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a b s t r a c t 

With the aim to study potential cooperative effects in the low-temperature oxidation of dual-fuel com- 

binations, we have investigated prototypical hydrocarbon (C 5 H 12 ) / oxygenated (C 2 H 6 O) fuel mixtures by 

doping n - pentane with either dimethyl ether (DME) or ethanol (EtOH). Species measurements were per- 

formed in a flow reactor at an equivalence ratio of φ = 0.7, at a pressure of p = 970 mbar, and in the 

temperature range of 450–930 K using electron ionization molecular-beam mass spectrometry (EI-MBMS). 

Series of different blending ratios were studied including the three pure fuels and mixtures of n - pentane 

containing 25% and 50% of C 2 H 6 O. Mole fractions and signals of a significant number of species with 

elemental composition C n H 2n + x O y ( n = 1–5, x = 0–( n + 2), y = 0–3) were analyzed to characterize the be- 

havior of the mixtures in comparison to that of the individual components. Not unexpectedly, the overall 

reactivity of n - pentane is decreased when doping with ethanol, while it is promoted by the addition of 

DME. Interestingly, the present experiments reveal synergistic interactions between n - pentane and DME, 

showing a stronger effect on the negative temperature coefficient (NTC) for the mixture than for each 

of the individual components. Reasons for this behavior were investigated and show several oxygenated 

intermediates to be involved in enhanced OH radical production. Conversely, ethanol is activated by the 

addition of n -pentane, again involving key OH radical reactions. Although the main focus here is on the 

experimental results, we have attempted, in a first approximation, to complement the experimental ob- 

servations by simulations with recent kinetic models. Interesting differences were observed in this com- 

parison for both, fuel consumption and intermediate species production. The inhibition effect of ethanol 

is not predicted fully, and the synergistic effect of DME is not captured satisfactorily. The exploratory 

analysis of the experimental results with current models suggests that deeper knowledge of the reaction 

chemistry in the low-temperature regime would be useful and might contribute to improved prediction 

of the low-temperature oxidation behavior for such fuel mixtures. 

© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 

1. Introduction 1 

Adverse effects on the environment and climate caused by the 2 

combustion of fossil fuels in conventional engines underline the 3 

need for more efficient and cleaner engine–fuel combinations [1,2] . 4 

Fuel additives as a component of intelligent fuel design can serve 5 

to control the ignition timing in advanced engine concepts us- 6 

ing homogeneous charge compression ignition (HCCI), reactivity- 7 
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controlled compression ignition (RCCI), and stratified-charge com- 8 

pression ignition (SCCI), with the prospect of cleaner burning pro- 9 

cesses and higher thermal efficiencies [3,4] . However, the opera- 10 

tion of such engine–fuel combinations must rely on the fundamen- 11 

tal knowledge of the combustion chemistry that drives the low- 12 

temperature auto-ignition of fuel mixtures. Such low-temperature 13 

combustion (LTC) strategies can involve mixtures of high-cetane 14 

and high-octane fuels with their synergistic combustion character- 15 

istics to achieve high thermal efficiencies, and several approaches 16 

have been demonstrated, e.g. using primary reference fuels with 17 

additives to achieve efficient engine control and ignition timing 18 

[5,6] . High-cetane fuels usually auto-ignite early, showing typical 19 

low-temperature heat release (LTHR) and high-temperature heat 20 

release (HTHR) characteristics. The addition of high-octane fuels 21 
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suppresses the early LTHR, shifting more of the heat release from 22 

high-cetane fuels closer to the top dead center of engines, thereby 23 

improving the combustion efficiency in internal combustion en- 24 

gines. Q2 
25 

Dual-fuel mixtures are a good basis to understand the chem- 26 

istry of multi-component mixtures. In spite of its importance 27 

for practical applications in engines, however, detailed informa- 28 

tion regarding potential interactions between different fuel compo- 29 

nents in the LTC regime remains scarce. The auto-ignition of mix- 30 

tures with simple molecular structures was investigated recently 31 

[7,8] , including methane/dimethyl ether (DME) and propane/DME 32 

blends. These studies have profited from the numerous low- 33 

temperature oxidation investigations of light C 3 –C 4 alkanes 34 

[8–18] as a substantial basis to examine dual-fuel interactions. Re- 35 

garding heavier alkanes, n -heptane/ethanol (EtOH) blends were in- 36 

vestigated by Saisirirat et al . [19,20] under HCCI and jet-stirred 37 

reactor (JSR) conditions, with a noted impact of n -heptane on 38 

ethanol consumption between 600 and 700 K. Their work mainly 39 

focused on ignition delay times, however, and only a few inter- 40 

mediates were observed which could not illustrate the nature of 41 

the interaction between n -heptane and ethanol [19,20] . A challenge 42 

to fully understand such interactive effects for fuels of the size 43 

of n -heptane or iso -octane is the large number of isomeric struc- 44 

tures that are formed in the low-temperature oxidation reactions 45 

via alkyl (R), peroxyalkyl (ROO), and hydroperoxyalkyl (QOOH) rad- 46 

icals. The identification and quantification of these radicals and 47 

their subsequent reaction products are often beyond the capability 48 

of commonly used diagnostic techniques. Furthermore, significant 49 

uncertainties exist in the pressure-dependent kinetic parameters of 50 

these reactions [21–25] which limit the further development of ac- 51 

curate kinetic models. As a reasonable compromise, we have there- 52 

fore chosen n - pentane (C 5 H 12 ), an alkane component in gasoline, 53 

as the primary fuel in this work to explore its interaction with fuel 54 

additives of different ignition reactivity. Q3 
55 

As for lighter or heavier alkanes [8–18,21–25] , a number of 56 

studies have been performed of the low-temperature oxidation of 57 

n - pentane, using rapid compression machine (RCM) [26–35] , shock 58 

tube (ST) [34–36] , and JSR [37–40] experiments. Most of the pre- 59 

vious experimental work focused on the macroscopic auto-ignition 60 

behavior of n - pentane, with detailed speciation reported only in 61 

recent publications of Bugler et al . [39] and Rodriguez et al . [40] . 62 

Bugler et al . [39] have also developed a mechanism for the auto- 63 

ignition of pentane isomers which they examined against JSR data 64 

(50 0–110 0 K, 1 and 10 atm) obtained by gas chromatography (GC), 65 

cavity ring-down spectroscopy (CRDS), and Fourier transform in- 66 

frared spectroscopy (FTIR). Rodriguez et al . [40] complemented the 67 

atmospheric-pressure JSR experiments in the temperature range 68 

of Bugler et al . [39] with measurements using synchrotron vac- 69 

uum ultraviolet photoionization mass spectrometry (SVUV-PIMS). 70 

Their experiment successfully identified and separated contribu- 71 

tions of different isomers, especially of saturated, unsaturated, and 72 

carbonyl hydroperoxides. These recent investigations support the 73 

choice of n - pentane as base fuel for the present work. 74 

DME and ethanol have been selected as isomeric fuel additives 75 

of different reactivity in this study. They are considered as poten- 76 

tial or widely applied biofuels that could reduce the emission of 77 

air pollutants [1,41,42] . DME has been used as a fuel additive or 78 

alternative fuel in compression ignition engines because of its ex- 79 

cellent auto-ignition characteristics [43] . It has a high cetane num- 80 

ber (CN = 55) and was found to be an excellent ignition improver 81 

for HCCI engines [44,45] . The present knowledge on these two 82 

isomeric fuels’ low-temperature oxidation reactions is more de- 83 

tailed for DME than for ethanol. Experimental investigations, in- 84 

cluding ignition delay [7,46] and speciation [41,47–54] measure- 85 

ments in JSRs and flow reactors have laid an extensive founda- 86 

tion for DME’s reaction kinetics. Quantum chemical calculations 87 

were performed for both the first and second O 2 addition reac- 88 

tions, as well as the further reactions of the CH 3 OCH 2 O 2 (ROO) and 89 

CH 2 OCH 2 OOH (QOOH) intermediates [55] . The pressure-dependent 90 

description for these reactions is sensitive to the low-temperature 91 

oxidation of DME [56] , which was well considered in the recently 92 

published DME models of Burke et al . [7] and Rodriguez et al . [57] . 93 

Very recently, Jiang et al . [58] determined ignition delay times of 94 

n -pentane/DME mixtures and their experimental results compared 95 

favorably to the pentane isomer model by Bugler et al . [35] . The 96 

situation for a detailed study including reactive intermediates of 97 

n -pentane/DME interactive mixture effects in the LTC regime at- 98 

tempted here should thus be considered favorable. 99 

Ethanol is a commonly used additive to fossil transportation fu- 100 

els. Different from DME, ethanol has a high research octane num- 101 

ber (RON = 109 [59] ) and displays single-stage ignition. Compared 102 

to ample studies on the high-temperature combustion of ethanol, 103 

its low-temperature oxidation chemistry has attracted lesser atten- 104 

tion [51,60–63] . Haas et al . [61] and Herrmann et al . [51] stud- 105 

ied the oxidation of pure ethanol in flow reactor conditions with 106 

somewhat different results. Very weak negative temperature co- 107 

efficient (NTC) behavior might have been observed for the rich 108 

ethanol/O 2 /Ar mixture by Herrmann et al . [51] as evident from 109 

their Fig. 3 a, but not in the work of Haas et al . [61] . The model 110 

of Cancino et al . [60] also showed a slight NTC behavior in the 111 

reproduction of Herrmann et al . ’s data [51] , but no further stud- 112 

ies confirmed these results. Recognizing these difficulties, ethanol 113 

auto-ignition has been investigated very recently for ST and RCM 114 

conditions by adding DME as a radical initiator [64] . 115 

Regarding this background, it is to be expected that n -pentane 116 

will exhibit different global NTC behavior when blended with ei- 117 

ther isomer of C 2 H 6 O, namely DME or ethanol. However, there 118 

is a lack of prior information on the detailed oxidation reactions 119 

and intermediate species mole fractions or on any potential in- 120 

teractions between the two fuels in such mixtures. We therefore 121 

provide speciation experiments in a flow reactor for both, the 122 

dual-fuel mixtures of n - pentane/DME and n -pentane/EtOH, at near- 123 

atmospheric pressure and in the temperature range of 450 –930 K. 124 

The species composition along the reaction progress was analyzed 125 

using electron ionization molecular-beam mass spectrometry (EI- 126 

MBMS). The results for the mixtures were compared to the behav- 127 

ior of each individual fuel component. Temperature-resolved, ex- 128 

tensive species information has thus been obtained systematically 129 

regarding synergistic or antagonistic effects between these fuels of 130 

different reactivity, and combined with an analysis of the detailed 131 

chemical oxidation pathways. 132 

Although the main emphasis in the present work is on the ex- 133 

perimental results, we have complemented the measured species 134 

data with initial simulations by two recent kinetic models. Specifi- 135 

cally, we have used the model for pentanes of the Galway group 136 

[39] and the recent update of the Polimi mechanism [17] . Dis- 137 

crepancies between experiment and simulation were noted and 138 

are discussed in an attempt to improve the understanding of the 139 

low-temperature oxidation mechanisms for these mixtures includ- 140 

ing interactive effects. 141 

2. Experimental and numerical approaches 142 

2.1. Flow reactor experiment 143 

The low-temperature oxidation reactions of n - pentane, DME, 144 

ethanol, and the respective dual-fuel mixtures were investigated 145 

in a flow reactor in the temperature regime of 450–930 K (step 146 

size �T = 5 K), keeping several important parameters constant. The 147 

experiments were consistently performed at φ = 0.7, 970 mbar, a 148 

total cold gas flow rate of 300 sccm (standard cubic centimeters 149 

per minute at 1 atm and 273.15 K), and an argon dilution of 90%. 150 
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Table 1 

Experimental conditions; γ is the fraction of n -pentane in the mixture: γ = x C5H12 /( x C5H12 + x d ), d : DME or EtOH. 

Fuel Name P (bar) φ γ Gas flow rate (sccm), std. 273.15 K, 1 atm 

Total Ar O 2 C 5 H 12 DME EtOH 

n -Pentane (C 5 H 12 ) P100 0.97 0.7 300.0 270.0 27.59 2.414 

Dimethyl ether (DME) D100 0.97 0.7 300.0 270.0 24.32 5.676 

Ethanol (EtOH) E100 0.97 0.7 300.0 270.0 24.32 5.676 

C 5 H 12 /DME mixtures PD75 0.97 0.7 0.75 300.0 270.0 27.18 2.114 0.705 

PD50 0.97 0.7 0.50 300.0 270.0 26.61 1.694 1.694 

C 5 H 12 /EtOH mixtures PE75 0.97 0.7 0.75 300.0 270.0 27.18 2.114 0.705 

PE50 0.97 0.7 0.50 300.0 270.0 26.61 1.694 1.694 

A lean stoichiometry was chosen due to the importance of lean 151 

and efficient burning and of the influences of high amounts of 152 

oxygen for the formation of oxygenated species. Electron ioniza- 153 

tion molecular-beam mass spectrometry was employed to identify 154 

the species composition. A detailed description of the experimen- 155 

tal set-up, including both the reactor and mass spectrometry tech- 156 

nique, has been reported earlier [41,51,52] so that only some de- 157 

tails of importance for the present experiment are given here. 158 

The reactor is a fused silica tube with an inner diameter of 159 

8 mm. Its total length is 1.4 m, with a heating area of 1.3 m that 160 

is divided into 8 independently regulated zones [65] . These are 161 

heated using an electrical furnace and are controlled by Ni-Cr/Ni 162 

thermocouples at the outside wall of the reactor. The exhaust gas 163 

from the reactor is extracted with a quartz nozzle (50 μm orifice) 164 

at the reactor exit and guided via a copper skimmer and a two- 165 

stage differential pumping system into the ionization chamber of 166 

the mass spectrometer. Molecules are then ionized by a 17 eV elec- 167 

tron beam and detected by their time of flight with a resolution of 168 

m / �m ≈ 2200, enabling the separation of hydrocarbon and oxy- 169 

genated species of the same nominal mass. 170 

The inlet conditions for the oxidation experiments are listed in 171 

Table 1 and address the three individual fuels as well as two sets 172 

each of n -pentane mixtures with DME or EtOH. n -Pentane ( ≥99%) 173 

was supplied by ChemSolute, and ethanol ( ≥99.96%) was provided 174 

by VWR Chemicals. Gases were obtained from Linde AG, including 175 

dimethyl ether ( ≥99.9%), O 2 ( ≥99.5%), and Ar ( ≥99.996%). The frac- 176 

tion of n -pentane in the mixture is expressed as γ in Table 1 . The 177 

delivery of n -pentane and ethanol relied on a dialysis pump (Protea 178 

PM-10 0 0) providing flow rates in the μl/min range with uncertain- 179 

ties of 1%. To prepare the respective mixtures, gases were metered 180 

by calibrated mass flow controllers (MKS Instruments, uncertainty 181 

∼5%), and liquid fuels were vaporized, mixed with the gases, and 182 

then preheated to 423 K prior to the reactor inlet. 183 

Quantitative species mole fractions were determined whenever 184 

possible according to the procedure by Schenk et al . [66] using Ar 185 

as the reference. Following that work, the ratio of the integrated 186 

ion signal of a species to a reference signal is proportional to the 187 

ratio of their mole fractions, weighted by an energy-dependent cal- 188 

ibration factor that includes a number of relevant experimental 189 

parameters. Here, the calibration factors for major species (C 5 H 12 , 190 

DME, EtOH, O 2 , H 2 O, CO, and CO 2 ) were determined from calibra- 191 

tion with cold-gas samples and using the C, H, and O element bal- 192 

ances at high-temperature equilibrium conditions. Intermediates 193 

were calibrated by simulating the signal ("convolution" method 194 

in [66] ). The resulting uncertainties of mole fractions for major 195 

species are typically within 15%, and those for intermediate species 196 

are within a factor of 2, depending on the available cross section 197 

information from the literature. In cases where electron ionization 198 

cross sections or calibration information was not available as for 199 

some of the detected oxygenated species, relative species profiles 200 

are reported in terms of signal intensities normalized by the re- 201 

spective fuel inlet mole fraction to facilitate the analysis of trends 202 

between the behavior of individual mixture components and the 203 

mixtures. All experimental data reported in this work are provided 204 

in Supplementary Material 1 (SM1). 205 

2.2. Numerical simulation 206 

Simulations of the oxidation process in a laminar flow reac- 207 

tor have typically assumed a constant gas temperature or have re- 208 

lied on measured gas temperature profiles along the reactor, deter- 209 

mined in non-reactive flows at identical reactor wall temperature 210 

[41,49,67] . Heat release in such reacting systems, typically approx- 211 

imated as negligible for highly diluted mixtures, is thus not con- 212 

sidered, and consequently, negligible heat transfer between the re- 213 

acting gas and the reactor wall is assumed, as no highly diluted 214 

conditions have been used here (10% reactive mixture). This limit 215 

may not be applicable for less diluted conditions, especially since 216 

temperature is a very sensitive parameter in the low-temperature 217 

oxidation process. An accurate physical model of a laminar flow re- 218 

actor should consider mass convection, mass diffusion, heat release 219 

of the reacting gas, thermal conductivity, and thermal exchange 220 

with the wall of the reactor. 221 

Since this work is mainly focused on reporting experimental 222 

results, we provide only a first approximation of model predic- 223 

tions for the investigated conditions. The simulation of the flow 224 

reactor using the OpenSMOKE ++ package [68] follows procedures 225 

by Refs. [51,65] . A multi-zone approach was used, dividing the re- 226 

actor into a pre-heating zone (14 cm), a reaction zone (111 cm), 227 

and a cooling zone (5 cm). A time-resolved non-isothermal solu- 228 

tion was applied. The temperature profile of the non-reacting ar- 229 

gon flow was measured along the reactor at different heating tem- 230 

peratures, and the heat transfer coefficient k for transfer between 231 

the heating furnace and the reacting gas through the flow reac- 232 

tor wall was evaluated by simulating a pure (non-reactive) argon 233 

flow. As a result, a coefficient of k = 10 W m 

−2 K 

−1 was assigned 234 

for all reaction conditions. Details for the evaluation of k are pro- 235 

vided together with the measured and simulated gas temperature 236 

profiles (Fig. S1) in Supplementary Material 2 (SM2). We acknowl- 237 

edge that this approach may reach its limits for the reactive mix- 238 

tures with very temperature-sensitive chemistry, and suggest that 239 

the assumptions made here should be tested with more refined 240 

models in the future that might consider two-dimensional effects 241 

and changing heat transfer depending on reaction conditions. 242 

For the initial simulation, two recent mechanisms were chosen 243 

to explore the interaction between n -pentane and dimethyl ether 244 

or ethanol. The mechanism by Bugler et al . [39] , here called the 245 

NUIG model, provides a low-temperature oxidation pentane sub- 246 

mechanism, which was improved based on their previous model 247 

[35] and examined against ignition delay times and JSR experi- 248 

mental data. The DME and ethanol sub-mechanisms in the NUIG 249 

model were also comprehensively investigated in their former ki- 250 

netic studies [7,49,62] . Also, we have chosen the long-term devel- 251 

oping and regularly updated model by Ranzi et al . [17] , here called 252 

Polimi model. Their recent improvements in the low-temperature 253 

oxidation chemistry were focused on the reaction of carbonyl- 254 
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hydroperoxides and peroxy radicals [17,21] . In any case, compar- 255 

isons of our experimental data reported here with model simula- 256 

tions should be regarded as an initial exploration focused mainly 257 

on the trends observed for the mixtures, with the aim to detect 258 

substantial deviations between experiment and model that may 259 

serve to guide further model development. 260 

3. Results and discussion 261 

In this section, experimental results are presented for the dual- 262 

fuel mixtures and analyzed in consideration of those for the in- 263 

dividual fuels. The main aim is to detect and contribute to under- 264 

standing differences in reactivity and species formation in the low- 265 

temperature regime with n -pentane as the base fuel upon addition 266 

of each of the two oxygenated isomers. In addition, initial mod- 267 

eling is performed for the three individual fuels and the mixtures 268 

to examine, in particular, their capability to reproduce the trends 269 

in the low-temperature oxidation behavior. Generally, we will limit 270 

the model analysis to the NUIG model [39] , with some additional 271 

results given for the Polimi model [17] , especially to illustrate dif- 272 

ferences in the prediction for the fuel mixtures. A species list of the 273 

NUIG model with all species discussed in this work can be found 274 

in Table S1 in SM2 with formula, model name, nomenclature and 275 

structure. 276 

Section 3.1 will present the conversion of the individual fuels 277 

and the dual-fuel combinations. Section 3.2 will provide more de- 278 

tailed insight into the reaction pathways for the different fuel com- 279 

ponents by reporting temperature-dependent profiles of interme- 280 

diate species with an emphasis on the behavior of the fuel mix- 281 

tures. Section 3.3 will conclude with selected aspects of the low- 282 

temperature chemistry of these dual-fuel combinations. 283 

3.1. Reactivity of dual-fuel mixtures 284 

Selected experimental results for the low-temperature oxidation 285 

of all individual fuels and fuel combinations listed in Table 1 are 286 

given in Fig. 1 . It shows the consumption of fuel and O 2 as well 287 

as the formation of H 2 O and permits a first inspection of the 288 

temperature-dependent oxidation behavior. All major species pro- 289 

files are presented in Figs. S2–S8 in SM2 together with simulations 290 

with the NUIG and Polimi models. The profiles in Fig. 1 are pre- 291 

sented with the same scale, and a thin broken line at 616 K, the 292 

temperature for the low-temperature minimum of n -pentane con- 293 

sumption, is included to facilitate comparison. 294 

As expected, both n -pentane and DME show a two-stage oxi- 295 

dation behavior ( n -pentane: 616 K and 830 K, DME: 550 K and ad- 296 

ditional ignition at 750 K not in the focus here), while the con- 297 

sumption of ethanol starts only above 750 K. The low-temperature 298 

minimum of the fuel mole fraction near 550 K for DME is sig- 299 

nificantly lower than for n -pentane at 616 K. These tempera- 300 

tures compare quite well with the results of Herrmann et al . 301 

[51] for DME and ethanol (see also the Supplemental Material 302 

of that paper), and of Bugler et al . [39] for n -pentane, consid- 303 

ering the slightly different conditions in those studies. Increasing 304 

addition of DME to n -pentane increases the reactivity and shifts 305 

the minimum to temperatures below that for pure n -pentane. 306 

Ethanol/ n -pentane mixtures show some low-temperature reaction 307 

already for PE50 as particularly evident from the H 2 O mole frac- 308 

tion with a peak near 625 K, and further increasing reactivity for 309 

PE75, with minima shifted to higher temperatures than for pure 310 

n - pentane. 311 

In Fig. 2 , the interaction effects are visualized in more detail, 312 

showing only the fuel consumption curves including predictions 313 

with both models. The four panels (a –d) consider these effects 314 

with n -pentane as the base fuel to which increasing amounts of 315 

DME (a and c) and ethanol (b and d) are added. Every profile is 316 

normalized by the inlet mole fraction of n - pentane in the specific 317 

mixture to ensure comparability between the measurements. The 318 

bottom two panels (e and f) take an inverse perspective, with DME 319 

and ethanol as the respective basis and a corresponding normal- 320 

ization. Because of the normalization, identical profiles would be 321 

expected if no mixture effects occurred. 322 

The enhancement of the reactivity of n - pentane by DME in pan- 323 

els (a and c) in Fig. 2 is quite well reproduced by both mod- 324 

els. The experimental profiles are slightly shifted toward lower 325 

temperatures and may indicate a small trend of increasing low- 326 

temperature fuel conversion ( conversion = 1 – consumption) that 327 

is, however, within the experimental uncertainty. In the NTC re- 328 

gion, some differences are seen in the shape of the experimen- 329 

tal profiles with increasing DME addition, and the recovery of the 330 

fuel mole fraction toward the initial value near 750 K is less pro- 331 

nounced for the PD50 mixture. The NUIG model reproduces the 332 

shape of the profile excellently for the pure n - pentane condition 333 

and catches the trends for all conditions quite well. With shifts to 334 

lower temperatures by about 12 K for PD75 and 22 K for PD50 and 335 

an increase in low-temperature fuel conversion, it slightly over- 336 

predicts the effect of DME on the reactivity. With the Polimi model, 337 

the predictions are closer to the experimental results, with shifts 338 

by about 8 K and 16 K to lower temperatures and almost identi- 339 

cal fuel consumption in this regime, and a slightly better repre- 340 

sentation of the profiles also at higher temperatures. A tendency 341 

toward predicting two peaks can be noted in the NTC region for 342 

both the PD75 and PD50 mixtures. This effect is seen also in the 343 

major species curves in Figs. S5 and S6 in SM2. The reason for this 344 

behavior seems to be related to the representation of heat trans- 345 

fer in the numerical simulation (see Section 2.2 ), since exploratory 346 

modeling results for these two neat fuels and their mixtures with- 347 

out considering the heat release of the reacting gases (Figs. S9–S12 348 

in SM2) do not show this two-peak behavior. As explained above 349 

in Section 2.2 , the present modeling results should be considered 350 

as a first approximation, awaiting a more full description of two- 351 

dimensional effects and changing heat release that is, however, be- 352 

yond the present study with a mainly experimental focus. 353 

As seen in Fig. 2 b and d, the addition of ethanol significantly 354 

inhibits the consumption of n - pentane in contrast to the effect 355 

of DME. It shifts the consumption temperature to a higher re- 356 

gion, narrows the temperature window of the NTC zone, and sig- 357 

nificantly reduces the maximum fuel conversion. Both models can 358 

well reproduce the n - pentane profile for the PE75 mixture but fail 359 

for PE50. The measured maximum conversion of n - pentane in PE50 360 

is near 40%, while the NUIG model predicts only about 20% and the 361 

Polimi model shows only very weak low-temperature reaction. 362 

Instead of focusing on n - pentane as the base fuel to which DME 363 

or ethanol is added, the opposite perspective is assumed in Fig. 2 e 364 

and f which reports the consumption profiles for the oxygenated 365 

fuels. From this perspective, the addition of n - pentane inhibits the 366 

low-temperature behavior of DME but promotes that of ethanol. 367 

The strong effect evident from the experiments upon n - pentane 368 

addition to DME ( Fig. 2 e) is also reflected in the model predictions. 369 

The measured low-temperature consumption profiles are shifted 370 

to higher temperatures by 35 K for PD50 and 49 K for PD75. Both 371 

NUIG and Polimi models overestimate the reactivity of DME in the 372 

mixture conditions, and the NUIG model presents a wider temper- 373 

ature shift than the Polimi model. Also, differences are noted be- 374 

tween experiment and model in the consumption around 725 K as 375 

a function of n - pentane addition, not well reflected in the NUIG 376 

model that apparently considers only weak interaction between 377 

both fuels and thus leads to negligible deviations between the 378 

PD75 and PD50 cases. The Polimi model results in a slightly better 379 

match with the experimental consumption curve in this region. A 380 

synergistic effect between DME and n - pentane is observed in the 381 

experiment, detecting somewhat higher conversion of these two 382 

Please cite this article as: H. Jin et al., Chemical interaction of dual-fuel mixtures in low-temperature oxidation, comparing n- 

pentane/dimethyl ether and n-pentane/ethanol, Combustion and Flame (2018), https://doi.org/10.1016/j.combustflame.2018.03.003 

https://doi.org/10.1016/j.combustflame.2018.03.003


H. Jin et al. / Combustion and Flame xxx (2018) xxx–xxx 5 

ARTICLE IN PRESS 

JID: CNF [m5G; March 13, 2018;13:12 ] 

Fig. 1. Temperature-dependent species mole fraction profiles for Ar, fuel, O 2 , and H 2 O for pure DME (D100), n -pentane (P100), and ethanol (E100) as well as for mixtures of 

either oxygenated fuel with 75% (PD75, PE75) and 50% (PD50, PE50) of n -pentane. The broken line at 616 K is drawn to guide the eye. The temperature plotted on the x -axis 

is the set temperature at the outside wall of the reactor. 

active fuels in their mixtures than for each fuel individually. Trends 383 

in the two models differ in this respect. 384 

The addition of n - pentane to ethanol enhances the ethanol re- 385 

activity in the low-temperature region ( Fig. 2 f). While inhibition 386 

of n - pentane consumption in this regime was already visible upon 387 

50% ethanol addition (PE50, Fig. 2 b,d), ethanol conversion in the 388 

PE50 mixture is negligible within the experimental uncertainty 389 

(therefore not included in Fig. 2 f). A strong promotion tendency 390 

of n - pentane is seen for the PE75 mixture that shows a maxi- 391 

mum low-temperature ethanol conversion of 35%. One reason why 392 

the ethanol mole fraction could decrease would be a dilution ef- 393 

fect by n - pentane; the total moles of the reacting gas can ex- 394 

pand due to the oxidation of n - pentane, leading to a reduction of 395 

the ethanol mole fraction. To confirm the reaction of ethanol near 396 

650 K, the result of a simulation with an assumed non-reactive 397 

ethanol species is provided in Fig. S13 in SM2 that shows the di- 398 
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Fig. 2. Reactivity for neat fuels and dual-fuel mixtures. Experimental fuel consumption mole fraction profiles ( symbols ) are given as a function of temperature, together with 

model simulations ( lines ). Panels (a-d): n -Pentane consumption profiles for pure n -pentane fuel and for mixtures containing 75% and 50% n -pentane with DME (a and c) or 

EtOH (b and d); each profile is normalized by the inlet mole fraction of n -pentane. Simulation results for (a and b) were obtained with the NUIG model [39] and for (c and 

d) with the Polimi model [17] . Panels (e and f): Consumption profiles for DME (e) and EtOH (f) for different inlet conditions; each profile is normalized by the respective 

inlet fuel mole fraction. Solid line: NUIG model, dashed line: Polimi model. The profile for PE50 is not shown in (f) because of negligible low-temperature chemistry behavior. 

lution effect to be negligible compared to the chemical reaction. 399 

The experimental observations for n - pentane addition to ethanol 400 

are reasonably well predicted by both models ( Fig. 2 f). 401 

For a deeper understanding of the low-temperature reaction be- 402 

havior of the fuel mixtures in consideration of the detailed reac- 403 

tions of the individual components, intermediate species formation 404 

along the fuel decomposition and oxidation reaction pathways will 405 

be presented with a focus on the experimental data, including dis- 406 

cussion of simulation trends with the NUIG model. 407 

3.2. Intermediate species formation 408 

In the following, we will discuss the formation of key inter- 409 

mediate species observed in the low-temperature oxidation of the 410 

dual-fuel mixtures in view of the reaction pathways of the individ- 411 

ual fuel components. Although the general structure of these LTC 412 

pathways is quite well known, schematic diagrams for the fuel- 413 

specific reactions in this study are presented for n - pentane in Fig. 3 414 

and for the two oxygenated fuels in Fig. 4 . They are intended to fa- 415 

cilitate identification of intermediate species discussed in the text 416 

by their mass and molecular structure (compare also Table S1 in 417 

SM2) as well as by an assigned code number. 418 

The following discussion is organized along the reaction path- 419 

ways of n - pentane and will present the experimentally observed 420 

species profiles for this base fuel and the dual-fuel mixtures re- 421 

garding important classes of low-temperature intermediates and 422 

changes upon DME and ethanol addition. Simulation results with 423 

the NUIG model are included for orientation. 424 

Starting with the fuel n - pentane (RH, P1 ), H-abstraction forms 425 

the fuel radicals (R, P2 ) and the subsequent first oxygen addi- 426 

tion yields pentylperoxy radicals (ROO, P3 ), not detectable in the 427 

present experiment, however. ROO can either form hydroperox- 428 

ypentanes ( P4 ) by H-addition or alkenes ( P5 ) by HO 2 -elimination 429 

or isomerize to QOOH radicals ( P6 ). Along the reaction progress, 430 

the first stable, and thus detectable species are hydroperoxypen- 431 

tanes ( P4 ) and alkenes ( P5 ), discussed in Section 3.2.1 . After iso- 432 

merization of ROO ( P3 ) ↔ QOOH ( P6 ), a second O 2 -addition step 433 

can occur leading to O 2 QOOH ( P7 ) species. By OH-elimination the 434 

ketohydroperoxide (KHP, P8 ) is formed, which is the next sta- 435 

ble and detectable intermediate, presented in Section 3.2.2 , with 436 

consideration also of the ketohydroperoxide in the DME oxida- 437 

tion, hydroperoxymethyl formate (HPMF, D8 ). In Section 3.2.3 , 438 

selected small oxygenated intermediates are provided includ- 439 

ing hydroperoxyalkanes, acids, and carbonyl compounds, acces- 440 

sible through further decomposition of the ketohydroperoxide, 441 
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Fig. 3. Reaction pathway diagram for n -pentane. Species code starts with P, the first figure denotes the step along the reaction progress, and isomers are distinguished by 

the second figure (e.g., P2-3 identifies one of the three isomers of the fuel radical in the n - pentane oxidation). FAC: formic acid, AAL: acetaldehyde, FAL: formaldehyde. 

and Section 3.2.4 reports information on some further detected 442 

intermediates. 443 

3.2.1. Hydroperoxypentanes (P4) and pentenes (P5) 4 4 4 

3.2.1.1. Hydroperoxypentanes (C 5 H 12 O 2 , P4). Hydroperoxyalkanes 445 

are the products of ROO radicals via chain termination reac- 446 

tions, recognized as a competing channel to the ROO ↔ QOOH 447 

isomerization [12] . The signal of the stable species detected at 448 

a mass-to-charge ratio of m / z = 104 with formula C 5 H 12 O 2 is 449 

therefore assigned here to hydroperoxypentanes ( P4 ), without a 450 

possibility to discriminate between the P4-1 , P4-2 , and P4-3 iso- 451 

mers in Fig. 3 , however. Temperature-dependent C 5 H 12 O 2 profiles 452 

for the different conditions are provided in Fig. 5 . The experi- 453 

mental profiles present the maximum for the base fuel n - pentane 454 

near 585 K in close agreement with the start of the fuel conver- 455 

sion. Small temperature shifts are observed when adding DME 456 

or ethanol to n -pentane. Modeling results, however, predict more 457 

important shifts, similarly to those observed for the n - pentane 458 

consumption profiles in Fig. 2 . Quantification of hydroperoxypen- 459 

tanes ( P4 ) was not possible because of lacking electron ionization 460 

cross sections, but the relative trends, namely higher conversion of 461 

C 5 H 12 → C 5 H 12 O 2 in the mixtures, are evident from the observed 462 

signal intensities, normalized to the inlet n -pentane mole fraction. 463 

As an indication for the probable concentration range, a mole 464 

fraction of about 3 × 10 −5 has been observed by Rodriguez et al . 465 

[40] for the sum of hydroperoxypentanes in pure n -pentane oxida- 466 

tion under their lean JSR conditions. Hydroperoxypentane isomers 467 

( P4 ) are formed via the reaction of hydroperoxypentyl radicals 468 

(C 5 H 11 O 2 , ROO, P3 ) and HO 2 . Thus, the formation of hydroperox- 469 

ypentane ( P4 ) is determined by the efficiency of the pentyl ( P2 ) 470 

production in the reacting system. DME oxidation provides an 471 

enhanced amount of OH radicals already at lower temperatures, 472 

shifting hydroperoxypentane ( P4 ) formation to lower temperatures 473 

and slightly increasing the amount. In contrast, ethanol reduces 474 

the production of hydroperoxypentanes ( P4 ) and increases their 475 

formation temperature slightly. Particularly for the PE50 mixture, 476 

the signal is too weak to be detected in the experiment, thus 477 

only the modeling result is provided in Fig. 5 . The NUIG model 478 

predictions show a slight tendency to overestimate the intensity 479 

of the influence of the oxygenated additive. 480 

3.2.1.2. Pentenes (C 5 H 10 , P5). Temperature-dependent profiles for 481 

C 5 H 10 ( P5 ) are given in Fig. 6 ; the mole fraction represents the 482 

sum of 1-pentene and 2-pentene, with the C 5 H 10 signal cali- 483 

brated as 1-pentene (with calibration based on 2-pentene, the total 484 

mole fraction would be 4.9% higher). The profiles reveal both low- 485 

temperature reactions as well as high-temperature formation from 486 

the fuel radicals (R, P2 ). Temperature shifts in both regimes are 487 

negligible for DME addition and minor upon ethanol addition, a 488 

trend that is also well captured by the model. Mixtures containing 489 
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Fig. 4. Reaction pathway diagram for DME and ethanol. Species codes follow the same rules as in Fig. 3 . FAC: formic acid, AAL: acetaldehyde, FAL: formaldehyde. 

Fig. 5. Signal intensities ( left axis, arbitrary units ) of C 5 H 12 O 2 , assigned to hydroperoxypentanes ( P4 ), normalized by the different inlet mole fractions of n - pentane ( symbols ) 

and quantitative mole fractions ( right axis ) from NUIG model predictions ( lines ). (a) n -Pentane/DME, (b) n -pentane/EtOH. No experimental data of C 5 H 12 O 2 is observed in 

PE50 due to its low concentration, thus only the modeling result is provided. 

75% n - pentane (PD75 and PE75) present similar pentene maxima 490 

to that in pure n - pentane (P100) oxidation, and reduction effects 491 

are only visible for the 50:50 mixtures (PD50 und PE50). Simu- 492 

lation results have been divided by a factor of 2 to fit the scale 493 

in Fig. 6 since the model over-predicts the mole fractions in all 494 

cases. For pure n - pentane oxidation, Bugler et al . [39] also show 495 

a tendency to over-predict especially 2-pentene concentrations un- 496 

der lean conditions at φ = 0.5 and 1 atm. 497 

3.2.2. Ketohydroperoxides (P8, D8) 498 

3.2.2.1. Pentane ketohydroperoxide (C 5 H 10 O 3 , P8). Figure 7 presents 499 

the signal intensity for C 5 H 10 O 3 ( P8 ), normalized by the differ- 500 

ent n - pentane inlet conditions. Note again that all profiles should 501 

be identical because of this normalization if no mixture effects 502 

would occur. The observed signal can be ascribed to the sum 503 

of C 5 -ketohydroperoxide ( P8 ), the three isomers of which have 504 

been identified by Rodriguez et al . [40] ; from their SVUV-PIMS 505 
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Fig. 6. Experimental mole fractions ( left axis ) of pentenes (sum of C 5 H 10 , P5 , symbols ), normalized (in the n -pentane-containing mixtures) by the different n - pentane inlet 

mole fractions, and NUIG model predictions ( right axis ) for the sum of 1-pentene and 2-pentene ( lines ). (a) n -Pentane/DME, (b) n -pentane/EtOH. Please note that all simulation 

results have been divided by a factor of 2. 

Fig. 7. Signal intensities ( left axis, arbitrary units ) for C 5 H 10 O 3 assigned to C 5 -ketohydroperoxides ( P8 ), normalized by the different inlet mole fractions of n - pentane ( symbols ), 

and quantitative mole fractions ( right axis ) from NUIG model prediction ( lines ). (a) n -Pentane/DME, (b) n -pentane/EtOH. 

study they reported a somewhat preferential formation of 3- 506 

hydroperoxy-pentanal ( P8-1 ) and 1-hydroperoxy-3-pentanone ( P8- 507 

3 ) over that of 2-hydroperoxy-4-pentanone ( P8-2 ), which is kinet- 508 

ically favored, however, and provided mole fraction values of the 509 

order of 10 −5 for the sum of the C 5 -ketohydroperoxides for pure n - 510 

pentane oxidation under lean JSR conditions. Quantification is not 511 

possible here because electron ionization cross sections are lack- 512 

ing. The addition of DME ( Fig. 7 a) reduces the formation temper- 513 

ature, in agreement with the observed tendencies for n -pentane 514 

consumption and hydroperoxypentane formation (see above). The 515 

model represents the relative profile shape reasonably well for the 516 

pure n -pentane (P100) case. For the mixtures investigated here, 517 

the model overestimates the influence of DME. The reason may be 518 

lacking low-temperature-related reactions of the mixtures, as e.g., 519 

RO 2 + R’O 2 → RO + R’O + O 2 and H-abstraction of the RO 2 species 520 

of both fuels. With the addition of ethanol, the reactivity of the 521 

system is significantly reduced ( Fig. 7 b), and the profiles for the 522 

n - pentane/ethanol blends are shifted to higher temperature. The 523 

maximum signals decrease, in agreement with the lower consump- 524 

tion of n - pentane in Fig. 2 b. The NUIG model can reproduce the 525 

tendencies for different conditions reasonably well, with the some- 526 

what larger differences in the NTC region that were already ev- 527 

ident in the fuel consumption profiles ( Fig. 2 b). For all five con- 528 

ditions, the experimental peak positions agree well with those 529 

for the hydroperoxypentanes ( P4 ), as might be expected from the 530 

close relation of these species along the reaction pathway ( Fig. 3 ), 531 

and those from the model again exhibit a larger spread in temper- 532 

ature. 533 

3.2.2.2. DME ketohydroperoxide (C 2 H 4 O 4 , HPMF, D8). The general 534 

formation path of the ketohydroperoxide of DME proceeds simi- 535 

lar to that of the pentane ketohydroperoxide (compare Fig. 4 ). In 536 

their experiments focused on low-temperature oxidation of DME 537 

in a JSR, Moshammer et al . [53,54] have identified the signal at 538 

m/ z = 92 corresponding to the sum formula of C 2 H 4 O 4 as hydroper- 539 

oxymethyl formate (HPMF, D8 ). In the present work, HPMF ( D8 ) 540 

was only detected for pure DME conditions due to its significant 541 

fragmentation and correspondingly, low signal. CH 4 O 3 at m/z = 64 542 

was confirmed by Moshammer et al . [53] to be a dominant frag- 543 

ment of HPMF ( D8 ) by CO loss. They also performed theoretical 544 

calculations and assigned its structure as hydroxymethyl hydroper- 545 

oxide (HOOCH 2 OH, D9 ), clarifying earlier results of Wang et al . 546 

[41] , who had also reported strong signals at this mass but as- 547 

sumed the species to be either hydroxymethyl hydroperoxide ( D9 ) 548 

or trihydroxymethane. For the PD75 and PD50 mixtures, we thus 549 

consider the signal at m/z = 64 to be representative of HPMF (D8) 550 

in light of the results of [53] . Figure 8 reports the results for 551 

m/z = 92 (HPMF, D8 ) in the pure DME case (see insert top left) 552 

and m/z = 64 (CH 4 O 3 , D9 ) for pure DME and the PD75 and PD50 553 

mixtures. The temperatures of the maxima for both signals agree, 554 

supporting the assumption that the signal at m/z = 64 can be used 555 

as an indicator for HPMF. 556 

With the addition of a large amount of n - pentane, the con- 557 

centration of HPMF (D8) decreases significantly, e.g. , a reduction 558 

of 90% for PD50 which can be partly due to diluting and chem- 559 

ical effects. Further reasons can include the shift toward higher 560 

temperatures that could enhance the decomposition of such labile 561 
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Fig. 8. Signal intensities ( symbols, left axis, arbitrary units ) of m/z = 64 (CH 4 O 3 , D9 ) 

and ( insert top left ) of m/z = 92 (HPMF, D8 ) for D100, together with quantitative 

mole fractions from NUIG model predictions for HPMF ( lines, right axis ). For D100 

and m/z = 64, both measured and modeled results are divided by a factor of 5. Pro- 

files have been normalized by the different inlet mole fractions for DME. 

species. Higher temperatures would also favor the reverse reac- 562 

tion of R + O 2 , leading to a lower formation of ketohydroperoxide 563 

species and ultimately to reduced OH concentrations involved in 564 

forming fuel radicals. Nevertheless, the change seems more signif- 565 

icant than that for the C 5 -ketohydroperoxides ( P8 ) in Fig. 7 , and 566 

it may reveal information about the competition of the DME radi- 567 

cal (CH 3 OCH 2 , D2 ) with the pentyl radical ( P2 ) in the combination 568 

with O 2 molecules. Concerning the profile shapes, the NUIG model 569 

(D8) predicts a narrower temperature distribution of HPMF than 570 

the experiment for all conditions, with a width of only ∼20 K ver- 571 

sus ∼50 K in the experiment, and it also provides smaller temper- 572 

ature shifts than the experiments with increasing n - pentane addi- 573 

tion. 574 

3.2.3. Selected small oxygenated intermediates 575 

3.2.3.1. Hydroperoxymethane (CH 4 O 2 , P9-1) and hydroperoxyethane 576 

(C 2 H 6 O 2 , P9-2). Unlike hydroperoxypentanes ( P4 ) that were dis- 577 

cussed before, smaller hydroperoxyalkanes are secondary oxidation 578 

products. Within the detection limit of the experiment of a few 579 

ppm, no quantifiable signals could be observed for hydroperoxybu- 580 

tane (C 4 H 10 O 2 ) and hydroperoxypropane (C 3 H 8 O 2 ). However, the 581 

smaller species hydroperoxymethane (CH 4 O 2 , P9-1 ) and hydroper- 582 

oxyethane (C 2 H 6 O 2 , P9-2 ) could be found. Methyl and ethyl radi- 583 

cals are derived from the decomposition of C 5 -ketohydroperoxides 584 

( P8 ) and pentylperoxy radicals (ROO, P3 ), and their reactions with 585 

O 2 or HO 2 can lead to the formation of these smaller hydroper- 586 

oxyalkanes. The profiles of CH 4 O 2 ( P9-1 ) and C 2 H 6 O 2 ( P9-2 ) in 587 

Fig. 9 are normalized (in the n -pentane-containing mixtures) by 588 

the inlet mole fractions of n - pentane, and for the pure fuels, P100 589 

shows higher conversion to these small hydroperoxyalkanes ( P9 ) 590 

than DME. 591 

Since doping with DME promotes the reactivity of the system 592 

and consequently, the formation of pentyl radicals (R, P2 ) and 593 

of typical intermediates derived from the fuel decomposition, it 594 

also enhances the formation of the hydroperoxyalkanes in Fig. 9 a 595 

and c in the PD75 mixture. No significant further increase is ob- 596 

served with increased DME content for PD50, however. This behav- 597 

ior is different in the model for both, hydroperoxymethane ( Fig. 9 a 598 

and b) and hydroperoxyethane ( Fig. 9 c and d), especially for the 599 

formation of the latter in PD50. In the oxidation of DME, hydroper- 600 

oxymethane ( P9-1 ) is proposed to be formed along a sequence 601 

from the CH 3 OCH 2 OO radical (the ROO of DME, D3 ) via methyl 602 

formate ( D4 ) and methyl radicals [54,69] . For pure DME (D100), 603 

hydroperoxymethane ( P9-1 ) is indeed experimentally observed as 604 

shown in Fig. 9 a, but the NUIG model predicts only insignificant 605 

amounts. Similar observations were noted by Moshammer et al . 606 

[54] , who report a mole fraction for hydroperoxymethane of the 607 

order of 10 −5 and point out large discrepancies between their DME 608 

JSR experiment and several models including the NUIG DME mech- 609 

Fig. 9. Signal intensities ( symbols, left axes, arbitrary units ) of CH 4 O 2 and C 2 H 6 O 2 assigned to hydroperoxymethane ( P9-1 ) and hydroperoxyethane ( P9-2 ), respectively, nor- 

malized (in the n -pentane-containing mixtures) by the different inlet mole fractions of n- pentane, and quantitative mole fractions from NUIG model predictions ( lines, right 

axes ). (a and c) n -Pentane/DME, (b and d) n -pentane/EtOH. 
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Fig. 10. Quantitative mole fractions of CH 2 O 2 , calibrated as formic acid (HCOOH, FAC ), normalized (in the n -pentane-containing mixtures) by the different n- pentane inlet 

mole fractions. Symbols: experiment ( left axes ); lines: NUIG model predictions ( right axes ). (a) n -Pentane/DME, (b) n -pentane/EtOH. 

anism [7] . Ethanol can form neither of these hydroperoxyalkanes 610 

in its low-temperature reactions, so that in mixtures of n -pentane 611 

and ethanol they must be produced only from n - pentane. Their 612 

formation tendencies in P100, PE75, and PE50 ( Fig. 9 b and d) are 613 

similar to those of the hydroperoxypentanes ( P4 ) (see Fig. 5 b). The 614 

shift with ethanol to higher temperature is expected because of 615 

the decrease of the system in reactivity. The wider spread of the 616 

peak temperatures in the modeling results is similar to that shown 617 

before for the C 5 -ketohydroperoxides ( P8 ). The NUIG model repre- 618 

sents the observed tendencies for these mixtures reasonably well. 619 

3.2.3.2. Formic acid (FAC). Acids are important intermediates in the 620 

fuel oxidation process and lead to the formation of CO, CO 2 , and 621 

esters. For the mixtures of n - pentane and DME, pentanoic, acetic, 622 

and formic acid are the most favorable products. Possible acid mass 623 

peaks, at m/z = 102, 60, and 46 respectively, were detected in this 624 

work by EI-MBMS. However, in their investigation of n - pentane ox- 625 

idation with SVUV-PIMS, Rodriguez et al . [40] identified the peak 626 

of m/z = 102 as pentenylhydroperoxide, and their PIE curve did not 627 

indicate a slope at the ionization energy of pentanoic acid. The 628 

species of m/z = 60 was identified as acetic acid by GC in the n - 629 

pentane oxidation study of Bugler et al . [39] . Here, we would need 630 

to consider not only acetic acid for m/z = 60 but also methyl for- 631 

mate, since it dominates in the oxidation of DME [51] . With the 632 

used electron ionization, however, isomer identification was not 633 

possible. The signal at m/z = 46 (CH 2 O 2 ) is likely to be formic acid 634 

( FAC ) as there are no other reasonable isomers, and is therefore 635 

calibrated as formic acid in this experiment. It is a typical DME- 636 

derived intermediate. n - Pentane also forms formic acid ( FAC ), but 637 

not in a similar amount as DME. Thus, FAC is selected as a typical 638 

species here to represent the interaction of n - pentane and DME. 639 

Figure 10 a shows the experimental results for pure n - pentane, 640 

DME, and their mixtures, together with model simulations, while 641 

the complementary mixtures with ethanol, for which no significant 642 

interaction is noted, are presented in Fig. 10 b. 643 

Large temperature shifts are seen along the replacement of n - 644 

pentane with DME that are quite well matched by the model and 645 

correspond approximately to the consumption maxima in Fig. 2 . 646 

Trends for the mixtures in the low-temperature region are quite 647 

well captured by the NUIG model that over-predicts FAC for P100, 648 

however, and under-predicts it for D100. This could be explained 649 

by the lacking importance of a reaction producing formic acid as 650 

suggested by Wang et al . [70] . They showed that the isomeriza- 651 

tion reaction of OCH 2 OCHO → HOCH 2 OCO is predicted to be more 652 

dominant in most models than its reaction to form formic acid 653 

(OCH 2 OCHO → HCOOH + HCO) which has; however, a much lower 654 

energy barrier and should therefore be more dominant (see Fig. 3 655 

of Ref. [70] ). For the n - pentane/DME mixtures, the NUIG model re- 656 

Fig. 11. Rate of production analysis of formic acid (HCOOH) for different inlet con- 

ditions modeled by the NUIG model at the temperatures of the respective maxi- 

mum mole fraction ( ±5 K) in the NTC zone. 

veals two formation pathways of formic acid to yield major con- 657 

tributions as shown in the rate of production (ROP) analysis in 658 

Fig. 11 , where the reaction suggested in Ref. [70] is not considered. 659 

From the ROP in Fig. 11 it can be seen that the pathway involv- 660 

ing acetaldehyde (CH 3 CHO, AAL ) is important in the n - pentane ox- 661 

idation, while the HOCH 2 O radical ( D12 ) channel contributes for 662 

both fuels, but to a larger extent for DME oxidation. Over this 663 

channel, FAC is formed via the decomposition of HPMF ( D8 ) for 664 

D100 (see Fig. 4 ), or the combination of OH and CH 2 O via the in- 665 

termediate radical of HOCH 2 O for P100 (see Fig. 3 ). The formalde- 666 

hyde pathway becomes more important with the addition of DME. 667 

However, the rate constant of this channel estimated in the NUIG 668 

model is much faster than that from the theoretical investigation 669 

of Xu et al . [71] , and its influence might thus be overestimated. 670 

3.2.3.3. Carbonyl compounds. Formaldehyde ( FAL ), acetaldehyde 671 

( AAL ), and butanone are important intermediates in n - pentane ox- 672 

idation [39] . AAL is mainly formed via the decomposition of 2- 673 

hydroperoxy-4-pentanone ( P8-2 ), which is, however, not the ma- 674 

jor ketohydroperoxide isomer in the n -pentane oxidation accord- 675 

ing to Rodriguez et al . [40] , who measured only P8-1 and P8-3 676 

in their experiment. However, P8-2 is quite important in the for- 677 

mation of methyl radicals and impacts the formation of hydroper- 678 

oxymethane ( P9 -1 ), formaldehyde ( FAL ) and even OH radicals via 679 

its subsequent reactions. The mole fractions of acetaldehyde and 680 

formaldehyde, normalized (in the n -pentane-containing mixtures) 681 

by the inlet mole fraction of n - pentane, are given in Fig. 12 ; as 682 

stated before, changes observed are thus due to interactive effects 683 

in the mixtures. 684 

As seen in Fig. 12 a, the AAL mole fraction is not changed sig- 685 

nificantly upon blending with 25% DME, but it is notably reduced 686 

with 50% DME, while the model predicts a constant AAL mole 687 

fraction. With increasing ethanol addition ( Fig. 12 b), the pathway 688 

forming acetaldehyde from ethanol (compare Fig. 4 ) gains impor- 689 

tance, as also seen in the ROP analysis in Fig. 13 . Ethanol is ac- 690 
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Fig. 12. Quantitative mole fractions of (a and b) acetaldehyde ( AAL ) and (c and d) formaldehyde ( FAL ), normalized (in the n -pentane-containing mixtures) by the different n- 

pentane inlet mole fractions. Symbols: experimental measurements ( left axes ); lines: NUIG model predictions ( right axes ). (a and c) n -Pentane/DME, (b and d) n -pentane/EtOH. 

Fig. 13. Contributions of the main pathways in the formation of acetaldehyde 

(CH 3 CHO, AAL ) and formaldehyde (CH 2 O, FAL ) for the different inlet conditions. The 

results were obtained with the NUIG model at the respective maximum AAL and 

FAL mole fractions ( ±5 K) in the NTC zone. Abbreviations: C 5 H 9 O1-2OOH-4 is 2- 

hydroperoxy-4-methyltetrahydrofuran, O 2 C 5 H 10 OH23 the pentan-3-ol-2-peroxy rad- 

ical, NC 5 KET24O ( P10-2) the 2-pentanoxide-4-one radical, and sC 2 H 4 OH ( E2-3 ) the 

α-ethanol radical. (Compare also nomenclature and structures in Table S1 in SM2). 

tivated by OH provided by the n - pentane oxidation. The ethanol 691 

radical (sC 2 H 4 OH , E2-3 ) that consumes ∼70% of ethanol is the pre- 692 

cursor of acetaldehyde. 693 

Formaldehyde ( FAL ) as a typical oxidation intermediate is 694 

formed by different reactions for the three investigated fuels. 695 

CH 3 radical reactions provide major contributions to FAL for n - 696 

pentane, while the decomposition of CH 3 OCH 2 OO (ROO, D3 ) and 697 

CH 2 OCH 2 OOH (QOOH, D6 ) radicals are the main formation reac- 698 

tions of formaldehyde ( FAL ) in the oxidation of DME. For ethanol, 699 

the formation of FAL involves pathways via the methyl and the 700 

O 2 C 2 H 4 OH ( E3-1 ) radicals. Figure 12 c and d shows the normal- 701 

ized mole fractions of formaldehyde for all mixtures. Opposite ten- 702 

dencies are observed. With DME addition, the mole fraction in- 703 

creases compared to P100, but PD75 and PD50 show nearly the 704 

same amount. With the addition of ethanol, the mole fraction is 705 

similar for P100 and PE75, but lower for PE50. 706 

The behavior of acetaldehyde ( AAL ) and formaldehyde ( FAL ) 707 

could be roughly explained by the enhanced H-abstraction of C 5 - 708 

ketohydroperoxides ( P8 ) according to the work of Ranzi et al . 709 

[17] . The common reaction pathway for the decomposition of ke- 710 

tohydroperoxide species is described as O-O scission and sub- 711 

sequent β-scission. Here, this reaction sequence would lead to 712 

the formation of acetaldehyde. However, the decomposition path- 713 

way by H-abstraction of the C 5 -ketohydroperoxide and subsequent 714 

β-scission proposed by Ranzi et al . [17] would lead to penta- 715 

dione and ketene. These recently proposed reaction classes are 716 

not included in the NUIG kinetic model, and their implementa- 717 

tion could lead to a better prediction of acetaldehyde especially 718 

for PD50 compared to PD75 (see Fig. 12 a). The ROP analysis for 719 

acetaldehyde ( AAL ) in Fig. 13 shows that NC 5 KET24O ( P10-2 ) is 720 

the main pathway, with the caveat, however, that the used model 721 

does not include the competing channels. The ROP analysis for 722 

formaldehyde ( FAL ) in Fig. 13 shows another important forma- 723 

tion channel from the CH 3 COCH 2 O radical ( via the acetonyl radi- 724 

cal) in the blends with ethanol. It is a product of the unimolecu- 725 

lar decomposition of 2-hydroperoxy-4-pentanone ( P8-2 ). Because 726 

of the reduced amount of OH by ethanol, it reduces the gen- 727 
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Fig. 14. Mole fractions of selected oxygenated and hydrocarbon intermediates at their respective maxima in the low-temperature regime (logarithmic scale); the mole 

fraction of each species is normalized by the inlet mole fraction of n- pentane for the respective condition. (a and d): experimental results; (b and e) predictions with the 

NUIG model; (c and f) predictions with the Polimi model. 

eral efficiency of formaldehyde formation but favors the uni- 728 

molecular decomposition of P8-2 . The production of formalde- 729 

hyde in the ethanol-containing blends is therefore altered to 730 

the reaction sequence 2-hydroperoxy-4-pentanone (C 5 H 10 O 3 , P8- 731 

2 ) → 2-pentanoxide-4-one (C 5 H 9 O 2 , P10-2 ) → CH 3 COCH 2 (C 3 H 5 O, 732 

acetonyl) → CH 3 COCH 2 O (C 3 H 5 O 2 ) → CH 2 O ( FAL ), compare also 733 

Fig. 3 . 734 

3.2.4. Further intermediates 735 

While the previous analysis has focused on the fuel decom- 736 

position schemes and small oxygenated species, a number of fur- 737 

ther intermediates has also been detected, and selected species are 738 

presented in Fig. 14 , with experimental results in panels (a and 739 

d) and predictions with the NUIG and Polimi models in panels 740 

(b,e and c,f). Again, all mole fractions (in the n -pentane-containing 741 

mixtures) have been normalized by the inlet mole fraction of n - 742 

pentane for the respective conditions. The maximum values of all 743 

species in the NTC zone are grouped in order to illustrate the se- 744 

lectivity of n - pentane reaction pathways impacted by the addition 745 

of DME or ethanol. Please note that full temperature-dependent 746 

mole fraction profiles over the entire range from 450 to 900 K are 747 

provided, together with simulations with the NUIG model, in Figs. 748 

S14–S21 in SM2. In general, the shapes of these profiles are reason- 749 

ably well predicted. However, with an emphasis on the experiment 750 

and on the low-temperature reactions in the dual-fuel mixtures, 751 

we will limit the discussion here to some aspects in the LTC re- 752 

gion. Due to the normalization, mole fraction values should agree 753 

if there were no interactive effects. Inspection of the patterns in 754 

Fig. 14 reveals some important differences between experimental 755 

and modeling results. 756 

Figure 14 a –c compares experiment and model predictions for 757 

selected oxygenated intermediates. Since acetic acid is the major 758 

acid produced in the oxidation of n - pentane [39] , it is identified as 759 

the dominant isomer of C 2 H 4 O 2 in P100, PE75, and PE50. How- 760 

ever, methyl formate is the oxidation product of DME with the 761 

formula of C 2 H 4 O 2 [51,54] , which is also observed in this exper- 762 

iment. Therefore, with the addition of DME, methyl formate be- 763 

comes the major isomer of C 2 H 4 O 2 . However, due to lacking EI 764 

cross sections of methyl formate, C 2 H 4 O 2 has been calibrated as 765 

acetic acid in all experiments. Hydroxyacetaldehyde would be an- 766 

other isomer, but there is no known pathway how it could be 767 

formed and it seems kinetically unlikely. Compared to the mod- 768 

eling results, this species is well-predicted by the Polimi model 769 

but highly under-predicted by NUIG model. Bugler et al . [39] also 770 
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Fig. 15. Schematic diagram of the major reaction cycles of (a) n- pentane, (b) DME, and (c) ethanol in the low-temperature oxidation of fuel blends. Solid thick arrows: 

reactions that produce OH radicals; solid thin arrows: H-abstraction reactions of the respective fuel; thick dashed arrows: reactions that promote the chain branching 

cycle; solid light-grey arrows: fictitious chain branching pathways of ethanol; thin dashed arrows: other products during the oxidation procedure. Abbreviations: KHP: 

ketohydroperoxide of n- pentane, HPMF: hydroperoxymethyl formate. 

reported the under-prediction of their measurement of C 2 H 4 O 2 in 771 

the oxidation of n - pentane in a JSR. 772 

The further species in Fig. 14 a –c are single oxygenated species 773 

of the sum formula C n H 2n O that can be assigned to cyclic ethers, 774 

aldehydes, and ketones, and C n H 2n-2 O that are probably ketenes. 775 

CH 2 O can only be formaldehyde, C 2 H 2 O obviously is ketene, and 776 

C 3 H 4 O has been calibrated as methyl ketene. According to previous 777 

analysis with GC, CRDS, and FTIR [39] , C 2 H 4 O was separated for 778 

oxirane and acetaldehyde, but is here calibrated only as acetalde- 779 

hyde due to missing distinction of isomers. In Ref. [39] , C 3 H 6 O was 780 

identified as propanal, acetone, 2-methyloxirane, and oxetane, here 781 

it is calibrated as acetone. In general, aldehyde compounds could 782 

be produced from the decomposition of the C 5 -hydroperoxides or 783 

ketohydroperoxides by breaking the O 

–OH bond in the hydroper- 784 

oxy group. Cyclic ethers are usually formed via the reactions of 785 

QOOH radicals. Looking at the tendencies in Fig. 14 a –c in both ex- 786 

perimental and modeling results, identical selectivity is observed 787 

in both experiment and Polimi model predictions among differ- 788 

ent C n H 2n O and C n H 2n-2 O species under different inlet condition 789 

except for PE50. The NUIG model predictions for CH 2 O, C 2 H 4 O 790 

and C 3 H 6 O are closer to the experimental values than those for 791 

the other shown species, with substantial deviations especially for 792 

C 2 H 2 O (ketene) and C 2 H 4 O 2 (acetic acid), see also Figs. S14 and S17 793 

in SM2. 794 

Figure 14 d –f presents the experimental and modeling results 795 

for selected alkanes and alkenes. Pentene (C 5 H 10 , calibrated as 796 

1-pentene), propene (C 3 H 6 ), and ethene (C 2 H 4 ) are major inter- 797 

mediates. Both models well predict the formation of pentene and 798 

ethene, but under-predict the formation of butene (C 4 H 8 , here cal- 799 

ibrated as 1-butene) and propene. A uniform selectivity can be 800 

found among these species in different conditions in Fig. 14 d –f, 801 

except for ethane (C 2 H 6 ), for which experiment and model re- 802 

veal opposite tendencies with the addition of DME and ethanol. 803 

As observed in the formation of hydroperoxymethane ( Fig. 9 ), the 804 

methyl radical formed in the decomposition of DME undergoes 805 

the recombination to ethane, but not the reaction with O 2 . Since 806 

ethane is under-predicted by a factor of 100 in P100, a significant 807 

difference can be observed by the addition of DME for the model- 808 

ing result, but not in the experiment. 809 

3.3. Selected aspects influencing the reactivity 810 

To inspect the reactivity of the dual-fuel mixtures further, the 811 

known major low-temperature oxidation cycles for the three indi- 812 

vidual fuels are shown schematically in Fig. 15 . For all cycles, the 813 

solid thick arrows show reactions that produce OH radicals, while 814 

the solid thin arrows indicate OH-consumption. To obtain the max- 815 

imum of OH being produced from one complete cycle, the solid 816 

thick arrows after the second O 2 addition (behind O 2 QOOH) need 817 

to be considered as all other reactions producing OH before this 818 

step lead to a termination of the cycle. 819 

As seen in Fig. 15 a for n -pentane, the two-step O 2 addition re- 820 

action sequence from the fuel could yield three OH radicals (solid 821 

thick arrows after O 2 QOOH), while it consumes only one OH rad- 822 

ical in its pentyl radical production process via H-abstraction re- 823 

actions (solid thin arrow). The α-step is the most important n - 824 

pentane consumption reaction, which may be in strong competi- 825 

tion in the fuel blends or with other primary intermediates during 826 

the reaction process. 827 

OH is the dominant initial radical for the recurrence of the 828 

branching process of DME. As shown in Fig. 15 b, a maximum of 829 

two OH radicals could be produced through one cycle (solid thick 830 

arrows after O 2 QOOH), while also only one OH is consumed by 831 

the DME radical formation (solid thin arrow). However, in the α- 832 

step, a strong competition from n - pentane impacts the consump- 833 

tion of OH radicals. When the more reactive fuel DME is added 834 

to n -pentane, OH radicals could be produced at lower tempera- 835 

tures, thus promoting the system’s reactivity. However, the max- 836 

imum conversion of n - pentane keeps almost the same with the 837 

addition of DME (compare Fig. 2 a), which means that the con- 838 

sumption of OH radicals by n - pentane does not significantly in- 839 

crease. This may be due to the similar concentration of OH radicals 840 

at identical equivalence ratio, or n - pentane taking advantage over 841 

DME in the competition of OH radical reactions. 842 

Figure 15 c shows the reactions of ethanol in the low- 843 

temperature region. The light-grey arrows indicate a fictitious sec- 844 

ond O 2 addition that cannot happen because of ethanol’s molec- 845 

ular structure. Therefore, ethanol consumes one OH radical (solid 846 

thin arrow), and produces almost none in its reaction recurrence, 847 

as the ROO is very unlikely to be formed. Since ethanol plays the 848 

role of an OH radical consumer in n - pentane/ethanol mixtures, it 849 

sufficiently reduces the pool of active radicals and inhibits the gen- 850 

eral reactivity of the whole system. 851 

As discussed above, the OH radical plays an important role in 852 

the H-abstraction of n - pentane, DME, and ethanol during the ig- 853 

nition progress in the low-temperature regime. H-abstraction re- 854 

actions, especially with OH, are the first step turning RH (C 5 H 12 , 855 

DME, or EtOH) into the R radical. It is interesting to view the bal- 856 

ance of OH and HO 2 , another prominent radical associated with 857 

low-temperature reactions. Fig. 16 shows the simulated mole frac- 858 

tion ratio of OH/HO 2 for all fuel conditions. It is the ratio between 859 

the maxima of OH and HO 2 radicals along the flow reactor at each 860 

temperature point in the range of 475–750 K. 861 

According to both, NUIG and Polimi models, the mole fraction 862 

of the OH radical is ∼10 −8 in the NTC zone, and that of the HO 2 863 

radical is ∼10 −5 in that zone, corresponding to the high reactiv- 864 
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Fig. 16. Ratio of maximum mole fractions of OH and HO 2 radicals x OH / x H O 2 along the flow reactor at each temperature point, predicted by the NUIG model for (a) the pure 

fuels, (b) the mixtures of n- pentane and DME, and (c) the mixtures of n- pentane and ethanol. 

ity of OH in the H-abstraction reactions. For the neat fuels, the 865 

x OH / x HO2 ratio is highest for DME at very low temperatures of 480–866 

580 K. After a slow but steady rise in this region, a steep increase 867 

occurs around 540 K, coincident with the DME low-temperature 868 

consumption maximum (see Fig. 2 e). With rising temperature, the 869 

low-temperature kinetics slows down and chain-terminating re- 870 

actions become of increasing importance. After a steep increase 871 

in OH production at about 560 K for n -pentane, approximately in 872 

the zone where low-temperature fuel consumption accelerates (see 873 

Fig. 2 a), a plateau is reached that represents the competing reac- 874 

tions in the NTC region. Similar approximately constant values of 875 

the x OH / x HO2 ratio are also evident in the intermediate tempera- 876 

ture range of about 570–670 K for DME and the n - pentane/DME 877 

mixtures in Fig. 16 b. As discussed before, ethanol shows a much 878 

lower relative OH production in the low-temperature regime, with 879 

a rise of the x OH / x HO2 ratio only noted above 650 K with much 880 

lower values than for the other two fuels, and it should be remem- 881 

bered that no significant low-temperature fuel consumption was 882 

noted in this case (see Fig. 2 f). Ethanol-containing mixtures with 883 

n -pentane exhibit a significantly increased OH production around 884 

580 K for PE75 and 600 K for PE50, approximately near the respec- 885 

tive start of fuel consumption; a plateau at higher temperatures 886 

up to 650 K can also be noted for these mixtures ( Fig. 16 c). The 887 

formation and consumption of OH radicals based on the reaction 888 

cycles in Fig. 15 can contribute to the understanding of the low- 889 

temperature system reactivity; more details on the efficiency of OH 890 

production following a similar analysis of Dames et al . [8] and Mer- 891 

chant et al . [18] for propane and propane/DME mixtures are also 892 

provided in Section S6 of SM2. They support the strong decrease in 893 

low-temperature reactivity for ethanol addition to n - pentane and 894 

show a small tendency of higher OH yield in the n -pentane/DME 895 

mixtures. It must be noted, however, that an assessment of the to- 896 

tal OH production in the system may explain some features of the 897 

dual-fuel behavior, especially when systems with quite different 898 

low-temperature reactivity are considered. For the n -pentane/DME 899 

mixtures that show synergistic effects, these cannot be understood 900 

in terms of the OH balance alone but need to consider the formed 901 

fuel radicals and other early intermediates and their secondary re- 902 

actions. For this reason, sensitivity analyses of OH were performed 903 

with the NUIG model for P100, PD75, and PD50 at 25% n -pentane 904 

conversion and are provided in Fig. 17 . 905 

The results also show the interaction of n - pentane and DME 906 

via the competition of the OH radical. In general, H-abstraction 907 

of n - pentane at the γ -site shows the highest negative coefficient, 908 

since for this radical it is most difficult to form new OH radicals 909 

in its further reactions. Upon DME addition, the abstraction reac- 910 

tions at the other two sites of n - pentane by OH radicals reduce 911 

their positive sensitivity or even turn to negative values. Second 912 

O 2 -addition reactions have stronger sensitivities than the first O 2 - 913 

addition step. The unimolecular decomposition reaction of the C 5 - 914 

Fig. 17. Sensitivity coefficient for OH to reaction rate pre-exponential factors 

at 25% n- pentane conversion (NUIG model). Abbreviations: NC 5 KET24 is 2- 

hydroperoxy-4-pentanone ( P8-2 ), NC 5 KET24O is the 2-pentanoxide-4-one radical 

( P10-2 ), C 5 H 10 OOH2-4 is the 2-hydroperoxy-4-pentyl radical, C 5 H 10 OOH2-4O 2 is the 

2-hydroperoxy-4-pentylperoxy radical, C 5 H 10 OOH3-1 is the 3-hydroperoxy-1-pentyl 

radical, C 5 H 10 OOH3-1O 2 is the 3-hydroperoxy-1-pentylperoxy radical, C 5 H 11 O 2 -2 is 

the 2-pentylperoxy radical ( P3-2 ), and C 5 H 10 -2 is 2-pentene ( P5-2 ); compare also 

nomenclature and structures in Table S1 in SM2. 

ketohydroperoxide ( P8 ), forming one OH radical, becomes slightly 915 

less important with the doping of DME, whilst the H-abstraction 916 

reaction of DME and the decomposition of HPMF ( D8 ) become very 917 

sensitive reactions for the mixture conditions, of increasing impor- 918 

tance with higher DME fraction. Especially the formation and de- 919 

composition reactions of the ketohydroperoxide of the respective 920 

fuel are thus important pathways in the formation of OH radicals 921 

influencing the overall reactivity of the system. 922 

4. Summary and perspectives 923 

The low-temperature oxidation of mixtures of n - pentane with 924 

the oxygenated C 2 H 6 O fuel isomers dimethyl ether and ethanol, 925 

including that of the three individual fuels, was experimentally in- 926 

vestigated in a flow reactor at an equivalence ratio of 0.7 and at- 927 

mospheric pressure, covering the temperature range of 450–930 K. 928 

Electron ionization molecular-beam mass spectrometry was used 929 

to provide a detailed species overview under all conditions, with 930 

quantitative evaluation as mole fraction profiles whenever possi- 931 

ble. In cases where only relative signal intensities could be pro- 932 

vided, trends between the individual fuels and the mixtures could 933 

be identified. The overall reactivity of the fuels and their mixtures 934 

was discussed, considering the very different low-temperature be- 935 

havior of the three individual fuels. To emphasize interactive ef- 936 

fects of the C 2 H 6 O isomers in the blends with n -pentane, nor- 937 

malization on the n -pentane inlet mole fractions was performed. 938 
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Ethanol, as a fuel that exhibits only marginal low-temperature re- 939 

activity, is a significant consumer of active free radicals and thus 940 

inhibits the oxidation process in the mixtures, whilst the mixture 941 

of two reactive fuels, n - pentane and DME, presents noticeable syn- 942 

ergistic effects where the maximum conversion of both n - pentane 943 

and DME is improved in the mixtures compared to the pure fuels. 944 

For a deeper albeit preliminary understanding of the effects in 945 

the LTC of the dual-fuel mixtures, two current models, namely the 946 

NUIG and the Polimi models that can both be considered well ex- 947 

amined for the individual fuels were adopted in simulations for 948 

all conditions. Both models were seen to perform reasonably well 949 

regarding the fuel consumption and major species formation for 950 

the individual fuels, but the predictions of temperature shifts and 951 

synergistic effects, especially in the oxidation behavior of the mix- 952 

tures leave room for improvement. Such further developments can 953 

in part be considered for the simulation of two-dimensional ef- 954 

fects and heat transfer in the flow reactor with more refined mod- 955 

els than used in these preliminary predictions, especially in zones 956 

with very temperature-sensitive reactions. 957 

The oxidation chemistry in the fuel mixtures was analyzed in 958 

more detail on the basis of the reaction pathways of the individual 959 

fuel components by following the sequence of initial fuel decom- 960 

position products and their further reactions by means of interme- 961 

diate species profiles. Mole fractions of oxygenated intermediates 962 

as well as selected hydrocarbon species were presented with an 963 

emphasis on the zone of the initial fuel conversion and NTC re- 964 

gion in the mixtures, and trends between experiment and model 965 

were compared, resulting in an overall somewhat diverse picture. 966 

While many trends seen in the experiments upon blending of n - 967 

pentane with either one of the two isomers are quite well repro- 968 

duced by these preliminary simulations, the magnitude of the ef- 969 

fects is not always correctly predicted, and large discrepancies are 970 

seen for some intermediates. 971 

Regarding the reactivity of the system, the OH balance as well 972 

as the ratio of OH and HO 2 , both important intermediates in 973 

the low-temperature oxidation zone, were inspected to assist un- 974 

derstanding of some aspects of the interactions for the dual-fuel 975 

mixtures. The OH competition between n - pentane and ethanol, 976 

two fuels with very different low-temperature reactivity, seems 977 

simpler than between n - pentane and DME that both show low- 978 

temperature reactions with different production cycles of OH. Sec- 979 

ondary products such as alkyl radicals could participate in this OH 980 

competition by enhancement of O 2 addition reactions that in turn 981 

can contribute to OH radical production. Because they are involved 982 

in the formation of OH radicals, acetaldehyde, hydroperoxyethane, 983 

and especially hydroperoxymethane, could also be considered as 984 

indicative species of the reactivity of the fuel mixture. Interactive 985 

effects between the reactive species provided in the fuel mixtures 986 

may result in a higher maximum conversion of both fuels than 987 

found for each of them individually. 988 

The work presented here suggests several areas for further 989 

work. As seen in some cases, the nature of the isomer composi- 990 

tion might change for the fuel blends, with C 2 H 4 O 2 as one exam- 991 

ple that should be predominantly acetic acid for n -pentane and 992 

methyl formate for DME oxidation. Isomer-resolved, quantitative 993 

species analysis over the critical temperature range between about 994 

500 and 650 K for these dual-fuel mixtures is thus recommended 995 

as a further continuation of this work. It would be especially use- 996 

ful if it provided detailed data on first fuel decomposition prod- 997 

ucts and highly oxygenated species. Furthermore, in spite of recent 998 

model development and ample knowledge on the oxidation of the 999 

three individual fuels in the literature, it seems that interactive ef- 10 0 0 

fects cannot be fully captured and might need more accurate de- 1001 

termination of critical reaction parameters in the low-temperature 1002 

zone where the initial fuel consumption accelerates. Temperature 1003 

dependences may need to be inspected with care. As one indicator 1004 

for such needs, it is interesting to note that the rate expressions 1005 

for the H-abstraction reactions by OH for the three individual fuels 1006 

exhibit important differences in both tested models. Since reliable 1007 

predictions for the oxidation behavior of mixtures of alkane fuels 1008 

with ethanol or DME – or more generally of hydrocarbon with oxy- 1009 

genated fuels – are highly desirable, we hope that the presented 1010 

experimental dataset will contribute to the further improvement 1011 

of models for such dual-fuel mixtures. 1012 
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