel fuel to reduce PM emissions without 5 

affecting NO X emissions [e.g., 1 ]. Even though it is 100% miscible 6 

with diesel fuel, it must be used as a blended fuel in diesel en- 7 

gines due to its low cetane number (35–36), low calorific value 8 

(15.78 MJ/kg), and high latent heat of evaporation (369 kJ/kg) [2,3] . 9 

To contribute to the development of detailed chemical kinetic 10 

models to describe the combustion characteristics of DMC, a thor- 11 

ough understanding of its combustion chemistry is needed. These 12 

chemical kinetic models can be used in conjunction with compu- 13 

tational fluid dynamics (CFD) codes, with the necessary simplifi- 14 

cations, to simulate the physical and chemical processes in en- 15 

gines, leading to optimal engine efficiency with minimal emissions. 16 
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To this end, studies addressing the thermal decomposition [4–6] , 17 

photolysis [7] and oxidation of DMC have been reported in the lit- 18 

erature. 19 

Sinha and Thomson [8] measured species concentrations across 20 

DMC/air and propane/DMC/air opposed flow diffusion flames. 21 

Formaldehyde was found to be an important intermediate species 22 

in the DMC flame, and the presence of oxygen on the central car- 23 

bon in DMC favors breakage of the O–CO bond which results in 24 

very low levels of formation of methane, ethane, ethylene, and 25 

acetylene. Glaude et al. [9] developed the first chemical kinetic 26 

sub-mechanism for DMC conversion, which was incorporated into 27 

a previously developed chemical kinetic mechanism for dimethoxy 28 

methane (DMM) and dimethyl ether (DME) [10,11] . The predicted 29 

composition profiles using this model were in reasonable agree- 30 

ment with the measured species profiles from Sinha and Thomson 31 

[8] . 32 

Chen et al . [12] investigated the oxidation of 33 

n-heptane/DMC/O 2 /Ar mixtures in a laminar pre-mixed low- 34 

pressure (30 Torr) flame, at an equivalence ratio of 1.16, using 35 

synchrotron photoionization and molecular-beam mass spectrom- 36 

etry (PI-MBMS) techniques. Measured and simulated mole fraction 37 

profiles of major and intermediate species were compared. The 38 
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calculations were performed using a model which includes the 39 

DMM and DMC sub-mechanisms from the model developed by 40 

Glaude et al . [9] . The predicted concentrations of flame species 41 

agree reasonably well with the measured results. The authors 42 

observed an early production of CO 2 in both the measured and 43 

mode ling results which is suggested to occur mainly due to the 44 

decomposition of methoxy formyl (CH 3 O ̇C 

= O) radicals. 45 

Peukert et al . [13,14] studied the high temperature thermal de- 46 

composition of DMC, and its interaction with Ḣ and Ö atoms, us- 47 

ing the shock tube technique in conjunction with master equation 48 

analysis. Bardin et al . [15] measured laminar burning velocities of 49 

DMC/air flames at initial gas mixture temperatures of 298, 318, 50 

338, and 358 K. These results were simulated using the model de- 51 

veloped by Glaude et al . [9] ,and it was found that the model sig- 52 

nificantly over-predicted the measured laminar burning velocities. 53 

More recently, Hu et al. [16] measured ignition delay times 54 

of DMC oxidation in a shock tube at high temperatures (1100 –55 

1600 K), at different pressures (1.2 –10 atm), fuel concentrations 56 

(0.5 –2.0%) and equivalence ratios ( ϕ = 0.5 –2.0). A chemical kinetic 57 

model, based on the modification of the DMC sub-mechanism from 58 

Glaude et al. [9] and the AramcoMech 1.3 mechanism [17] , was 59 

proposed to describe the ignition delay times of DMC. The mea- 60 

sured ignition delay times from this work, as well as the DMC/air 61 

opposed diffusion flame data reported by Sinha and Thomson [8] , 62 

were compared with model calculations showing good agreement. 63 

Sun et al. [18] investigated both pyrolysis of DMC in a flow re- 64 

actor at different pressures (40, 200 and 1040 mbar) and its oxi- 65 

dation in laminar premixed low-pressure DMC/O 2 /Ar flames with 66 

equivalence ratios of 1.0 and 1.5, at 25 and 30 Torr, respectively. A 67 

detailed kinetic model for DMC pyrolysis and combustion, based 68 

on a new sub-mechanism for DMC conversion and the Aram- 69 

coMech 1.3 mechanism [17] , was proposed. This model was vali- 70 

dated using the experimental data obtained by Sun et al. [18] and 71 

with the opposed flow flame [8] , burning velocities [15] and shock 72 

tube [16] experimental data from the literature. A more detailed 73 

description of these three DMC sub-mechanisms [9,16,18] is further 74 

shown in Section 3 . 75 

Most recently, Alzueta et al . [19] carried out an atmospheric 76 

flow reactor study of DMC oxidation in the absence and pres- 77 

ence of NO in the temperature range 70 0 –40 0 K at ϕ = 0.028, 1.00, 78 

1.43, and 3.33. It was found that, in the DMC–NO interaction, 79 

the fuel-rich conditions contribute slightly to the net reduction of 80 

NO x . A detailed kinetic model, based on the DMC sub-mechanism 81 

from Glaude et al. [9] and a core mechanism described and up- 82 

dated by the authors [ 20 –24 ], was proposed. With this model, 83 

these authors evaluated the impact of the thermodynamic data 84 

on the model ing results, finding that the enthalpy of formation 85 

of the so-called DMC radical CH 3 O(C 

= O) ̇O significantly influences 86 

the DMC conversion results. The influence of the thermodynamics 87 

of the CH 3 O(C 

= O) ̇O radicals species on our current ignition delay 88 

time measurements will be further discussed in Section 4 . Alzueta 89 

et al . [19] also performed one DMC pyrolysis experiment in an at- 90 

mospheric flow reactor in order to determine its capacity to form 91 

soot, which was found to be very low. Following this work, Alexan- 92 

drino et al. [25] studied the sooting propensity of DMC through py- 93 

rolysis experiments in an atmospheric flow reactor in the temper- 94 

ature range 1075 –1475 K and inlet DMC concentrations of 33,333 95 

and 50,0 0 0 ppm. It was confirmed that DMC has a very low ten- 96 

dency to form soot, even when compared with ethanol, because 97 

the formation of CO and CO 2 is favored, and thus few carbon atoms 98 

are available for soot formation. The formation of CO 2 is highly 99 

favored by the decomposition of the CH 3 O ̇C 

= O and CH 3 O(C 

= O) ̇O 100 

radicals. Soot reactivity and characterization by instrumental tech- 101 

niques was also considered, showing that the higher temperature 102 

and the inlet DMC concentration of soot formation, the lower the 103 

reactivity of the soot. 104 

Table 1 

Composition of DMC mixtures studied in the low-pressure shock tube. 

Mix. P 5 
a (atm) ϕ DMC (mole%) O 2 (mole%) Ar (mole%) 

1A 2 0.5 0.75 4.5 94.75 

2A 2 1 0.75 2.25 97 

3A 2 2 0.75 1.12 98.12 

4A 2 0.5 1.75 10.5 87.75 

5A 2 1 1.75 5.25 93 

6A 2 2 1.75 2.62 95.62 

a P 5 is the pressure behind the reflected shock wave. 

To our knowledge, to date the work of Hu et al. [16] is unique 105 

in studying ignition delay times for DMC oxidation. Although that 106 

work covered a wide range of equivalence ratios, DMC concentra- 107 

tions and pressures, more experimental data for the ignition of 108 

DMC are needed to develop and validate chemical kinetic mod- 109 

els to accurately describe DMC combustion. Keeping this in mind, 110 

the aims of this work are: 1) to study ignition delay times of 111 

DMC under new experimental conditions, and thereby extend the 112 

available experimental data of DMC oxidation. In particular, low- 113 

and high-pressure shock tubes were used and, for the first time, 114 

a rapid compression machine was used in order to extend the 115 

high-pressure shock tube data of DMC to lower temperatures; 2) 116 

to compare the performance of the different models for DMC con- 117 

version available in literature to predict the measured ignition de- 118 

lay times of this work. This also includes the analysis of the ef- 119 

fect of changing the thermodynamic of the CH 3 O(C 

= O) ̇O radicals 120 

species and reaction kinetics on the model ing calculations. The 121 

goal is to find a model that best predicts our experimental igni- 122 

tion delay times and also various other experimental targets in- 123 

cluding flow reactors and opposed flow diffusion and laminar pre- 124 

mixed flames; and 3) to perform the chemical interpretation of the 125 

effect of the DMC concentration, pressure and equivalence ratio on 126 

measured ignition delay times through rate of production and sen- 127 

sitivity analyses. 128 

2. Experimental 129 

Shock tube and rapid compression machine ignition delay time 130 

data were obtained using the facilities at the National University of 131 

Ireland Galway (NUIG). The full list of mixtures studied and their 132 

compositions are provided in Tables 1 and 2 . Experiments with sto- 133 

ichiometric and fuel-rich mixtures compressed at 40 atm could not 134 

be performed in the rapid compression machine due to the high 135 

rate of heat release during ignition, which damaged the pressure 136 

transducer used to monitor the pressure. 137 

DMC liquid (99% pure, Sigma-Aldrich) was used without further 138 

purification. O 2 , Ar and N 2 cylinders were supplied by BOC at high 139 

purity (99.5%). Mixtures were prepared in an evacuated and heated 140 

(348 K) stainless steel mixing tank at each facility, using the partial 141 

pressure method. The fuel was injected via an injection port on 142 

the tank using a gas-tight syringe, followed by the addition of O 2 143 

and finally the diluent (Ar or N 2 ). For all conditions, the partial 144 

pressure of the fuel was maintained at a value less than one-third 145 

that of its saturated vapour pressure at the tank temperature to 146 

avoid fuel condensation. Each mixture was allowed to homogenize 147 

overnight before use. The uncertainty in mixture concentrations is 148 

estimated to be ± 2%. The experimental procedure and facilities to 149 

determine the ignition delay time data are explained briefly below. 150 

2.1. Low-pressure shock tube 151 

To measure the ignition delay time of DMC/O 2 /Ar mixtures at 152 

high temperatures ( T = 1220–1585 K) and at low pressure ( P = 2 153 

atm) (mixtures in Table 1 ), a low-pressure shock tube (LPST), 154 
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Fig. 1. Endwall pressure and CH 

∗ emission traces with the definition of ignition 

delay time in the low-pressure shock tube. Example for 1.75% DMC, ϕ = 1, P = 2 atm 

(mixture 5A in Table 1 ), T = 1303 K. 

described previously by Smith et al. [26] , was used. Briefly, the 155 

stainless steel tube consists of a 63 cm long and 52 cm diameter 156 

barrel-shaped driver section, which is coupled to a 6.22 m long 157 

driven section (internal diameter of 10.24 cm). The two sections 158 

are separated using a polycarbonate diaphragm. Helium (99.99%, 159 

BOC Ireland) was used as the driver gas. Five PCB 113B24 pres- 160 

sure transducers, located in the driven section, were used to deter- 161 

mine the shock velocity at the endwall, taking account of shock 162 

wave attenuation by linearly extrapolating the five velocities to 163 

the endwall. The endwall pressure was detected using a Kistler 164 

(603B) pressure transducer. Light emission, which was emitted 165 

from excited CH 

∗ radicals, was detected using a photo-detector 166 

(Thorlabs Inc. PDA55-EC) and a narrow band-pass filter centered 167 

at 430 nm, through a fused silica window embedded in the end- 168 

wall. All pressure and CH 

∗ emission signals were recorded using 169 

two Handyscope HS4 digital oscilloscopes. The chemical equilib- 170 

rium program (GasEq) [27] was used to calculate the reflected 171 

shock temperature ( T 5 ) and pressure ( P 5 ) of each shock knowing 172 

the test gas composition, shock wave velocity, initial pressure of 173 

test gas and initial temperature of the gas. The uncertainties of the 174 

reflected shock temperature is estimated to be ± 1 K. 175 

The ignition delay time was defined as the time interval be- 176 

tween the rise in pressure due to the arrival of the shock wave at 177 

the endwall and that due to fuel ignition. Fuel ignition is visible by 178 

following the increase in light emission (in this case in form of CH 

∗179 

emission) due to the ignition event. In this way, onset of ignition 180 

was defined by extrapolating the maximum slope of CH 

∗ emission 181 

to the baseline, as indicated in Fig. 1 . The uncertainty in the mea- 182 

sured ignition delay times was determined to be ± 15%, due to the 183 

uncertainties in the conditions behind the reflected shock wave. 184 

Fig. 2. Pressure trace with the definition of the ignition delay time in the high- 

pressure shock tube. Example for ϕ = 1, P = 40 atm (mixture 5B in Table 2 ), 

T = 1199 K. 

Uncertainties in the mole fractions of reactants are minimal ( < 5%) 185 

as high accuracy digital pressure gauges were used. 186 

2.2. High-pressure shock tube 187 

The ignition delay times of DMC/air mixtures at high temper- 188 

atures ( T = 950 –1400 K) and high pressures ( P = 20 and 40 atm) 189 

(mixtures 1B –6B in Table 2 ) were measured in a heated high- 190 

pressure shock tube (HPST) with driver and driven section lengths 191 

of 3.0 and 5.7 m, respectively, and an internal diameter of 63.5 mm, 192 

described in detail previously [28] . A 3 cm double-diaphragm sec- 193 

tion separated the driver and the driven sections. Pre-scored alu- 194 

minium plates were used as diaphragms. 195 

The driver section was pressurized with pure helium or with a 196 

helium-nitrogen mixture, the later to achieve a tailored condition 197 

in order to obtain longer test time [29,30] . Approximately half of 198 

the total driver pressure was filled into the middle-section, acting 199 

as a buffer between the much lower initial test gas pressure and 200 

the much higher driver gas pressure. 201 

Six pressure transducers (PCB 113B24), mounted flush to the in- 202 

terior wall of the heated driven section, were used to determine 203 

the shock velocity at the endwall. In the same way, as that in 204 

the low-pressure shock tube, this value was used to calculate the 205 

temperature and pressure behind the reflected shock wave using 206 

GasEq [27] . The pressure at the driven section endwall, used to 207 

measure the ignition delay time, was monitored using a Kistler 208 

603B pressure transducer. Pressure traces (example in Fig. 2 ) were 209 

obtained using two Handyscope HS4 digital oscilloscopes. The ig- 210 

nition delay time was defined as the time interval between the 211 

pressure rise due to the arrival of the shock wave at the endwall 212 

and the maximum rate of pressure rise due to the ignition event. 213 

Table 2 

Composition of DMC mixtures studied in the high-pressure shock tube (HPST) and rapid compression machine (RCM). 

HPST RCM 

P 5 or P C 
a (atm) ϕ Mix. DMC (mole%) O 2 (mole%) N 2 (mole%) Mix. DMC (mole%) O 2 (mole%) Ar (mole%) 

20 0.5 1B 3.38 20.30 76.32 1C 3.38 20.30 76.32 

1 2B 6.54 19.63 73.82 2C 6.54 19.63 73.82 

2 3B 12.28 18.43 69.29 3C 12.28 18.43 69.29 

40 0.5 4B 3.38 20.30 76.32 4C 3.38 20.30 76.32 

1 5B 6.54 19.63 73.82 – – –

2 6B 12.28 18.43 69.29 – – –

a P 5 is the pressure behind the reflected shock wave (in the HPST) and P c is the compressed gas pressure (in the RCM). 
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Fig. 3. Pressure trace with the definition of the ignition delay time in the rapid 

compression machine. Example for ϕ = 1, P = 20 atm (mixture 2C in Table 2 ), 

T = 795 K. 

Experimental uncertainty in ignition delay times was estimated as 214 

± 15%. 215 

2.3. Rapid compression machine 216 

Ignition delay times at low temperatures ( T = 795 –975 K) and 217 

high pressures ( P = 20 and 40 atm) (mixtures 1C –4C in Table 2 ) 218 

were measured in a rapid compression machine (RCM) described 219 

previously by Darcy et al . [31] . This machine has a twin opposed- 220 

piston configuration, resulting in a fast compression time of ap- 221 

proximately 16 ms. Creviced piston heads were used to suppress 222 

the in-cylinder roll-up vortices within the combustion chamber 223 

and thus to improve the post-compression temperature distribu- 224 

tion in the chamber. Compressed gas temperatures were varied by 225 

adjusting the initial temperature of the reaction chamber surfaces 226 

(maximum temperature of 393 K) via an electrical heating system 227 

around the reaction chamber. The compressed gas temperature, 228 

T C , was calculated from the initial temperature, T i , initial pressure, 229 

P i , reactant composition, and the experimentally measured com- 230 

pressed gas pressure, P C . For this calculation, the adiabatic com- 231 

pression/expansion routine in Gaseq [27] , which uses the temper- 232 

ature dependence of the specific heat ratio of the test mixture, γ , 233 

according to the equation Eq. (1 ), was employed. 234 

ln 

(
p C 
p i 

)
= 

∫ T C 

T i 

γ

γ − 1 

dT 

T 
(1) 

The signal from a Kistler 603B piezoelectronic pressure trans- 235 

ducer, installed in the combustion chamber, monitored the pres- 236 

sure during each experiment and was recorded using a digital os- 237 

cilloscope. The ignition delay time was defined as the time interval 238 

from the end of compression (first local maximum on the pres- 239 

sure trace) to the maximum rate of pressure rise due to ignition 240 

( Fig. 3 ). An uncertainty of ± 15% is stimated for the RCM ignition 241 

delay time measurements. 242 

Non-reactive experiments were carried out under the same 243 

conditions as the corresponding reactive case in order to obtain 244 

pressure-time histories which are converted to volume-time histo- 245 

ries (using the isentropic relationship between pressure and den- 246 

sity) to be used in the simulations of the reactive mixtures. In 247 

this way, facility effects including reaction during compression 248 

and heat loss are taken into account [32] . The non-reactive mix- 249 

tures were prepared by substituting O 2 in the reactive mixture 250 

for the diluent gas being used. Due to the unreactive behaviour 251 

of DMC, the diluent gas used in the RCM experiments was Ar, 252 

which has a lower heat capacity than N 2 . In this way, the specific 253 

heat ratio ( γ = C p / C v ) of the test gas increases allowing to achieve 254 

higher compressed temperatures. Figure 3 presents a typical pres- 255 

sure trace measured in the RCM with the reactive and non-reactive 256 

mixture. As observed in Fig. 3 , only pressure rise due to compres- 257 

sion of the gas is detected during the non-reactive experiments. 258 

3. Mode ling 259 

CHEMKIN-PRO [33] was used to simulate our measured ignition 260 

delay times. For the simulations in the shock tubes, constant vol- 261 

ume conditions were assumed, while for the RCM variable volume- 262 

time histories were employed to include facility effects [32] . 263 

As mentioned in the introduction, heretofore three sub- 264 

mechanisms have been proposed in the literature to describe DMC 265 

oxidation [9,16,18] . The first one was developed in 2005 by Glaude 266 

et al. [9] . This sub-mechanism was added to a base mechanism 267 

previously developed for DMM and DME [10,11] . The reaction rate 268 

constants for reactions involving DMC were obtained by analo- 269 

gies based on the reaction rate constants for other oxygenated 270 

compounds including dimethyl ether, formic acid, and methyl bu- 271 

tanoate. The complete model (henceforth called the GlaudeDMC 272 

model) consists of 102 species and 442 reactions. 273 

A decade later, Hu et al. [16] developed a new sub-mechanism 274 

for DMC oxidation which contains the same reaction classes as 275 

those contained in the sub-mechanism of Glaude et al. [9] (i.e. uni- 276 

molecular decomposition, H-atom abstraction, ether-acid conver- 277 

sion, H-atom abstraction of CH 3 O(C 

= O)OH formed from the ether- 278 

acid conversion, and radical decomposition. There are a total of 279 

24 elementary reactions). Most of the rate constants of these re- 280 

actions are the same as in the DMC sub-mechanism of Glaude 281 

et al . [9] , while other rate constants were modified to satisfac- 282 

torily predict their ignition delay time measurements. In particu- 283 

lar, the rate constants for the CH 3 OC( = O)O 

–CH 3 and CH 3 OC( = O)– 284 

OCH 3 bond cleavage reactions, producing CH 3 O(C 

= O) ̇O + ĊH 3 and 285 

CH 3 O ̇C 

= O + CH 3 ̇O, respectively, were modified by those recom- 286 

mended by Dooley et al. [34] for the C 3 H 7 –C( = O)O 

–CH 3 and 287 

C 3 H 7 –C( = O)–OCH 3 bond cleavage reactions in methyl butanoate. 288 

Moreover, the rate constants of the H-atom abstraction from DMC 289 

by O 2 , Ḣ and Ö atoms, and Ċ 2 H 3 , Ċ 2 H 5 , ĊH 3 , CH 3 ̇O, CH 3 ̇O 2 , H ̇O 2 290 

radicals were assumed to be identical to those for methyl bu- 291 

tanoate. As for the base mechanism, Hu used the AramcoMech 292 

1.3 mechanism [17] . The complete model (henceforth called the 293 

HuDMC model) consists of 275 species and 1586 reactions. 294 

One year later (2016), Sun et al . [18] developed a new sub- 295 

mechanism for DMC conversion including new theoretical deter- 296 

minations and updated rates from literature and analogies. Com- 297 

paring this most recent sub-mechanism with those of Glaude 298 

et al . [9] and Hu et al. [16] , new reactions were added (e.g. 299 

the unimolecular decomposition reactions CH 3 O(C 

= O)OCH 3 � 300 

CH 3 O ̇CHO + CH 2 O and CH 3 O(C 

= O)OCH 3 � CH 3 O(C 

= O) OCH + H 2 ; 301 

the hydrogen abstraction reaction CH 3 O(C 

= O) OCH 3 + H ̇CO � 302 

CH 3 O(C 

= O) O ̇CH 2 + CH 2 O; and additionally the recombination re- 303 

action of ĊH 3 and CH 3 OC( = O)O ̇CH 2 radicals), while other reac- 304 

tions were omitted (those involved in the ether-acid conversion 305 

and H-atom abstraction from CH 3 O(C 

= O)OH). In total, Sun’s sub- 306 

mechanism for the DMC conversion incorporates 23 elementary re- 307 

actions. The AramcoMech 1.3 [17] was also used as the base mech- 308 

anism. The complete model (henceforth called the SunDMC model) 309 

consists of 257 species and 1563 reactions. 310 

Most recently, Alzueta et al. [19] developed a model by adding 311 

the DMC sub-mechanism from Glaude et al. [9] to a base mech- 312 

anism described and updated by the authors [20–24] . The com- 313 

plete model (henceforth called the AlzuetaDMC model) consists 314 

of 284 species and 1206 reactions. Alzueta et al. [19] , highlighted 315 

the importance of the thermodynamic data of the species involved 316 

in the DMC sub-mechanism describing DMC oxidation, specifically 317 
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Table 3 

Enthalpy of formation of DMC and its associated species used in the GlaudeDMC, HuDMC, SunDMC and AlzuetaDMC models. 

H °f298K (kcal/mol) 

Species 

GlaudeDMC and HuDMC 

(CBS-Q method) 

SunDMC (Group additivity method 

using THERM [35] software) 

AlzuetaDMC (Group additivity method 

using THERM [35] software) 

CH 3 O(C = O)OCH 3 –136.06 –135.85 –136.05 

CH 3 O(C = O)O ̇CH 2 –88.10 –86.843 –91.59 

CH 3 O(C = O)OH –140.93 – –141.77 

CH 3 O(C = O) ̇O –82.29 –83.85 –89.90 

ĊH 2 O(C = O)OH –93.64 – –97.39 

Table 4 

Rate coefficients in form of k = AT n exp(-E/RT) for reaction CH 3 O(C = O)OCH 3 � CH 3 O(C = O) ̇O + CH 3 (units: cm 

3 /mol/s/cal) in the GlaudeDMC, HuDMC, 

SunDMC and AlzuetaDMC models. 

Model Reaction A n E 

GlaudeDMC AlzuetaDMC CH 3 O(C = O) ̇O + ̇CH 3 � CH 3 O(C = O)OCH 3 
a 3. 00 × 10 13 0.00 0.00 

HuDMC b CH 3 O(C = O)OCH 3 ( + M) � CH 3 O(C = O) ̇O + ̇CH 3 ( + M) b 2. 55 × 10 23 –1.99 8. 81 × 10 4 

low/ 1. 74 × 10 73 –1. 60 × 10 1 8. 53 × 10 4 / 

troe / 2. 18 × 10 –1 1.0 6. 37 × 10 3 8. 21 × 10 9 / 

SunDMC CH 3 O(C = O)OCH 3 � CH 3 O(C = O) ̇O + ̇CH 3 
c plog/ 0.04 2. 86 × 10 75 –17.58 112,569. 

plog / 0.1 7. 95 × 10 72 –16.71 112,126. 

plog / 0.5 1. 13 × 10 67 –14.82 110,484. 

plog / 1 1. 29 × 10 64 –13.89 109,488. 

plog / 10 9. 42 × 10 59 –12.43 110,018. 

plog / 100 3. 51 × 10 52 –10.08 108,107. 

plog/ 10 0 0 8. 70 × 10 26 –3.51 79,326. 

a Assumed the same rate as high pressure rate for CH 3 ̇O + ̇CH 3 → CH 3 OCH 3 [10] . 
b Adopted from the decomposition of methyl butanoate in the work of Dooley et al . [34] . 
c Calculated using the master equation code-PAPER [36] . 

the thermodynamic data of the CH 3 O(C 

= O) ̇O radical species.The 318 

enthalpy of formation of DMC and its associated species in each 319 

model, with the corresponding methods for their calculations, are 320 

provided in Table 3 . 321 

The performance of all four models in predicting the ignition 322 

delay times of this work, as well as the influence of the thermo- 323 

dynamic data of the CH 3 O(C 

= O) ̇O radical species on the ignition 324 

delay time calculated by each model will be discussed in the fol- 325 

lowing section. 326 

4. Results and discussion 327 

This section is divided into three parts. The first part shows 328 

the performance of the four aforementioned models (GlaudeDMC, 329 

HuDMC, SunDMC, and AlzuetaDMC) in simulating the experimen- 330 

tal ignition delay times of this work. The second investigates 331 

the influence of the thermodynamic of the CH 3 O(C 

= O) ̇O radical 332 

species on the calculations of the ignition delay times for all four 333 

models, by changing the thermodynamic of this radical in each 334 

model by the thermodynamic of this radical in the other models. 335 

The third provides a chemical interpretation of the effect of the 336 

DMC concentration, pressure and equivalence ratio on the ignition 337 

delay times for DMC oxidation by performing rate of production 338 

(ROP) and sensitivity analyses. 339 

4.1. Performance of the models 340 

Examples of the performance of the GlaudeDMC, HuDMC, 341 

SunDMC and AlzuetaDMC models to predict the measured igni- 342 

tion delay times at low (1.75% DMC, ϕ = 1, P = 2 atm, mixture 5A 343 

in Table 1 ) and high ( ϕ = 1, P = 20 atm, mixtures 2B and 2C in 344 

Table 2 ) pressure are provided in Fig. 4 . 345 

It can be seen that at low pressure (1.75% DMC, ϕ = 1, P = 2 atm, 346 

Fig. 4 a) the GlaudeDMC model significantly overpredicts the ex- 347 

perimental ignition delay times over the entire temperature range 348 

studied, while the HuDMC, SunDMC and AlzuetaDMC models un- 349 

derpredict them. Regarding the model ing at high pressure ( ϕ = 1, 350 

P = 20 atm, Fig. 4 b), the GlaudeDMC and AlzuetaDMC models show 351 

the poorest predictions, especially at low temperatures ( ≤ 870 K). 352 

On the other hand, the HuDMC model agrees with the ignition de- 353 

lay times at high temperatures ( ≥ 900 K), while it shows a large 354 

underprediction of the ignition delay times at low temperatures 355 

( ≤ 870 K). The SunDMC model predicts the ignition delay times 356 

over the entire temperature range studied moderately well, with 357 

only a slight under-prediction at the highest temperatures studied 358 

( ≥ 1250 K). The same behavior in predictions is observed for all 359 

the remaining experimental data at low and high pressure (not 360 

shown). 361 

Overall, the SunDMC model best predicts the measured data 362 

at high pressure over the entire temperature range studied. How- 363 

ever, the good prediction at high pressure but not at low pressure 364 

(large underprediction) indicates that this model shows a weaker 365 

pressure dependence compared to that observed in the experi- 366 

ments. This could be attributed principally to the uncertainty in 367 

the rate coefficients of the unimolecular decomposition reactions 368 

of the fuel in the SunDMC model. 369 

4.2. Effect of the thermodynamic of the CH 3 O(C = O) ̇O radical species 370 

on the simulations 371 

As discussed earlier/above, Alzueta et al . [19] found that the 372 

thermodynamic data of the CH 3 O(C 

= O) ̇O radical species greatly in- 373 

fluences their calculations of DMC oxidation. Thus, to observe this 374 

influence on the calculation of the ignition delay time data of the 375 

present work, the thermodynamics of this radical was changed in 376 

each of the four models (GlaudeDMC, HuDMC, SunDMC, and Alzue- 377 

taDMC) and simulations were run. This change in thermodynam- 378 

ics only represented an effect on the simulation data using the 379 

GlaudeDMC and AlzuetaDMC models ( Figs. 5 and 6 , respectively) 380 

throughout the temperature range studied at low pressure, and at 381 

high temperatures ( ≥ 950 K) at high pressure, while the simulation 382 

data at high pressure and low temperatures ( ≤ 870 K) was not af- 383 

fected. 384 
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Fig. 4. Measured (symbols) ignition delay times in conjunction with calculations 

(lines) using GlaudeDMC, HuDMC, SunDMC and AlzuetaDMC models. a) 1.75% DMC, 

ϕ = 1, P = 2 atm (mixture 5A in Table 1 ), and b) ϕ = 1, P = 20 atm (mixtures 2B and 

2C in Table 2 ). 

The unimolecular DMC decomposition reaction 385 

CH 3 O(C 

= O)OCH 3 � CH 3 O(C 

= O) ̇O + CH 3 (R1), reported to be im- 386 

portant for the fuel consumption at high temperatures [13,16,18] , 387 

and which rate constant is the same in both GlaudeDMC and 388 

AlzuetaDMC models ( Table 4 ), was identified to be the cause of 389 

this event. When this reaction in GlaudeDMC and AlzuetaDMC 390 

models was replaced by that in the HuDMC and SunDMC models, 391 

the thermodynamics of the CH 3 O(C 

= O) ̇O radical species had no 392 

any effect on the simulation data, as can be seen in Figs. 7 and 8 , 393 

respectively. 394 

Moreover, when reaction R1 in HuDMC and SunDMC models 395 

was replaced by that in the GlaudeDMC/AlzuetaDMC model, the 396 

thermodynamics of the CH 3 O(C 

= O) ̇O radical species influenced the 397 

calculations by these two models ( Figs. 9 and 10 ). As in Figs. 7 and 398 

8 , this influence occurs all over the temperature range studied at 399 

low pressure, while at high pressure, there is not effect of the ther- 400 

modynamic of the CH 3 O(C 

= O) ̇O radical species on the calculations 401 

at low temperature, which indicates that reaction R1 does not con- 402 

trol the prediction of ignition delay times at low temperatures. 403 

Also note that calculations with the HuDMC model using the re- 404 

action R1 in the SunDMC model ( Fig. 9 ), and vice versa ( Fig. 10 ), 405 

were not affected when the thermodynamics of the CH 3 O(C 

= O) ̇O 406 

radical species was changed. 407 

Figures 4–10 show that simulations with the SunDMC model 408 

that incorporate reaction R1 from the HuDMC model ( Fig. 10 ) 409 

(modified SunDMC model, henceforth called SunDMC_mod) agree 410 

better with the experimental data at 1.75% DMC , ϕ = 1, P = 2 atm 411 

Fig. 5. Effect of the thermodynamic of the CH 3 O(C = O) ̇O radical species on the cal- 

culations of the ignition delay time by the GlaudeDMC model. a) 1.75% DMC, ϕ = 1, 

P = 2 atm (mixture 5A in Table 1 ), and b) ϕ = 1, P = 20 atm (mixtures 2B and 2C in 

Table 2 ). 

( Fig. 10 a), and ϕ = 1, P = 20 atm ( Fig. 10 b), than the original ( Fig. 4 ) 412 

and the modified ( Figs. 5–9 ) models. 413 

Besides reaction R1, the reaction CH 3 O(C 

= O)OCH 3 � 414 

CH 3 OCH 3 + CO 2 (R2) has been reported [13,18] to be a domi- 415 

nant decomposition channel, and thus competes with reaction 416 

R1. Thereby, the ignition is also influenced by the k 1 /( k 1 + k 2 ) 417 

branching ratio . The rate constant, k 1 in Hu et al. [16] was 418 

adopted from the decomposition of methyl butanoate in the work 419 

of Dooley et al . [34] , and is in reasonable agreement with the 420 

reaction rate measured directly by Peukert et al . [13] . On the 421 

other hand, k 2 used by Sun et al . [18] was determined by master 422 

equation analysis and is also in agreement with that measured by 423 

Peukert et al. [13] , being improved in relation to that used by Hu 424 

et al . [16] which was taken from the estimation of Glaude et al. 425 

[9] based on reactivity analogy. 426 

Calculations for the remaining experimental conditions stud- 427 

ied (1.75% DMC: ϕ = 0.5 and 2.0; 0.75% DMC: ϕ = 0.5, 1.0 and 428 

2.0; P = 20 atm: ϕ = 0.5 and 2.0; P = 40 atm: ϕ = 0.5, 1.0 and 429 

2.0) were performed using the SunDMC_mod model. This model 430 

predicts our measured ignition delay times at both low and 431 

high pressures and at all of the temperatures and equivalence 432 

ratios studied. As mentioned earlier, the SunDMC_mod model 433 

uses AramcoMech 1.3 as the base mechanism, and replacing this 434 

with AramcoMech 2.0 [37] , i.e., the sub-mechanism for the DMC 435 

conversion in the SunDMC_mod model has been added to the 436 

AramcoMech 2.0 mechanism (this final model will be called Aram- 437 

coMech2.0 + SunDMC_mod), had no effect on our ignition delay 438 

time predictions. The thermodynamic data used correspond to the 439 

same sources as the reactions, i.e., all the thermodynamic data are 440 

from AramcoMech 2.0 except the thermodynamics of DMC and its 441 
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Fig. 6. Effect of the thermodynamic of the CH 3 O(C = O) ̇O radical species on the cal- 

culations of the ignition delay time by the AlzuetaDMC model. a) 1.75% DMC, ϕ = 1, 

P = 2 atm (mixture 5A in Table 1 ), and b) ϕ = 1, P = 2 atm (mixtures 2B and 2C in 

Table 2 ). 

associated species which are from SunDMC model. This updated 442 

mechanism is provided as Supplementary Material. 443 

In the following section, the AramcoMech2.0 + SunDMC_mod is 4 4 4 

used to perform the simulations (which results are the same that 445 

using the SunDMC_mod model), as well as the chemical interpre- 446 

tation of the effect of the DMC concentration, pressure and equiv- 447 

alence ratio on DMC ignition delay times. 448 

The performance of the AramcoMech2.0 + SunDMC_mod model 449 

in predicting the concentration profiles of the species measured in 450 

the flame studies of Sinha and Thomson [8] and Sun et al. [18] , 451 

as well as in the flow reactors of Sun et al. [18] and Alzueta e t al. 452 

[19] are provided in Figs. S1 –S5 of the Supplementary material. 453 

4.3. Effect of the parameters on the ignition delay time. Chemical 454 

interpretations 455 

4.3.1. Effect of the DMC concentration 456 

Figure 11 shows the effect of DMC concentration under fuel- 457 

lean ( ϕ = 0.5), stoichiometric ( ϕ = 1), and fuel-rich ( ϕ = 2) condi- 458 

tions (mixtures 1A –6A in Table 1 ). Similar to other hydrocarbons, 459 

and as reported by Hu et al. [16] , an increase in DMC concentra- 460 

tion increases reactivity, i.e., it decreases ignition delay times, for 461 

all of the equivalence ratios studied. 462 

To further study the effect of the DMC concentration on the ig- 463 

nition delay time, a reaction pathway analysis (ROP) and a brute 464 

force sensitivity analysis were performed for 0.75% and 1.75% DMC, 465 

at ϕ = 1, P = 2 atm at T = 1350 K. Sensitivity coefficients ( S i ) were 466 

calculated using an automated code developed in-house and are 467 

expressed according to Eq. (2) . 468 

S i = 

log 10 ( τk ×2 / τk/ 2 ) 

log 10 (2 / 0 . 5) 
(2) 

Fig. 7. Effect of reaction R1 on the calculations of the ignition delay time by the 

GlaudeDMC model, and effect of the thermodynamic of the CH 3 O(C = O) ̇O radical 

species with the change of reaction R1. a) 1.75% DMC, ϕ = 1, P = 2 atm (mixture 5A 

in Table 1 ), and b) ϕ = 1, P = 20 atm (mixtures 2B and 2C in Table 2 ). 

where τkx 2 is the simulated ignition delay time when a rate con- 469 

stant is increased by a factor of 2 and τk/ 2 is that predicted when 470 

a rate constant is decreased by a factor of 2. Therefore, a negative 471 

sensitivity coefficient denotes a rate constant that promotes reac- 472 

tivity (decreasing ignition delay time by increasing the rate con- 473 

stant), and vice versa. 474 

The reaction pathway analysis depicted in Fig. 12 , which was 475 

carried out at the time of 20% DMC conversion, indicates that the 476 

major paths associated with DMC consumption are two DMC uni- 477 

molecular decompositions reactions and the H-atom abstraction 478 

from DMC, principally by Ḣ atoms and ȮH radicals. 479 

The most important pathway for DMC consumption is its uni- 480 

molecular decomposition to produce dimethyl ether (CH 3 OCH 3 ) 481 

and CO 2 (reaction R2). 35% and 32.4% of the fuel decomposes by 482 

this route for the 0.75% and 1.75% DMC mixtures, respectively. 483 

The CH 3 OCH 3 so formed can be largely consumed via two main 484 

pathways: (a) H-atom abstraction by Ḣ atoms (31.1%, 25.8%), and 485 

ȮH (25.2%, 30.6%) and ĊH 3 (15.9%, 19.2%) radicals (with percent- 486 

ages in brackets corresponding to mixture of 0.75% and 1.75% 487 

DMC, respectively) to lead, in a further step, to the formation 488 

of formaldehyde and methyl radicals; or (b) decomposition to 489 

give ĊH 3 and methoxy (CH 3 ̇O) radicals (23.4 %, 19.7%) (reaction 490 

R3) which then principally decompose via reaction R4 to give 491 

formaldehyde and Ḣ atoms (93.6 %, 86.5%). 492 

CH 3 OCH 3 ( + M) � ĊH 3 + CH 3 Ȯ ( + M) (R3) 

CH 3 Ȯ ( + M) � CH 2 O + Ḣ ( + M) (R4) 

The other important unimolecular decomposition reaction for 493 

DMC consumption (although, based on our reaction pathway 494 

analysis, it is the less important route) is reaction R1, which 495 
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Fig. 8. Effect of reaction R1 on the calculations of the ignition delay time by the 

AlzuetaDMC model, and effect of the thermodynamic of the CH 3 O(C = O) ̇O radical 

species with the change of reaction R1. a) 1.75% DMC, ϕ = 1, P = 2 atm (mixture 5A 

in Table 1 ), and b) ϕ = 1, P = 20 atm (mixtures 2B and 2C in Table 2 ). 

consumes 23.2% and 21.9% of the fuel for the mixtures with 0.75% 496 

and 1.75% DMC, respectively. The CH 3 O(C 

= O) ̇O radical formed to- 497 

tally decomposes to CO 2 and CH 3 ̇O radicals which mainly decom- 498 

poses to formaldehyde and Ḣ atoms via reaction R4. 499 

H-atom abstraction from DMC, principally by Ḣ atoms (24.4%, 500 

22.7%), to produce DMC radicals (CH 3 O(C 

= O)O ̇CH 2 ) and molecular 501 

hydrogen (reaction R5), is the second-most important reaction for 502 

the consumption of DMC under the conditions analysed. 503 

CH 3 O(C 

= O) OCH 3 + Ḣ � CH 3 O(C 

= O) O ̇CH 2 + H 2 (R5) 

The CH 3 O(C 

= O)O ̇CH 2 radicals formed can decompose to 504 

formaldehyde and methoxy formyl radicals (CH 3 O ̇C 

= O) (reaction 505 

R6), which in turns decompose to ĊH 3 radicals and CO 2 (reaction 506 

R7). 507 

CH 3 O(C 

= O)O ̇CH 2 � CH 3 O ̇C 

= O + CH 2 O (R6) 

CH 3 O ̇C 

= O � ĊH 3 + CO 2 (R7) 

The sensitivity analysis provided in Fig. 13 indicates that the 508 

most important reactions promoting reactivity are the Ḣ + O 2 �509 

Ö + ȮH (R8) chain-branching reaction and the fuel-specific reac- 510 

tion R1. However, the chain-branching reaction becomes less sen- 511 

sitive with increasing fuel concentration, while the specific-fuel re- 512 

action becomes more sensitive with increasing fuel concentration. 513 

The high dependence of the 1.75% DMC mixture on reaction R1 can 514 

explain the decrease in ignition delay times with increasing fuel 515 

concentration, since the higher the DMC concentration, the higher 516 

the reaction rate of reaction R1 leading to shorter (faster) ignition 517 

delay times. 518 

Fig. 9. Effect of reaction R1 on the calculations of the ignition delay time by the 

HuDMC model, and effect of the thermodynamic of the CH 3 O(C = O) ̇O radical species 

with the change of reaction R1. a) 1.75% DMC, ϕ = 1, P = 2 atm (mixture 5A in Table 

1 ), and b) ϕ = 1, P = 20 atm (mixtures 2B and 2C in Table 2 ). 

Fig. 10. Effect of reaction R1 on the calculations of the ignition delay time by 

the SunDMC model, and effect of the thermodynamic of the CH 3 O(C = O) ̇O radical 

species with the change of reaction R1. a) 1.75% DMC, ϕ = 1, P = 2 atm (mixture 5A 

in Table 1 ), and b) ϕ = 1, P = 20 atm (mixtures 2B and 2C in Table 2 ). 
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Fig. 11. Effect of DMC concentration on ignition delay times at P = 2 atm and 

ϕ = 0.5 (mixtures 1A and 4A in Table 1 ), 1.0 (mixtures 2A and 5A in Table 1 ), 

and 2.0 (mixtures 3A and 6A in table 1 ). Symbols: experimental data. Lines: Aram- 

coMech2.0 + SunDMC_mod mode ling. 

Reaction R1 leads to the formation of ĊH 3 radicals, which pro- 519 

mote reactivity, mainly for the 1.75% DMC mixture, due to reac- 520 

tions R9 and R10. 521 

ĊH 3 + H ̇O 2 � CH 3 Ȯ + ȮH (R9) 

CH 2 O + ĊH 3 � H ̇CO + CH 4 (R10) 

Methoxy (CH 3 ̇O) and formyl (H ̇CO) radicals further decompose 522 

by reactions R4 and R11, respectively, giving reactive Ḣ atoms and 523 

then leading to the increase of the reaction rate of the high sensi- 524 

tive promoter reaction R8. 525 

H ̇CO + M � Ḣ + CO + M (R11) 

Fig. 12. Reaction pathway analysis for 0.75% DMC (italic font) and 1.75% DMC (bold 

font), ϕ = 1.0, P = 2 atm, T = 1350 K. Carried out at the time of 20% fuel conversion. 

Fig. 13. Sensitivity analysis for 0.75% DMC and 1.75% DMC, ϕ = 1.0, P = 2 atm, 

T = 1350 K. 

Other important promoting reaction, mainly for the mixture 526 

with 0.75% DMC, is the dimethyl ether decomposition reaction R3. 527 

This reaction promotes reactivity because besides forming ĊH 3 rad- 528 

icals, it also produces reactive Ḣ atoms via the decomposition of 529 

CH 3 ̇O radicals (reaction R4). 530 

H-atom abstraction from DMC by Ḣ atoms (reaction R5), is the 531 

most inhibiting reaction as it forms a stable hydrogen molecule 532 

from a very reactive hydrogen atom, and this reaction also com- 533 

petes with the most important chain-branching reaction R8, by 534 

consuming approximately 47% of the total concentration of Ḣ 535 

atoms, resulting in a reduced reactivity. 536 

The other reactions inhibiting reactivity are termination reac- 537 

tions which involve consumption of ĊH 3 radicals (mainly for the 538 

mixture of 1.75% DMC) by reactions R12 and R13, and very reac- 539 

tive Ḣ atoms (mainly for the mixture of 0.75% DM) via reactions 540 

R14 and R15, to produce stable species. 541 

ĊH 3 + H ̇O 2 � CH 4 + O 2 (R12) 

ĊH 3 + ĊH 3 ( + M) � C 2 H 6 ( + M) (R13) 
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Fig. 14. Effect of the pressure on ignition delay times of DMC for ϕ = 0.5 (mix- 

tures 1B, 4B, 1C and 4C in Table 2 ), 1.0 (mixtures 2B, 5B and 2C in Table 2 ) and 

2.0 (mixtures 3B and 6B in Table 2 ). Symbols: experimental data. Lines: Aram- 

coMech2.0 + SunDMC_mod mode ling. 

H ̇O 2 + Ḣ � H 2 + O 2 (R14) 

ĊH 3 + Ḣ ( + M) � CH 4 ( + M) (R15) 

4.3.2. Effect of the pressure 542 

Figure 14 shows the effect of pressure on DMC ignition delay 543 

times at all three equivalence ratios studied (mixtures 1B –6B and, 544 

1C, 2C and 4C in Table 2 ). No ignition was observed with the fuel- 545 

rich mixture compressed at 20 atm in the RCM (3C in Table 2 ) and, 546 

as mentioned in Section 2 , experiments with stoichiometric and 547 

fuel-rich mixtures compressed to 40 atm could not be performed 548 

in the RCM. 549 

The ignition delay time decreases with increasing pressure at 550 

all equivalence ratios, with a more pronounced pressure effect at 551 

Fig. 15. Reaction pathway analysis at a) T = 860 K and b) T = 1350 K for P = 20 (italic 

font) and 40 atm (bold font), ϕ = 0.5. Carried out at 20% fuel consumption. 

temperatures below approximately 1250 K. This increase in reac- 552 

tivity with increasing pressure is expected as at higher pressures 553 

the absolute concentration of reactants increases, thereby increas- 554 

ing the reaction rate. 555 

Rate of production/ROP and sensitivity analyses were performed 556 

at 860 K and 1350 K for 20 and 40 atm, ϕ = 0.5, and are shown in 557 

Figs. 15 and 16 , respectively. The analyses were carried out at low 558 

(860 K) and high (1350 K) temperature to account for the largest 559 

difference in ignition delay times observed at temperatures below 560 

1250 K. 561 

As shown in Fig. 15 , at a given temperature, the main reac- 562 

tion pathways for DMC consumption are the same at both pres- 563 

sures. However, there are differences in these at low and high 564 

temperatures. At high pressures and temperatures ( Fig. 15 b), the 565 

reaction flux resembles that at low pressures and high temper- 566 

atures ( Fig. 12 ), with the difference being that, at high pressure 567 

the unimolecular fuel decomposition reaction R1 is not impor- 568 

tant while H-atom abstraction reactions are important. H-atom ab- 569 

straction from DMC, mostly by ȮH radicals, is the dominant path- 570 

way consuming DMC at both pressures, being slightly higher at 571 

40 atm compared to 20 atm (55.1% and 47.6%, respectively). On the 572 

other hand, at high pressures and low temperatures ( Fig. 15 a), fuel 573 

consumption is controlled by H-atom abstraction reactions by ȮH 574 
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Fig. 16. Sensitivity analysis at a) T = 860 K and b) T = 1350 K for P = 20 and 40 atm, ϕ = 0.5. 

radicals, with the percentage of DMC consumption being almost 575 

the same at both pressures (84.1% and 84.3% at 20 atm and 40 atm, 576 

respectively). 577 

Figure 16 indicates that, at a given temperature, the reac- 578 

tions controlling reactivity are the same at both pressures, which 579 

suggests that the decrease in ignition delay time with increasing 580 

pressure, observed in Fig. 14 , is largely due to the increase in ab- 581 

solute concentration of reactants (DMC and O 2 ) at higher pressure, 582 

rather than to a change in the controlling chemistry. However, the 583 

reactions controlling the reactivity at low and high temperatures 584 

are completely different. 585 

At low temperatures (860 K, Fig. 16 a), there are three fuel- 586 

specific reactions (R16, R17, and R18) that strongly promote reac- 587 

tivity. 588 

CH 3 O(C 

= O) OCH 3 + CH 3 Ȯ 2 � CH 3 O(C 

= O) O ̇CH 2 + CH 3 O 2 H (R16) 

CH 3 O(C 

= O) OCH 3 + H ̇O 2 � CH 3 O(C 

= O) O ̇CH 2 + H 2 O 2 (R17) 

CH 3 O(C 

= O) OCH 3 + ȮH � CH 3 O(C 

= O) O ̇CH 2 + H 2 O (R18) 

The CH 3 O(C 

= O)O ̇CH 2 radicals formed from these three re- 589 

actions can further decompose to produce formaldehyde and 590 

CH 3 O ̇C 

= O radicals (reaction R6), which in turn decompose to pro- 591 

duce ĊH 3 radicals and CO 2 (reaction R7). Moreover, the CH 3 O 2 H 592 

and hydrogen peroxide (H 2 O 2 ) molecules formed, decompose to 593 

form one and two ȮH radicals through reactions R19 and R20, fur- 594 

ther promoting reactivity. 595 

CH 3 O 2 H � CH 3 Ȯ + ȮH (R19) 

H 2 O 2 ( + M) � ȮH + ȮH ( + M) (R20) 

Thus, for each molecule of fuel that reacts with methylperoxy 596 

(CH 3 ̇O 2 ) and hydroperoxyl (H ̇O 2 ) radicals, one and two ȮH radicals 597 

are formed, respectively. This greatly promotes reactivity because, 598 

as previously discussed in relation to Fig. 15 , the main path for 599 

DMC consumption at high pressures is H-atom abstraction by ȮH 600 

radicals, which in turn also promotes reactivity at high pressures 601 

and low temperatures ( Fig. 16 a). 602 
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Fig. 17. Effect of equivalence ratio on ignition delay times of a) 0.75% DMC and b) 

1.75% DMC at P = 2 atm (Mixtures 1A –6A in Table 1 ). Symbols: experimental data. 

Lines: AramcoMech2.0 + SunDMC_mod mode ling. 

Another reaction that promotes the formation of ȮH radicals 603 

and hence increases reactivity, is the reaction of formaldehyde 604 

with the CH 3 ̇O 2 radicals to produce H ̇CO radicals and CH 3 O 2 H 605 

molecules. This promotes reactivity because it leads to the forma- 606 

tion of ȮH radicals through ( 1) the decomposition of the CH 3 O 2 H 607 

molecules (reaction R19), and ( 2) the reaction of the H ̇CO radicals 608 

with molecular oxygen by the following reaction sequence: 609 

H ̇CO + O 2 � CO + H ̇O 2 (R21) 

H ̇O 2 + H ̇O 2 � H 2 O 2 + O 2 (R22) 

Thereafter the H 2 O 2 molecules decompose via reaction R20, 610 

leading to the formation of two ȮH radicals. 611 

As it is observed in Fig. 16 a, reaction R22 inhibits reactivity be- 612 

cause this termination reaction competes with H-atom abstraction 613 

from DMC (reaction R17). If H ̇O 2 radicals react with DMC instead 614 

of reacting with each other, two H 2 O 2 molecules can be formed 615 

(through reaction R17), ultimately leading to the formation of four 616 

ȮH radicals (through reaction R20), thereby increasing reactivity. 617 

The other reaction that inhibits reactivity is the termination re- 618 

action of CH 3 ̇O 2 with methyl radicals to produce two CH 3 ̇O rad- 619 

icals. In this way, CH 3 ̇O 2 radicals are consumed to produce sta- 620 

ble species instead of reacting with DMC (by reaction R16) to fur- 621 

ther form the ȮH radicals through the decomposition of CH 3 O 2 H 622 

molecules (reaction R19). 623 

Fig. 18. Effect of equivalence ratio on ignition delay time of DMC at P = 20 and 

40 atm (Mixtures 1B – 6B and 1C, 2C and 4C in Table 2 ). Symbols: experimental 

data. Lines: AramcoMech2.0 + SunDMC_mod mode ling. 

Fig. 19. Sensitivity analysis for ϕ = 0.5, 1.0, and 2.0, 1.75% DMC, P = 2 atm at 

T = 1350 K. 

The sensitivity coefficients of these two inhibiting reactions in- 624 

crease with decreasing pressure, indicating that these two reac- 625 

tions are more dominant at lower pressures. 626 

At high temperatures (1350 K, Fig. 16 b), most of the reactions 627 

promoting and inhibiting reactivity are similar to those discussed 628 

above in Fig. 13 . Reaction R1 leads to the formation of ĊH 3 radi- 629 

cals which promotes reactivity, since they react with hydroperoxyl 630 
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Fig. 20. Sensitivity analysis at a) T = 860 K and b) T = 1350 K, for P = 20 atm, ϕ = 0.5, 1.0, and 2.0. 

radicals to produce CH 3 ̇O radicals and highly reactive ȮH radicals 631 

(reaction R9). The other reactions promoting reactivity also involve 632 

the formation of ȮH radicals directly or by H 2 O 2 molecules and 633 

H ̇CO radicals as intermediates to ultimately produce ȮH radicals by 634 

reactions R20 –R22. On the other hand, the reaction between ĊH 3 635 

and H ̇O 2 radicals (reaction R12) and the recombination of two ĊH 3 636 

radicals to produce ethane (reaction R13) decrease reactivity be- 637 

cause these are chain-termination reactions and compete with the 638 

promoting reaction R9. 639 

The largest difference on the ignition delay times, observed 640 

between the two pressures at temperatures below 1250 K, is at- 641 

tributed to the fact that at low temperatures the system reactivity 642 

is highly controlled by reactions that involve fuel consumption (re- 643 

actions R16 –R18), thus the effect of increasing DMC concentration, 644 

due to the increase in pressure, is more noticeable than at high 645 

temperatures. 646 

4.3.3. Effect of the equivalence ratio 647 

The equivalence ratio dependence was also analyzed for low 648 

(2 atm) and high pressures (20 and 40 atm). Figure 17 shows 649 

that, at 2 atm at both DMC concentrations, ignition delay times 650 

decrease, i.e. reactivity increases with decreasing equivalence ra- 651 

tio (increasing O 2 fraction) at all temperatures investigated, with 652 

the fuel-lean mixture being the most reactive. Conversely, at high 653 

pressures reactivity increases with increasing equivalence ratio, as 654 

shown in Fig. 18 . This tendency is more prominent at lower tem- 655 

peratures indicating that DMC shows different equivalence ratio 656 

sensitivities at different temperatures. 657 

In order to analyze the equivalence ratio sensitives of igni- 658 

tion delay time under different equivalence ratio at low (2 atm) 659 

and high (20 atm) pressure, a sensitivity analysis is shown in 660 

Figs. 19 and 20 , respectively. The high pressure sensitivity analysis 661 

( Fig. 20 ) was performed at low (860 K) and high (1350 K) tempera- 662 

ture to account for the largest difference on the ignition delay time 663 

observed in the lower temperature regime. 664 

It is highlighted that at low pressure ( Fig. 19 ), reaction R8 pro- 665 

motes reactivity (decreases ignition delay times), while at high 666 

pressure ( Fig. 20 ), reactions involving DMC consumption are more 667 

important in promoting reactivity (reactions R16 –R18 for low tem- 668 

perature and reaction R1 for high temperature) instead of reac- 669 

tion R8. Consequently, the fuel-lean mixture is more reactive at 670 

low pressures ( Fig. 17 ) due to its higher oxygen content which 671 

leads to a higher reaction rate of reaction R8. On the other hand, 672 

the fuel-rich mixture is more reactive at high pressures ( Fig. 18 ) 673 
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because its higher DMC content leads to a higher reaction rate of 674 

the fuel-specific reactions. The largest difference in reactivity is in 675 

the lower temperature regime since, as seen in Fig. 20 , there are 676 

more fuel-specific reactions promoting reactivity at low tempera- 677 

tures ( Fig. 20 a) than at high temperatures ( Fig. 20 b). 678 

5. Conclusions 679 

This work presents ignition delay time measurements of 680 

DMC/O 2 /Ar and DMC/O 2 /air mixtures in low- and high-pressure 681 

shock tubes and in a rapid compression machine. Investigation of 682 

the effects of some experimental parameters such as, DMC con- 683 

centration (0.75% and 1.75%), equivalence ratio (0.5, 1.0, and 2.0), 684 

and reflected shock temperature (795 –1585 K) and pressure (2.0, 685 

20, and 40 atm) were performed to further understand the low 686 

and high temperature and pressure behavior of DMC oxidation. 687 

The performance of four models from the literature in pre- 688 

dicting the present experimental data was analyzed, followed by 689 

the study of the effect of the thermodynamic of the CH 3 O(C 

= O) ̇O 690 

radical species on ignition delay time calculations. It was ob- 691 

served that, depending on the rate constant for the fuel decompo- 692 

sition reaction CH 3 O(C 

= O)OCH 3 � CH 3 O(C 

= O) ̇O + ĊH 3 , the ther- 693 

modynamics of the CH 3 O(C 

= O) ̇O radical species have an effect 694 

on the ignition delay times at high temperatures, at both low- 695 

and high-pressures. The effect of the reaction CH 3 O(C 

= O)OCH 3 �696 

CH 3 O(C 

= O) ̇O + ĊH 3 on the calculations of ignition delay times was 697 

also analyzed. 698 

A final model, Aramco2.0 + SunDMC_mod, whose calculations 699 

showed good agreement with the ignition delay time measure- 700 

ments from this work, was used to perform reaction path and sen- 701 

sitivity analyses to determine the most important reactions con- 702 

trolling DMC oxidation over the wide range of conditions studied. 703 

This model was also used to calculate the concentration profiles 704 

of species measured in flow reactors, and opposed flow diffusion 705 

and laminar premixed flames showing satisfactory predictions of 706 

the experimental results. 707 

The kinetic study showed that reactivity of the system (re- 708 

duction of the ignition delay time) increases with an increase 709 

in DMC concentration and in pressure due to the increase in 710 

reactant concentrations. On the other hand, the influence of the 711 

equivalence ratio depends on pressure; at low pressures reac- 712 

tivity increases with decreasing equivalence ratio, while at high 713 

pressures reactivity increases with increasing equivalence ratio. 714 

This is because, at low pressures, reactivity is mainly due to 715 

the reaction Ḣ + O 2 � Ö + ȮH, and thus the lower the equiv- 716 

alence ratio (increasing O 2 fraction), the higher is the rate of 717 

this chain-branching reaction. On the contrary, at high pressures 718 

the reactivity of the system is promoted by fuel-specific reac- 719 

tions (CH 3 O(C 

= O) OCH 3 + CH 3 ̇O 2 � CH 3 O(C 

= O) O ̇CH 2 + CH 3 O 2 H; 720 

CH 3 O(C 

= O) OCH 3 + H ̇O 2 � CH 3 O(C 

= O) O ̇CH 2 + H 2 O 2 ; and 721 

CH 3 O(C 

= O) OCH 3 + ȮH � CH 3 O(C 

= O) O ̇CH 2 + H 2 O for low tem- 722 

perature, and CH 3 O(C 

= O)OCH 3 ( + M) � CH 3 O(C 

= O) O + CH 3 for 723 

high temperature), thus higher equivalence ratio (increasing fuel 724 

concentrations) lead to higher reactivity. At high pressures, the 725 

influence of pressure and equivalence ratio on ignition delay times 726 

is more prominent at low temperatures because a large number of 727 

fuel-specific reactions promote reactivity in this regime. 728 
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