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Abstract

There have been significant advances in understanding ignition behav-

ior of oxygenated biofuels (mainly alcohols) and their blends with conven-

tional fuel components. However, the oxidation behavior of lignocellulosic

derived furanic compounds blended with hydrocarbons has received little at-

tention. The present work is an experimental and numerical investigation

of 2-methylfuran (2-MF) combustion and its blend with n-heptane. These

results are compared with pure n-heptane results to better understand 2-MF

reactivity. Ignition delay times of pure 2-MF and the 2-MF/n-heptane (50/50
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2-MF/n-heptane molar %) blend in air were measured in three different fa-

cilities; a rapid compression machine and two different shock tubes. Experi-

ments were performed in the temperature range of 861− 913 K at a pressure

of 20 bar for stoichiometric pure 2-MF. The ignition delay times of 2-MF/n-

heptane blends were measured in the temperature range of 672 − 1207 K, at

pressures of 10 bar and 20 bar, and at equivalence ratios of 0.5, 1.0, and 1.5.

A comprehensive chemical kinetic model containing low- to high-temperature

chemistry of 2-MF and n-heptane was formulated based on a combination of

available 2-MF and n-heptane mechanisms and available theoretical studies

on 2-MF form literature. The developed detailed kinetic model was vali-

dated against the ignition delay data measured in this work as well as against

high-temperature shock tube ignition delay, flame speed, and flame species

data from literature to ensure the competence of the model. The proposed

mechanism predicts the measured and literature data to a reasonable extent.

To elucidate fuel specific oxidation pathways, reaction path analyses were

performed at various conditions. Furthermore, sensitivity analyses on the

ignition delay times were conducted and the dominant reaction pathways in

the oxidation of pure and binary mixtures at high, intermediate, and low

temperatures were identified. It is found that the competition between n-

heptane and 2-MF for ȮH radicals inhibits the consumption of n-heptane

and promotes the consumption of 2-MF. This work provides the first insight

into the global low-temperature oxidation behavior of a second generation

furanic blended with a hydrocarbon.
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1. Introduction

Hazardous effects of pollutant emissions from burning petro-diesel fu-

els have paved the way for development of cleaner combustion in engines.

One probable way to address the challenge of emissions, is to blend oxy-

genated fuels with conventional fuel surrogates. Mixing of oxygenated fuels

with hydrocarbons helps in reducing soot formation [1]. Among the avail-

able oxygenates, ethanol is widely used as an additive for gasoline and diesel

fuels [2–7] and characterized as the most suitable additive for spark-ignition

(SI) engines. However, the ethanol blending with conventional fuels also

increases the formation of other toxic pollutants like formaldehyde and ac-

etaldehyde [8, 9]. Other drawbacks associated with the use of ethanol are

its lower vapor pressure and miscibility in water [10]. Compared to ethanol,

2-methylfuran (2-MF) has been identified as a new potential lignocellulosic-

derived biofuel [11]. Sudholt et al. [12] measured derived cetane numbers

(DCNs) of several furanics and tetrahydrofuranics in an ignition quality

tester. Based on its very low DCN of 8.9, compared to n-heptane with a DCN

of 53.8, 2-MF was proposed as a promising SI engine fuel. Combustion char-

acteristics of 2-MF have been throughly investigated in SI engines [11, 13–15].

These studies [11, 13–15] reveal that 2-MF offers significant advantages over

gasoline and ethanol such as a higher energy density, a higher research octane
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number (RON), and lower hydrocarbon emissions. Although formaldehyde

was found to be a major intermediate of combustion of 2-MF, its emission is

much lower from 2-MF than that from ethanol and gasoline. 2-MF is derived

from waste cellulose [16], has lower boiling point, and higher vapor pressure

than that of ethanol [10]. 2-MF is negligibly soluble in water unlike ethanol,

and hence is not contaminated by absorbing water from the atmosphere.

Ever since lignocellulosic biofuel production came into the picture, many

experimental and numerical studies of 2-MF and other alkylated furans have

been performed [17–43]. Somers et al. [17] measured the laminar burning

velocities (LBVs) of 2-MF/air mixtures as a function of equivalence ratio

(Φ). The measurements were carried out at atmospheric pressure and in the

temperature range of 298 − 398 K. LBVs were found to be controlled by the

reaction of hydrogen with molecular oxygen at fuel rich conditions. On the

other hand, under fuel lean conditions, oxidation of CO by ȮH radical to pro-

duce CO2 and Ḣ radical was found equally important. In the same work, the

ignition delay time measurements of 2-MF/O2/Ar mixtures were performed

in a shock tube at equivalence ratios of 0.5, 1.0, and 2.0, in the temperature

range of 1200−1800 K, and at atmospheric pressure. H-abstraction from the

side methyl group by Ḣ was found to be the most important pathway in this

temperature regime. Further, Ma et al. [25, 26] investigated low-pressure

LBVs of 2-MF and 2-MF/iso-octane blends in a constant volume vessel with

the help of high-speed schlieren photography at various temperatures and

equivalence ratios. The LBVs of the blends were found to be somewhere in
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between those of pure 2-MF and pure iso-octane. The blended fuel flames

were found to be less stable than iso-octane flames, but more stable than

2-MF flames at equivalence ratios lower than 1.0 at all tested temperatures.

Continuing the series of experimental measurements, Wi et al. [18], Uy-

gun et al. [19], Eldeeb et al. [20], and Xu et al. [21], measured ignition delay

times of 2-MF behind reflected shock waves at Φ ranging from 0.25 to 2.0, in

the pressure range of 1.2−40 bar, and the temperature range of 800−2010 K,

with oxygen concentrations up to 20 %. The measured data was simulated

using the high-temperature 2-MF model of Somers et al. [17]. The results

demonstrate the pressure and dilution ratio dependence of measured 2-MF

ignition delay times, which decreases with increasing pressure and decreasing

dilution ratio. Concerning intermediate-temperature ignition delay measure-

ments, Sudholt et al. [22] and Xu et al. [23] reported 2-MF experimental

data in rapid compression machines at a temperature range of 824− 1030 K.

Sudholt et al. [22] compared the RCM ignition delays of 2-MF with furan,

2-ethylfuran, and 2-butylfuran. The reactivity of alkylated furans was found

to increase with increasing side chain length. Xu et al. [23] compared the

RCM ignition delays of 2-MF with those of 2,5-dimethylfuran (2,5-DMF) and

reported a comparable reactivity of 2-MF and 2,5-DMF under the studied

conditions. A cross-over temperature was observed, below which 2,5-DMF

reactivity was shown to be slightly higher and vice versa.

Furthermore, Tran et al. [24], in their series of works on furanics addressed

the combustion of 2-MF in a premixed low-pressure flame for stoichiometric
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and fuel rich mixtures. Mole fractions of a large number of reactants, prod-

ucts, and intermediates were identified and quantified in combination with

electron-ionization molecular-beam mass spectrometry (EI-MBMS) and gas

chromatography (GC) at pressures of 20 mbar and 40 mbar. In addition to

the experimental work, a chemical kinetic mechanism of 2-MF was devel-

oped and validated [24]. Under measured conditions, ipso-addition yielding

furan and H-addition to the side chain carbon were identified as the main

consumption pathways of 2-MF. Later, Cheng et al. [27] also reported the

species profile measurements of 2-MF/O2/Ar mixtures in a laminar flat flame

burner. Recently, Alexandrino et al. [44] and Tran et al. [45] measured species

profiles of 2-MF in a plug flow and a laminar flow reactor, respectively. A

chemical kinetic model of 2-MF was also developed in the work of Tran et al.

[45], based on theoretically calculated rate parameters of several reactions.

High concentrations of several toxic species, such as formaldehyde, acrolein,

methyl vinyl ketone, furfural, and phenol, were detected and experimental

observations were backed with numerical simulations.

From a chemical kinetic perspective, several studies were performed to

understand the pyrolysis behavior of 2-MF. Grela et al. [28] and Lifshitz et

al. [29–31] studied the decomposition of 2-MF experimentally in a heated flow

reactor and in a single pulse shock tube, respectively. Later, Liu et al. [32, 33]

and Sendt et al. [34] studied the pyrolysis of 2-MF theoretically with the help

of ab-initio quantum chemical methods. Several ab-initio calculations [34–

36] were also performed to calculate formation enthalpies, bond dissociation
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energies (BDEs), and rate parameters for a range of unimolecular decompo-

sition reactions, confirming the presence of considerably weak C–H bonds on

the alkyl side-chain. The presence of weak C–H bonds in 2-MF and 2,5-DMF

offers an important site for abstraction by free radicals and are a key source

of reactive hydrogen atoms. In the theoretical study of Somers et al. [37], the

rate parameters and thermodynamic parameters of high-temperature specific

reactions like β-scission, unimolecular decomposition, and H-abstraction by

Ḣ and ĊH3 were presented. Concerning low-temperature oxidation, Davis

et al. [46], in their computational work on 2-MF, gave insight on the low-

temperature alkene specific reaction pathways like Waddington elimination

and Waddington concerted elimination reactions.

Despite extensive development at high to moderate temperatures [17–37],

the chemical kinetics of 2-MF oxidation at lower combustion temperatures

are not well known. There remains a need to characterize the combustion

behavior of 2-MF at low temperatures because phenomena such as knock in

SI engines and ignition in compression ignition (CI) engines are influenced

by low-temperature reactions. 2-MF is a stable furanic compound, and that

limits its reactivity at low temperatures, but practical engine applications

would blend 2-MF with a hydrocarbon base fuel. The presence of more

reactive species (n-alkanes) in blends could initiate the oxidation of 2-MF at

low temperatures. A similar approach was used by Zhang et al. [47] to study

the low-temperature oxidation of toluene by blending it with dimethyl ether.

With this motivation, the present work focuses on both experimental and
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numerical results for 2-MF and 2-MF/n-heptane mixtures at various condi-

tions. As per the author’s knowledge, this is the first work providing insight

into the low-temperature combustion behavior of 2-MF blended with hydro-

carbons. Briefly, the sections of this paper include the following. Section

2 represents the experimental facilities used to measure the ignition delay

times, followed by the development of the detailed kinetic model in section

3. The sections thereafter, include a comprehensive assessment of the model

performance against measured experimental data as well as literature data.

Then, a comparison of ignition characteristics of pure 2-MF with blended

mixtures of 2-MF/n-heptane and pure n-heptane is presented, followed by

a detailed chemical kinetic analysis of 2-MF and the 2-MF/n-heptane blend

oxidation.

2. Experimental description

2.1. PCFC RWTH Aachen rapid compression machine

The rapid compression machine (RCM) used during the course of this

study has been described in detail previously [48]. It has a single piston

configuration, with a variable volumetric ratio. This is possible through the

interchange of the end walls resulting in the altering of the distance between

the piston's face and the end wall at the top dead center position. The RCM

is equipped with a heating system covering the reactor chamber. The system

is controlled and monitored by 13 type-T thermocouples mounted along the

reactor wall. This ensures a homogeneous initial temperature and also allows
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the RCM to study various initial temperatures (ambient up to 423 K). The

ability to operate the RCM at different initial temperatures is particularly

important when studying non-volatile fuels with low-vapor pressures, where

heating of the gaseous mixture maybe required, thereby preventing conden-

sation. Creviced piston heads, optimized to the facility’s geometry, are used

for suppressing the formation of roll-up vortices. This ensures a homoge-

neous temperature field within the reactor core at the end of compression.

The RCM has an estimated 15 % variation in the measured ignition delay

times and the experimental uncertainty in the compressed temperature is

±5 K [49]. The pressure within the RCM is measured using a recessed and

silicon coated PCB113B24 sensor. The compressed conditions were calcu-

lated using the compression/expansion routine in the Gaseq code [50]. 2-MF

(≥ 99.0 %) was supplied by Sigma-Aldrich. Oxygen (≥ 99.995 %), argon (≥

99.996 %), and nitrogen (≥ 99.95 %) were supplied by Westfalen AG and

Praxair. Mixtures were premixed in two 1 L stainless steel heated mixing

vessels. The mixtures were allowed to mix for at least 30 minutes in order to

ensure homogeneous mixing via gaseous diffusion.

Figure 1 presents a typical pressure trace obtained during the measure-

ment of the ignition delay times presented here. Also highlighted in Fig. 1 is

the definition used for the ignition delay time in all experiments, which is the

time between the end of compression (time = 0, when the piston has come

to its final position or top dead center position) and the near instantaneous

pressure increase caused by autoignition. All the reported experiments show
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Figure 1: Typical pressure trace obtained from the RCM, together with the definition of
characteristic times. Experimental conditions: Φ = 1.0 in air 50/50 2-MF/n-heptane, Tc

= 712 K, Pc = 10.2 bar, and τign = 37.1 ms.

a near instantaneous pressure increase, defining ignition similar to the exam-

ple in Fig. 1. Non-reactive experiments are taken concurrently with reactive

experiments, where the O2 concentration is exchanged for similarly diatomic

N2. This allows for the quantification of the facility effects occurring during

the experiments. These effects can be considered, firstly, as the finite time

taken to compress the gaseous mixture, i.e., the compression phase shown in

Fig. 1, and secondly, as the facility effects post-compression (heat losses to

the walls) occurring post-compression and up to ignition. An example of a

non-reactive experiment used to account for the facility effects during simula-

tions is shown in Fig. 1 (red line). In order to accurately include the change in

pressure/temperature before and after compression, the non-reactive profile

is converted into a normalized effective volume profile through the isentropic

relationship between pressure and density, thereby allowing the calculation

of the effective volume. This method of RCM simulation has been used
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previously in many studies [51–55] to simulate the various RCM facilities.

2.2. SWL RWTH Aachen shock tube

The SWL shock tube (ST) used during this study, has been discussed in

detail by Heufer and Olivier [56]. In brief, it has an inner diameter of 140 mm

and a total length of 15.5 m. The large inner diameter helps to reduce the

facility effects occurring due to shock attenuation, as discussed by Petersen

and Hanson [57]. The relatively longer tube allows the ignition delay times

to be accurately measured from 0.05−7 ms in a non-tailored interface mode.

Aluminum diaphragms are used as separators in this facility, and the burst-

ing mechanism utilized is the double-diaphragm technique. An intermediate

pressure is applied to the volume between the two diaphragms and then,

in order to cause the diaphragms to burst, this pressure is reduced through

the expansion of the gas into a dump tank using an automatic solenoid ac-

tivated valve. This ST has a heating system capable of heating the facility

from ambient temperature up to 473 K. The maximum working pressure of

this ST is 1000 bar. The pressure is monitored during the experiments using

a silicone coated Kistler603B pressure transducer. In total, there are eight

Kistler 603B sensors, mounted axially along the tube, in order to measure the

incident shock velocity during experiments. To calculate the reflected shock

conditions, the initial pressure and temperature conditions are recorded and

the reflected shock velocity is calculated. These parameters are then used as

an input into the in-house shock dynamics code KASIMIR [58]. The ignition
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Figure 2: Typical end wall pressure traces obtained from the SWL ST and PCFC ST,
showing the method of measuring the ignition delay time. Experimental conditions in
SWL ST: Φ = 1.0 in air 50/50 2-MF/n-heptane, T5 = 757 K, P5 = 19.5 bar, and τign =
4.163 ms. Experimental conditions in PCFC ST: Φ = 1.0 in air 50/50 2-MF/n-heptane,
T5 = 1089 K, P5 = 19.5 bar, and τign = 0.460ms.

delay time can be measured from the recorded pressure trace, Fig. 2. The

uncertainty in the reflected shock temperature was calculated and is approx-

imately ±10 K [19]. The gaseous test mixtures are prepared directly in the

tube. The optimal mixing time for this procedure was found to be at least 1

hour, as has been reported in a previous publication [19].

2.3. PCFC RWTH Aachen shock tube

This facility is a newly designed ST facility and has been described in

detail by Zhang et al. [59]. Briefly, it has an inner diameter of 63.5 mm and

driver and driven section lengths of 3 and 4.1 m, respectively. The tube is

a similar design to the tube described by Darcy et al. [60] and Burke et al.

[51]. The main design differences of this new facility are the incorporation

of a curved driver section and a slightly reduced driven section length. The

new facility uses four PCB113B24 pressure transducers, spaced axially along
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the tube, in order to measure the shock velocity and determine the shock

attenuation. The shock velocity at the end wall (point of reflection) can be

extrapolated from the three shock velocity measurements and this is then

taken as the reflected shock velocity for further calculations. The reflected

shock routine of Gaseq [50] is used to calculate the temperature and pressure

of the gas behind the reflected shock.

The PCFC ST is equipped with a heating system covering the driven

section, the diaphragm chamber and 25 cm of the driver section nearest the

mid-section. Flexlec R heating coils are used to heat the tube and they

are controlled using ICon4848 thermocoax temperature controllers. Type-T

thermocouples are used to measure the surface temperature along the tube,

in order to provide input to the temperature controllers. This heating sys-

tem is insulated using a fiberglass insulation. The heating system is split

into seven sections along the tube, and each section is controlled by its in-

dividual heating coil and temperature controller as described above. There

is an uncertainty of ±0.5 K assigned to the use of type-T thermocouples.

The maximum initial temperature possible is 423 K. The ST is capable of

measuring ignition delay times for the reflected shock pressures from approx-

imately 550 bar and has a designed static working pressure of 500 bar. It

can accurately measure ignition delay times from 0.1 − 2 ms, and this can

be increased to 7 ms with the use of tailored interface conditions. Mixtures

are premixed using a stainless steel mixing vessel, which is internally coated

using Teflon (PTFE), in order to prevent possible surface reactions with the
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reactive mixtures. In addition to this, the mixing vessel is equipped with a

magnetically driven stirring fan which ensures that the mixtures prepared

are homogeneous. The mixtures are prepared manometrically using partial

pressures and are allowed to mix for at least 1 hour prior to testing.

Figure 2 outlines a typical pressure trace obtained from the PCFC ST.

The ignition delay time for this facility has the same definition as in SWL

ST, which is the time between the arrival of the reflected shock wave at the

measuring sensor and the time when the near instantaneous pressure increase

is observed due to ignition of the fuel mixture (Fig. 2). The uncertainty of

the PCFC ST is estimated to be 1.1 % in the reflected shock temperature

and 3.5 % in the reflected shock pressure based on the approach given in the

work of Zhang et al. [59].

However, ignition delay measurements might also be affected by inhomo-

geneities or other gas dynamic effects. These effects are difficult to quanitify

directly, but can result in a larger scatter of ignition delay times compared

to the case where only the variation in pressure and temperature would in-

fluence the ignition process. An estimate for these uncertainties is provided

by comparing the results of different facilities measured at the same condi-

tions, which revealed that a variation of ignition delay times within ±20 %

can be expected for different shock tube facilities [53]. This possible scatter

is reflected by the error bars in the subsequent figures.
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3. Kinetic model development

The proposed chemical kinetic model, consisting of 883 species and 7872

reactions (forward and backward counted separately), was built hierarchically

upon the C0–C4 base model of Blanquart et al. [61]. The base mechanism has

been extensively validated [62–64] and contains the relevant chemistry needed

to describe the oxidation of C0–C4 species. A sub-model of n-heptane, along

with the C5 and C6 chemistry, was taken from the most recent optimized do-

decane model of Cai et al. [65]. For the combustion of aromatic species, e.g.

benzene, toluene, and phenol, the polycyclic aromatic hydrocarbon (PAH)

mechanism of Narayanaswamy et al. [62] was incorporated in the present

model. Regarding 2-MF specific reactions, a high-temperature specific sub-

model was adopted from the 2,5-DMF mechanism of Somers et al. [66]. The

rate constants for unimolecular decomposition reactions, β-scission reactions,

and H-abstraction reactions by Ḣ and ĊH3 were extensively revised on the

basis of the theoretical study of Somers et al. [37]. Several novel pathways

along with their calculated rate parameters, for the consumption of 2-MF

fuel radicals were adopted from the recent work of Tran et al. [45]. Addition-

ally, a low-temperature specific sub-model of 2-MF was developed as a part

of this research work and combined with the base mechanism. A detailed

explanation on the low-temperature specific sub-model of 2-MF along with

its structure and bond characteristics is provided in this section.
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Figure 3: Structure and C–H bond dissociation energies (kJ/mol) of 2-MF [35].

3.1. 2-MF structure and bond characteristics

2-MF is an oxygenated cyclic diene molecule and consists of four C atoms

and one O atom in the ring along with one methyl side chain at the carbon-

site in position α to the O atom. The structure and C–H BDEs of 2-MF are

shown in Fig. 3. The β primary C–H bond is the weakest bond among all the

C–H bonds in 2-MF, which is comparable to the allylic C–H bond of 1-butene

(∼344 kJ/mol) [67]. According to the theoretical study of Simmie et al. [35],

the ring C–H bonds possess very high BDEs (∼503 kJ/mol) because of the

unsaturated nature of the cycle, which is even stronger than the C–H bonds

in benzene (∼412 kJ/mol) [68]. Hence, H-abstraction from the ring carbons

in 2-MF is much less energetically favored than that from ring carbons of

aromatic hydrocarbons. However, double bonds in the ring offer attractive

sites for the addition of radical species.

3.2. General features of 2-MF low-temperature sub-model

The present sub-model of 2-MF is based on the basic understanding of

unsaturated cyclic compounds [46, 69–71] and alkenes [72–76] chemistry.
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The rate parameters were adopted preferentially from calculated studies,

and where there is a of lack of calculated rate parameters, analogies with

structurally similar fuel components were used to assign the rate for a par-

ticular reaction. Alkene specific reactions, co-oxidation reactions of 2-MF

and n-heptane, and other incorporated reactions and modifications in the

model are described in the following sub-sections.

3.2.1. Alkene specific reactions

With two unsaturated bonds, 2-MF can undergo radical addition to these

bonds similar to other alkenes [72–76]. Bierbach et al. [77] in their study re-

ported that ȮH addition to the ring is the dominant initiation pathway of

2-MF oxidation at lower temperatures, followed by the ring opening of the

furan ring instead of the addition of O2. Later, Davis et al. [46] revealed that

the formed adduct, after ȮH addition to 2-MF, can further decompose via

hydrogen migration (HM), concerted elimination (CE), Waddington elimi-

nation (WE), and Waddington concerted elimination (WCE) reactions. In

order to investigate the nature of radical addition to 2-MF a low-temperature

sub-model of 2-MF was developed on the basis of the computational study

of Davis et al. [46]. The developed sub-model incorporates all the proposed

pathways of 2-MF/ȮH adducts (MF22OH3J and MF25OH4J), dominantly

formed at α sites of the 2-MF ring. Figure 4 gives examples of these kind of

reactions for MF25OH4J.
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Figure 4: Alkene specific low-temperature reactions of 2-MF/ȮH adduct (MF25OH4J).

3.2.2. Co-oxidation reactions

The importance of co-oxidation reactions, in which fuel radicals gener-

ated from one fuel component abstract H-atom from other fuels, has been

highlighted in several studies [69, 71]. For two significantly different fuels,

2-MF (unsaturated cyclic ether) and n-heptane (acyclic alkane), co-oxidation

reactions may be unimportant at higher temperatures, because consumption

of n-heptane mainly takes place at lower temperatures and 2-MF is relatively

unreactive in this temperature regime. Moreover, due to the presence of n-

heptane in the blend, when the pool of small radicals (e.g. ȮH) develops,

H-abstraction from 2-MF by these radicals or OH-radical addition to 2-MF

may become significant. Furthermore, at very low temperatures, hydrogen

abstraction from 2-MF by the radicals generated from the low-temperature

oxidation of n-heptane, e.g. alkylhydroperoxy (ROȮ), might also take place.

Assessment of the importance and unimportance of the co-oxidation reactions

for the blend of 2-MF and n-heptane is vague and needs to be investigated
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further. A set of co-oxidation reactions between intermediate species formed

in the oxidation of 2-MF and the species of n-heptane is part of the current

model and is presented in Fig. 5. Rate constants of these co-oxidation re-

actions were estimated on the basis of co-oxidation reactions of toluene and

n-heptane, explained in the work of Andrae et al. [69, 70].

3.2.3. Other incorporated reactions and modifications

In addition to the alkene specific low-temperature reactions and co-oxidation

reactions of 2-MF and n-heptane, several other reactions and modifications

were included in the present model, which are summarized as follows:

• In order to assess the importance of low-temperature specific chemistry,

reaction of 2-furanylmethyl radical (F2ĊH2) with O2 was incorporated

(Fig. 6). Rate parameters for this reaction were adopted from the

quantum calculation work of Tran et al. [45].

• Rate constants for H-abstraction reactions by ḢO2 were taken from the

2,5-DMF mechanism of Somers at al. [66]. For improving the perfor-

mance of the model, these rate constants were divided by a factor of

two, within the uncertainty limit of 4-5, as assigned by Somers et al.

[66].

• Somers et al. [66] calculated the rates of ȮH addition to the α-carbon

of 2,5-DMF, based on the CBS-APNO and G3 calculations of the reac-

tants and transition states. These rates were divided by a factor of two
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(within an uncertainty limit of 3), and adopted for the ȮH addition to

the α-carbon sites of 2-MF for the improved agreement of the model

against the experimental measurements. However, unlike in 2,5-DMF,

2-MF has two different α sites, α-secondary and α-tertiary carbon sites.

Davis et al. [46] in their quantum calculation work on 2-MF, reported

comparable energy barriers for the formation of 2-MF/ȮH adducts at

these sites. Hence,the same rate parameters for the ȮH addition at

both the α-secondary and α-tertiary carbons of 2-MF, were considered

in the present model. The rate parameters for the addition of ȮH to

the β-carbon centers of 2-MF were taken from the quantum calculation

work of Davis et al. [46].

The developed reaction mechanism consists of all the proposed high- and

low-temperature pathways of 2-MF oxidation. Thermochemical data for the

species considered in the mechanism were preferentially adopted from the

quantum calculation work of Somers et al. [37] and Tran et al. [45]. For

the species involved in the developed low-temperature sub-model of 2-MF,

thermochemical parameters were taken from the quantum calculation study

of Davis et al. [46]. Thermochemical properties of most of the 2-MF spe-

cific species were found to be available in the aforementioned studies. For

novel smaller species appearing in the oxidation of 2-MF, where theoretical

calculations were not available, thermochemical properties were calculated

using the THERM program [78], which uses the group additivity method of

Benson et al. [79]. Revised group additivity values proposed by Burke et
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al. [80] were considered for these calculations. Transport parameters were

calculated using the reaction mechanism generator package of Green et al.

[81]. Thus having C0-C7 and low- to high-temperature chemistry of 2-MF,

the current model provides a good simulation of 2-MF and 2-MF/n-heptane

data. The complete mechanism along with the thermochemical and transport

properties is available in the Supplementary material.
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Figure 5: Co-oxidation reactions of 2-MF and its intermediate species with n-heptane and
its intermediate species.
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Figure 6: Addition of O2 to 2-furanylmethyl radical.

4. Results and discussion

The current section assesses the predictive capability of the developed

mechanism by comparing the numerical simulation results against the exper-

imental data sets obtained from various combustion reactors. The validation

cases focus on the oxidation of 2-MF and the 2-MF/n-heptane blend, and
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Table 1: List of validation cases considered in the present work for 2-MF.

Species Reactor
Conditions

References
T [K] P [bar] φ

Ignition delay time

2-MF/ n-heptane Rapid compression
machine

600 − 1000 10.0 − 20.0 0.5 − 1.5 this work

2-MF/ n-heptane Shock tube 820 − 1300 20.0 1.0 this work
2-MF Rapid compression

machine
750 − 900 20.0 1.0 this work

2-MF Shock tube 820 − 1215 40.0 1.0 Uygun et al. [19]
2-MF Rapid compression

machine
833 − 909 20.0 1.0 Sudholt et al. [22]

2-MF Shock tube 1200 − 1800 1.0 0.5 − 2.0 Somers et al. [17]
2-MF Shock tube 1120 − 1700 1.3 − 10.8 0.25 − 2.0 Wi et al. [18]
2-MF Shock tube 977 − 1500 1.3 − 12.2 0.5 − 2.0 Eldeeb et al. [20]
2-MF Shock tube 1150 − 2010 1.2 − 16.0 1.0 Xu et al. [21]
2-MF Rapid compression

machine
824 − 1041 16.0 − 30.0 1.0 Xu et al. [23]

Laminar burning velocity

2-MF Heat flux burner 298 − 395 1.0 0.55 − 1.65 Somers et al. [17]
2-MF Constant volume ves-

sel
333 − 393 1.0 0.6 − 1.1 Ma et al. [25, 26]

Species profile

2-MF Laminar flat flame
burner

333 0.02 − 0.04 1.0 − 1.7 Tran et al. [24]

2-MF Laminar flat flame
burner

298 0.04 0.8 − 1.5 Cheng et al. [27]

2-MF Plug flow reactor 800 − 1400 1.0 0.02 − 3.33 Alexandrino et al. [44]
2-MF Laminar flow reactor 730 − 1170 1.0 0.5 − 2.0 Tran et al. [45]

include (i) ignition delay times measured in STs and RCMs, spanning wide

ranges of temperatures, pressures, and equivalence ratios, (ii) laminar burn-

ing velocities obtained at various pressures and temperatures, (iii) species

profiles of laminar flat flames, and (iv) species profiles measured in flow reac-

tors. The developed chemical kinetic mechanism has been used to simulate

these combustion properties using the FlameMaster [82] code, along with the

appropriate reactor modules. Table 1 lists the validation cases considered in

the present study, which are further described in detail in the following sub-

sections.
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4.1. Validation tests 2-methylfuran/n-heptane blends

The ignition delay results obtained for the oxidation of 2-MF/n-heptane

blends are described in this section. All experimental results can be found

in the Supplementary material (Table S1).

4.1.1. Effect of pressure on ignition delay time

The effect of pressure on the ignition delay of 2-MF/n-heptane mixtures

was investigated by varying the pressure from 10 bar to 20 bar. Figure 7

shows the measured and the calculated ignition delays of 2-MF/n-heptane

blends at pressures of 10 bar and 20 bar. In order to assess the facility-to-

facility variation in the ST experimental data, ST experiments at PCFC

RWTH Aachen were carried out at the same conditions as those employed

at SWL RWTH Aachen, i.e. φ = 1 and P = 20 bar. It can be seen in

Fig. 7 that experimental measurements from both the facilities agree very

well. Due to shock attenuation, which is caused by boundary layer effects

and by non-ideal bursting of diaphragms [57], a pressure rise (dP/dt) is

typically observed in ST experiments irrespective of the temperature regimes.

However, this is more relevant for the conditions with longer ignition delay

times (>1 ms), where the pressure rise affects the ignition event. However, for

shorter ignition delay times, this pressure increase does not play a significant

role. The rates of pressure change (dP/dt) in the SWL and PCFC shock tube

are 5 %/ms and 8 %/ms respectively. It can be seen in Fig. 7 that the SWL

ST measurements are at lower temperatures, hence longer ignition delays,
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in comparison to the PCFC ST measurements. Since simulations including

5 %/ms and 8 %/ms are very similar for the tested temperature range (see

Fig. S1 of the Supplementary material), for clarity only numerical simulations

including 8 % dP/dt are presented in Fig. 7. In order to account for RCM

facility effect of heat loss to the walls, effective volume histories were used in

the simulations, which were derived from non-reactive pressure traces from

experiments. A detailed explanation on the simulations including facility

effects in ST and in RCM has been provided in detail elsewhere [19, 64,

83]. The solid lines correspond to the constant volume, adiabatic numerical

simulations and the dashed lines correspond to the simulations including

facility effects of ST and RCM.
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Figure 7: Effect of pressure on ignition delay times of 2-MF/n-heptane blend in RCM
and in ST. Symbols - experiments; solid lines - numerical simulations at constant volume;
dashed lines - numerical simulations including facility effects.

The model accurately predicts the ST and the RCM ignition delay data at

the pressure of 20 bar. However, data points obtained in the RCM at the pres-

sure of 10 bar are under-predicted in the temperature range of 833 − 926 K
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(1.20 − 1.08 1/K). The blend of 2-MF/n-heptane exhibits a negative tem-

perature coefficient (NTC), which is well reproduced by the model as well.

The 2-MF/n-heptane blend shows strong pressure dependence at intermedi-

ate temperatures ranging from 725 K to 925 K (1.38 − 1.08 1/K). With an

increase in pressure, the effective concentration of reactants increases and

ignition becomes faster. At lower temperatures, pressure change causes a

negligible impact on ignition. This negligible impact of pressure change

on ignition at lower temperatures has been observed for hydrocarbon fu-

els too [84–86]. The present model reproduces the experimentally observed

trend of increasing pressure on ignition delays reasonably well.

4.1.2. Effect of equivalence ratio on ignition delay time

Figures 8 and 9 depict the effect of equivalence ratio on ignition delay

times of 2-MF/n-heptane blends at pressures of 10 bar (Fig. 8) and 20 bar

(Fig. 9). The effect of equivalence ratio on ignition delay times was deter-

mined by measuring ignition delay times for fuel lean, stoichiometric, and

fuel rich mixtures (φ = 0.5, 1, and 1.5). For both pressures of 10 bar and

20 bar, adiabatic simulations strongly under-predict the experimental data

sets and simulations including facility effects improve the agreement for all

three equivalence ratios of 0.5, 1, and 1.5. The variable volume RCM simu-

lations indicate that at a pressure of 10 bar, the model under-predicts igni-

tion delay by up to a factor of 3 in the intermediate temperature range of

800−952 K (1.25−1.05 1/K). Below 800 K (1.25 1/K), fuel-rich and stoichio-
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metric mixtures are predicted reasonably well, whereas, fuel lean mixtures

are strongly over-predicted across the studied temperature range. In their

work on CFD simulations for the n-heptane ignition, Mittal et al. [87] re-

ported that the variable volume simulations lead to a higher pressure rise

in the first stage ignition delays, which consequently leads to shorter total

ignition delay. It was also observed that this discrepancy is fuel and pressure

dependent and decreases with an increase in the pressure. Hence, the ob-

served under-prediction of experiments by variable volume RCM simulations

is due to the uncertainties arising from simulations including RCM facility

effects, as reported by Mittal et al. [87] and over-prediction is associated

with the uncertainties in reaction kinetics. At a pressure of 20 bar (Fig. 9),

for all three equivalence ratios, a satisfactory agreement between numerical

simulations and measured data is observed.

Experimental data shows that an increase in fuel concentration leads to

an increase in reactivity (or a decrease in the ignition delay times) for both

pressures of 10 and 20 bar at all temperatures (Figs. 8 and 9). In order to

gain more insight into the dependency of ignition delays on equivalence ratio,

a reaction path analysis was performed at a temperature of 1000 K and at a

pressure of 10 bar for all the three equivalence ratios (see Fig. S2 of the Sup-

plementary material). It should be noted that the branching ratio between

H-abstraction reaction by ȮH and ȮH addition reaction is important, as the

former produces one ȮH radical by the reaction of the formed F2ĊH2 radical

with HȮ2 and the latter consumes an ȮH radical. A comparable branching
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Figure 8: Ignition delay times of 2-MF/n-heptane blend in RCM at 10 bar. Symbols -
experiments; solid lines - numerical simulations at constant volume; dashed lines - numer-
ical simulations including facility effects. Figure (a) φ = 0.5; (b) φ = 1.0; (c) φ = 1.5; (d)
equivalence ratio dependence.

ratio was observed for all the three equivalence ratios, hence the concentra-

tion of the fuel is the decisive factor for its reactivity and the mixture with

higher fuel concentration has higher reactivity. This is because at the lower

temperatures studied here, increasing fuel concentration results in increased

radical production via fuel + HO2 = fuel radical + H2O2 followed by H2O2

+ M = OH + OH + M, and therefore reactivity increases with equivalence
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Figure 9: Ignition delay times of 2-MF/n-heptane blend in RCM at 20 bar. Symbols -
experiments; solid lines - numerical simulations at constant volume; dashed lines - numer-
ical simulations including facility effects. Figure (a) φ = 0.5; (b) φ = 1.0; (c) φ = 1.5; (d)
equivalence ratio dependence.

ratio [88]. It should be noted that our observations are limited to the tem-

perature range studied (i.e., below 1000 K) here. At higher temperatures

(e.g., 1200 K), ignition delay is governed by the chain branching reaction H

+ O2 = OH + O. Under such conditions, increasing equivalence ratio for

fuel/air mixtures (i.e., increasing fuel concentration) scavenges H atoms via

fuel + H = fuel radical + H2, thereby reducing reactivity.
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In order to see the importance of the developed 2-MF low-temperature sub

model, numerical simulation results of the stoichiometric 2-MF/n-heptane

blend at a pressure of 20 bar, with and without low-temperature sub-model

are presented in Fig. 10. The developed 2-MF low-temperature sub-model

includes Waddington elimination reactions, Waddington concentration elim-

ination reaction, H-migration reactions, concerted elimination reactions, and

co-oxidation reactions. It is evident from Fig. 10 that the inclusion of these

reactions in the sub-model increases its reactivity and leads to shorter ig-

nition delay. This effect was observed to be more pronounced below 685 K

(1.46 1/K). Hence, the newly added reactions are indeed essential for the

better performance of the model.
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Figure 10: Comparison of simulation results with and without the developed 2-MF low-
temperature sub-model. Black line - numerical simulations without 2-MF low-temperature
sub-model; red line - numerical simulations with 2-MF low-temperature sub-model.

4.2. Validation tests pure 2-methylfuran

The numerical simulations are now compared against the ignition delays

of pure 2-MF. The performance of the model against the newly measured ig-
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nition delays of stoichiometric 2-MF/oxidizer/diluent mixtures at P = 20 bar,

the ignition delays measured in an ST by Uygun et al. [19] at P = 40 bar, and

against those measured by Sudholt et al. [22] at a pressure of 20 bar in an

RCM, is presented in Fig. 11. Simulations at constant volume are shown as

line plots in Fig. 11, while simulations including ST and RCM facility effects

are represented by dashed lines. The newly measured RCM data set matches

well with the data set of Sudholt et al. [22]. Unlike its blend with n-heptane,

pure 2-MF does not possess NTC behavior. This is because of its inhibited

reactivity and the lack of conventional low-temperature chain-branching due

to its stable unsaturated structure. The predicted ignition delays compare

well with the experimental values with the exception of those below 890 K

(1.12 1/K). Both ST and RCM data sets are over predicted by the model

at lower temperature regimes. The model accurately predicts the observed

trend of decrease in ignition delay time with an increase in pressure and non

NTC behavior of pure 2-MF.

In addition to the aforementioned experimental data, the present model

was also compared against other experimental data sets taken from the lit-

erature. Results of these validation tests are shown in Figs. S3-S11 of the

Supplementary material. More importantly, these literature data sets in-

clude ignition delay measurements in STs and RCM [17, 18, 20, 21, 23]

(Figs. S3-S6), laminar burning velocity measurements from two different fa-

cilities [17, 25, 26] (Fig. S7), and 2-MF species profiles measured in low-

pressure flames and flow reactors [24, 27, 44, 45] (Figs. S8-S11). In general,
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facility effects.

a satisfactory performance of the model against the ignition delay and lami-

nar burning velocity experiments is observed. However, big discrepancies are

noticed with respect to species profile data sets.

4.3. Comparison of 2-MF, 2-MF/n-heptane blend, and n-heptane oxidation

In order to explore the effect of adding n-heptane on the 2-MF reac-

tivity, ignition delays of pure 2-MF, the 2-MF/n-heptane blend, and pure

n-heptane [59] are compared here. Ignition delay measurements of stoichio-

metric n-heptane/air mixtures [59] serve as additional targets for model

validation. Figure 12 presents the measured and the calculated ignition de-

lays for the three cases at an equivalence ratio of 1.0 and at a pressure

of 20 bar. The performance of the model against pure 2-MF and 2-MF/n-

heptane blends has been discussed in the previous section. The numerical

simulations for pure n-heptane predict the measurements within reasonable

uncertainty at all temperatures.
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Figure 12: Comparison of 2-MF, 2-MF/n-heptane blend, and n-heptane ignition at φ =
1 and P = 20 bar. Solid symbols - ST data; open symbols - RCM data; solid lines -
numerical simulations at constant volume; dashed lines - numerical simulations including
facility effects.

Among the three cases, pure 2-MF is the least reactive and pure n-heptane

is the most reactive. The reactivity of the 2-MF/n-heptane blend lies in be-

tween that of pure 2-MF and pure n-heptane. The difference in reactivities

of pure 2-MF, the blend of 2-MF/n-heptane, and pure n-heptane is found

to be temperature-dependent. The difference is more pronounced at lower

temperatures, and it gets relatively smaller for the intermediate temperature

range. Indeed, the ignition delay curves appear to be merging for higher

temperatures beyond 1250 K (0.8 1/K). At lower temperatures, the ignition

of the 2-MF/n-heptane blend depends on both of its constituents. The ig-

nition of the blend is promoted as a result of low-temperature branching

of n-heptane oxidation. Conversely, at intermediate to high temperatures,

the decrease in the difference of reactivity for these fuels is because of this

diminishing n-heptane specific degenerate branching. Another key observa-

tion from Fig. 12 is that the blend exhibits NTC behavior, which is lesser
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pronounced than that in pure n-heptane. This lesser pronounced NTC be-

havior in the blend is because of the lower concentration of n-heptane in the

blend (50 %) in comparison to that in pure n-heptane (100 %). The presence

of 2-MF inhibits the n-heptane chemistry by competing with n-heptane for

radicals required to initiate its oxidation at these temperatures. Pure 2-MF

does not show NTC behavior because of the presence of a relatively unreac-

tive unsaturated ring. A low-temperature degenerate branching as it occurs

in the oxidation of n-heptane is structurally not possible in 2-MF. The ab-

sence of NTC behavior in the oxidation of pure 2-MF explains its very high

octane sensitivity (RON-MON) of 17 [10]. As described by Mehl et al. [89],

gasoline fuels with high octane sensitivity might not exhibit NTC behav-

ior. To support the aforementioned conclusions a chemical kinetic analysis

of these three fuels is detailed in the next section.

5. Chemical kinetic analysis

A series of reaction pathways and sensitivity analyses was carried out to

gain better understanding of the chemistry determining the reactivity of 2-

MF and the 2-MF/n-heptane blend. These analyses are essential in order to

provide an insight into the interaction of 2-MF and n-heptane, and to point

out the areas where further work is needed to improve the predictability of

the proposed mechanisms. The notations, complete names and molecular

structures of the species used in this paper are presented in Table S2 of the

Supplementary material.
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5.1. Reaction path analysis

A reaction path analysis highlighting the main consumption pathways

of the stoichiometric 2-MF/n-heptane blend at a pressure of 20 bar, at two

different temperatures of 690 K and 1175 K, and at 30 % 2-MF consumption

is displayed in Fig. 13. It should be noted that for stoichiometric 2-MF/n-

heptane/air mixture at a pressure of 20 bar, when 30 % of 2-MF is consumed,

the consumption of n-heptane is 23.69 %, 34.71 %, and 42.03 % at temper-

atures of 690 K, 800 K, and 1175 K, respectively. It can be seen in Fig. 13

that the consumption of 2-MF is mainly on account of its reaction with the

ȮH radical. At a higher temperature of 1175 K, 39.6 % of 2-MF is consumed

via H-abstraction by ȮH and 16.3 % is consumed by ȮH addition reactions

along the double bonds. On the contrary, at a lower temperature of 690 K,

ȮH addition reactions dominate over H-abstraction by ȮH. While 81.0 % of

2-MF is consumed by ȮH radical addition, the H-abstraction reaction by ȮH

consumes just 10.8 % of 2-MF. H-abstraction predominately takes place at

the methyl side chain because it has the lowest C–H BDE (Fig. 3). The ini-

tial consumption pathways of n-heptane involve H-abstraction by ȮH, HȮ2,

and Ȯ radicals. The formed heptyl radicals are consumed predominantly via

β-scission reactions at a higher temperature of 1175 K and via O2 addition to

the heptyl radicals at a lower temperature of 690 K. On the contrary, F2ĊH2

is mainly consumed via its reaction with HȮ2 radical and does not undergo

O2 addition reaction.

The main consumption pathways for heptyl radicals and O2 adducts
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Figure 13: Simplified schematic of primary decomposition pathways of 2-MF and n-
heptane in 2-MF/n-heptane/air mixtures at 30 % 2-MF consumption, at P = 20 bar, and
at φ = 1: (a) T = 1175 K (red); (b) T = 690 K (blue).

(RȮ2) include the internal isomerization reactions at a lower temperature

of 690 K. The formed product (QOOH) is either decomposed via second O2

addition reaction, which leads to low-temperature branching, or via cyclic

ether formation or via β-scission reactions. At a higher temperature of

1175 K, β-scission and epoxide formation are the main pathways, while at

a lower temperature of 690 K, low-temperature branching dominates. The

addition of ȮH radical to 2-MF preferably takes place at α-carbon sites. The

addition of ȮH radical at β-carbon sites does not appear in the reaction path

analysis. Davis et al. [46] calculated the energy barriers of the addition of

ȮH radicals to 2-MF at all of its four ring carbon sites. It was reported

that the adducts formed at the β-carbon sites, MF23OH2J and MF24OH5J,

are much less stable intermediates than the adducts formed at the α-carbon

sites, MF22OH3J and MF25OH4J. It was found in their study that both the

adducts at α-tertiary (MF22OH3J) and α-secondary (MF25OH4J) sites have

similar energies, and are thus produced in similar amounts (Fig. 13).
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Figure 14: Simplified schematic of reaction path analysis of 2-MF in the 2-MF/n-
heptane/air mixtures at 30 % 2-MF consumption, at P = 20 bar, and at φ = 1: T =
1175 K (red numbers); T = 800 K (green numbers); T = 690 K (blue numbers). Solid
arrows correspond to the conversion in one step, while dashed arrows correspond to the
conversion in more than one step.

The consumption pathways of 2-MF in the mixture of 2-MF/n-heptane

are presented in detail in Fig. 14. In order to elucidate the significant reaction

pathways over the entire temperature range, reaction path analyses at three

different temperatures of 1175 K, 800 K, and 690 K are presented. In addition
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Figure 15: Simplified schematic of reaction path analysis of 2-MF in the 2-MF/air mixtures
at 30 % 2-MF consumption, at P = 20 bar, and φ = 1: T = 1175 K (red numbers); T =
800 K (green numbers). Solid arrows correspond to the conversion in one step, while
dashed arrows correspond to the conversion in more than one step.

to the reaction with ȮH radical, a part of 2-MF is also consumed via H-

addition reaction and H-abstraction by Ḣ radicals and heptyl radicals. It can

be seen in Fig. 14 that 2-MF consumption via H-abstraction by Ḣ radical and

heptyl radicals is much less likely to occur in comparison to H-abstraction by
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ȮH radical. The reaction path analysis reveals that only a small amount of 2-

MF undergoes reaction with heptyl radicals, which is temperature dependent

and is more likely to occur at lower temperatures. Therefore, it is expected

that the main chemical interaction between 2-MF and n-heptane takes place

through small radical species like ȮH and HȮ2. For the reactions involving

the addition of Ḣ radical to 2-MF, it is observed that the formed adduct

is very unstable and decomposes promptly to the β-scission product. The

availability of higher energy at higher temperatures of 800 K and 1175 K

allows for simultaneous H-addition and β-scission reactions leading to direct

ring opening, while bypassing the formation of the unstable adduct. On the

contrary, at a lower temperature of 690 K, H-addition along the double bond

is more likely to occur in comparison to the direct β-scission reaction because

of the higher energy is required to achieve ring opening.

2-MF/ȮH adducts formed at the α sites of 2-MF, namely MF22OH3J and

MF25OH4J, decompose preferentially via β-scission reactions. Although the

pathways including the addition of O2 to these adducts are not seen to play a

big role at higher temperatures, at a lower temperature of 690 K, 9.7 % of the

total 2-MF/ȮH adducts undergo O2 addition reactions. Since these pathways

are not the main consumption pathways of MF22OH3J and MF25OH4J, fur-

ther consumption of the formed products has not been included here for the

sake of brevity and has been presented in Fig. S12 of the Supplementary ma-

terial. It can be seen in Fig. S12 that the formed products in these reactions

undergo alkene-specific Waddington pathways, which ultimately leads to the
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formation of carbonyls and ȮH/HȮ2 radicals. The β-scission of MF22OH3J

and MF25OH4J takes place predominantly at the C–O sites because this

poses a much lower energy barrier in comparison to that of the C–C bond

scission [90]. The formed products ultimately decompose in several steps into

stable methylvinyl-ketone, carbon monoxide, acetyl radicals, and some formyl

species. Under the studied conditions, F2ĊH2 is primarily consumed by its

reaction with HȮ2 (89.9 % at 690 K), forming F2CH2Ȯ (2-furylmethanoxy

radical), MF22OOH, MF223DE5OJ, and MF223DE5OOH. The significance

of the reaction of F2ĊH2 with HȮ2, which leads to the formation of F2CH2Ȯ

and MF223DE5OJ, increases with an increase in the temperature. On the

contrary, the relevance of F2ĊH2 with HȮ2 reactions leading to the forma-

tion of MF22OOH and MF223DE5OOH decreases with an increase in the

temperature.

The reaction of F2ĊH2 with CH3Ȯ2 forming F2CH2Ȯ and CH3Ȯ is also

a contributor to F2ĊH2 consumption. The significance of this reaction in-

creases with a decrease in the temperature. The thermal decomposition

pathways of F2ĊH2 becomes important at higher temperatures of 800 K and

1175 K. The branching ratio between the bimolecular recombination reaction

of F2ĊH2 with HȮ2 and the thermal decomposition reaction is important, as

the former tends to increase reactivity due to the formation of a reactive ȮH

radical, while the latter resulting into chain termination. MF22OOH, a prod-

uct of the bimolecular reaction of F2ĊH2 with HȮ2, readily undergoes the for-

mation of F2CH2Ȯ. Two out of the rest of the three products, MF223DE5OJ
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and MF223DE5OOH, decompose into vinyloxy radical (ĊH2CHO), acety-

lene, and formyl radical. The major product of the reaction of F2ĊH2 with

HȮ2, F2CH2Ȯ, is an unstable intermediate and is mostly converted into sta-

ble 2-formylfuran (F2CHO) at all the three temperatures. F2CHO ultimately

decomposes to furan, furfuryl radical, and formyl radical. Therefore, a range

of stable furanics has been seen to be important products of 2-MF oxidation,

at all the studied conditions. Although the present model includes further

pathways of these products, these pathways are not the subject of detailed

analyses and are excluded from the discussion here.

In order to compare the reaction pathways of the 2-MF/n-heptane blend

with those of pure 2-MF, reaction path analyses for the stoichiometric 2-

MF/O2/N2 mixtures were also performed. These analyses were performed at

the time when 30 % of the initial fuel concentration is already consumed. Fig-

ure 15 shows the reaction path analyses of pure 2-MF at the same conditions

as those used for the 2-MF/n-heptane blend, i.e. a pressure of 20 bar and

temperatures of 800 K and 1175 K. As observed in the mixture of 2-MF/n-

heptane, pure 2-MF is also preliminarily consumed by H-abstraction by ȮH

and ȮH addition reactions. One of the most significant differences in the

consumption of 2-MF in the 2-MF/n-heptane/O2/N2 and in 2-MF/O2/N2

mixtures is in the different dominance of the H-abstraction and the ȮH-

addition reaction pathways. At a temperature of 800 K, while 2-MF in 2-

MF/n-heptane/O2/N2 mixture is consumed 22.7 % via H-abstraction by ȮH

and 62.1 % of it via ȮH addition reactions, 2-MF in 2-MF/O2/N2 mixture
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is consumed 37.1 % via H-abstraction by ȮH and only 35.7 % of it via ȮH

addition to the ring. The same feature of relatively higher addition of ȮH to

the ring in the 2-MF/n-heptane blend in comparison to that in pure 2-MF

is also observed at 1175 K. This is because of the presence of n-heptane in

the mixture, which provides ȮH radical pools and increases the reactivity

of 2-MF. Therefore, the amount of consumption of 2-MF via a particular

pathway differs in pure 2-MF from that in the 2-MF/n-heptane blend. It

should be noted that for the sake of brevity, not all pathways of 2-MF con-

sumption are shown in Fig. 15. The rest of the 2-MF in 2-MF/air mixture

is consumed via H-abstraction by Ȯ and H-addition reactions at different

carbon sites of 2-MF. Also, a similar set of reactions are responsible for the

rest of the 2-MF consumption in the 2-MF/n-heptane/air mixture. Further,

the formed adducts, MF22OH3J and MF25OH4J, decompose in a similar

fashion in both pure 2-MF and the 2-MF/n-heptane blend.

The sole difference in the consumption of MF22OH3J is in the formation

of 1.2 % stable 2-furanol specie in pure 2-MF at a temperature of 1175 K

(Fig. 14), which was not observed in the blend. Similar to that in the blend,

the decomposition of F2ĊH2 fuel radical takes place preferentially by its

reaction with HȮ2 to produce F2CH2Ȯ. As the temperature is lowered to

800 K, the reaction of F2ĊH2 with CH3Ȯ2 also starts to play a role in its

consumption, with 6 % of F2ĊH2 consumed via this reaction. One difference

in the consumption of F2ĊH2 is that in pure 2-MF, the thermal decompo-

sition pathway leading to the formation of the ring opened product is more
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prominent in comparison to that in the blend. In pure 2-MF, 39.5 % and

4.6 % of F2ĊH2 undergoes thermal decomposition at temperatures of 1175 K

and 800 K, respectively, whereas, in the blend, 8.8 % and <1 % of F2ĊH2

converts into the ring opened products at temperatures of 1175 K and 800 K,

respectively.
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Figure 16: Sensitivity coefficient of main 2-MF and n-heptane specific reactions showing
the effect of temperature at 650 K, 800 K, and 1175 K on 2-MF/n-heptane ignition delay
time, P = 20 bar and φ = 1.
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Figure 17: Sensitivity coefficient of main 2-MF specific reactions showing the effect of
temperature at 800 K and 1175 K on 2-MF ignition delay time, P = 20 bar and φ = 1.

5.2. Sensitivity analysis

To better understand the kinetics controlling the oxidation of 2-MF, brute

force sensitivity analyses for 2-MF/n-heptane/air and 2-MF/air mixtures

were performed at the same conditions as for the reaction path analyses. The

sensitivity coefficient, s, of a reaction for its effect on the ignition delay time is

determined by multiplying its rate constant by a factor of two and evaluating

the relative change in altered ignition delays due to this rate change. Detailed

explanations and definition for s can be found in previous studies [64, 91].

A positive value of s implies that the reaction has an inhibiting effect on the
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overall reactivity and results in longer ignition delays and vice versa.

The results for the sensitivity analysis for 2-MF/n-heptane are shown in

Fig. 16. For the sake of brevity, only the reactions specific to 2-MF and

n-heptane oxidation were taken into consideration, and those related to the

oxidation of smaller species were left out from the analyses. It can be seen in

Fig. 16 that H-abstraction reactions from n-heptane have the most negative s

value for the 2-MF/n-heptane blend. The H-abstraction reactions by ȮH

radicals have a negative s value and promote the reactivity of the blend

at temperatures of 690 K and 800 K. However, at a higher temperature of

1175 K these reactions are found to have a positive s value because of their

limited participation in degenerate branching due to competition with the

H-abstraction reactions by HȮ2 radicals. Reactions including isomerization

of RO2 to QOOH and addition of O2 to QOOH for n-heptane were found

to have a negative s value at temperatures of 690 K and 800 K, whereas, at

a temperature of 1175 K, these reactions do not appear in the sensitivity

plot. These results are consistent with the fact that at low temperatures the

isomerization of RO2 to QOOH and the addition of O2 to QOOH are the rate

limiting steps in low-temperature degenerate branching. On the contrary, at

a higher temperature of 1175 K decomposition of H2O2 becomes important

because of the high amount of energy available at this temperature. The

reaction steps describing cyclic ether formation and concerted elimination

compete with low-temperature degenerate branching pathways of n-heptane

and thus have a positive s value.
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With regards to the reactions related to 2-MF, ȮH radical addition is

found to be the most sensitive. These reactions have a positive s value

at 690 K and 800 K, whereas, at a higher temperature of 1175 K, these ȮH

addition reactions to the furan ring have a negligible negative s value. It

can be seen in Fig. 16 that H-abstraction by ȮH radical from the methyl

side chain of 2-MF has a negative s value at all three temperatures, and

its magnitude decreases with a decrease in temperature. This behavior is

expected because these reactions act as ȮH radical sinks and are competitive

with the primary oxidation pathway of n-heptane (n-heptane + ȮH). As

observed in the oxidation of other stable aromatic hydrocarbon species and

furanics like toluene [70], propylbenzene [92], and 2,5-DMF [66], the reaction

of O2 at the methyl side chain of 2-MF has a negative s value. Independent

of the temperature, reaction of the predominantly formed fuel radical F2ĊH2

with HȮ2 radical has a negative s value, which contributes to the increased

reactivity of 2-MF due to the formation of a reactive ȮH radical in this

reaction step.

Upon inclusion of the direct co-oxidation reactions between 2-MF and

heptyl radicals in the chemical kinetic mechanism, a small amount of 2-MF

decomposition at 690 K was observed in the reaction path analysis. How-

ever, these co-oxidation reactions are ineffective and do not appear in the

sensitivity analyses as seen in Fig. 16. The only significant interaction that

takes place between these two fuels is via smaller radicals, which is limited

to lower temperatures.
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Figure 17 shows the sensitivity analysis for 2-MF in a stoichiometric 2-

MF/air mixture, with the same conditions as in the reaction path analyses of

this mixture. Only the reactions specific to 2-MF oxidation were taken into

consideration, and those related to the oxidation of smaller species were left

out from the analyses. Similar to what was observed in the oxidation of the 2-

MF/n-heptane blend, F2ĊH2 + HO2 reaction has a negative s value whose

magnitude is much higher in comparison to that in the 2-MF/n-heptane

blend. This bimolecular reaction of HȮ2 with primary fuel radical F2ĊH2 to

produce F2CH2Ȯ and ȮH radical is found to be the most promoting reaction

in the oxidation of pure 2-MF. Therefore, it has a significant control over the

predicted ignition delay times under the studied conditions. Additionally,

2-MF + ȮH reactions also play a major role in the oxidation of pure 2-MF

and are found to be temperature dependent. H-abstraction by ȮH on the

methyl side chain of 2-MF has a negative s value for both the temperatures

of 800 K and 1175 K, while ȮH radical addition reactions to 2-MF inhibit its

ignition. H-abstraction by ȮH has a more negative s value at 1175 K than at

800 K. The s value of ȮH radical addition was found to become more positive

with decreasing temperature.

Like in the 2-MF/n-heptane blend, H-abstraction reaction of 2-MF by

O2 is found to promote its ignition. At a higher temperature of 1175 K,

H-abstraction reactions by HȮ2, ĊH3, and Ȯ are also found to play a role

in promoting 2-MF ignition. On the contrary, H-abstraction by CH3Ȯ2 is

observed to be influential only at an intermediate temperature of 800 K.
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Consequently, all the H-abstraction reactions from 2-MF are found to pro-

mote its ignition, which take place predominantly at its methyl side chain.

It is clear from sensitivity analyses of the 2-MF/n-heptane blend and pure

2-MF that the same specific set of 2-MF reactions exert an influence on the

overall chemical kinetic mechanism. However, the degree of sensitivity of

these reactions varies significantly between the pure and the blended fuels.

6. Conclusions

In the present work, a comprehensive experimental and modeling study of

the oxidation of a lignocellulosic biofuel 2-MF and its blend with n-heptane

has been reported. A detailed mechanism that describes the low- to high-

temperature oxidation behavior of 2-MF/n-heptane blends has been devel-

oped. A number of recent advancements in the understanding of the oxida-

tion of 2-MF was compiled and included in the proposed model. The ignition

delay times of pure 2-MF and 2-MF blended with n-heptane (50/50 molar %)

were obtained in two different kinds of experimental setups, an ST and an

RCM. The measurements were performed spanning a wide range of temper-

atures, pressures, and equivalence ratios. The experimental data obtained

from the setups provide a reasonable validation metric for the developed

chemical kinetic model. Subsequently, the developed model was validated

against the measurements made within this work as well as against several

other datasets available in the existing literature. The qualitative and quan-

titative trends of ignition delay times, laminar burning velocities, and flame
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species histories are found to be reasonably predicted by the proposed model.

11

An NTC behavior, which is typical of n-alkanes, was observed during the

ignition of the 2-MF/n-heptane blend, whereas, in case of pure 2-MF, a typ-

ical temperature dependent Arrhenius behavior was observed. A clear trend

showing a reduction in the ignition delay time with an increase in pressure

and fuel concentration was observed for both pure 2-MF and the 2-MF/n-

heptane blend. The ignition behaviors of pure 2-MF, the 2-MF/n-heptane

blend, and pure n-heptane were compared, and it was found that the ad-

dition of n-heptane to 2-MF leads to a decrease in the ignition delay time

for the blend. The reaction path and sensitivity analyses at various condi-

tions of interest were carried out in order to find important reaction path-

ways in the oxidation of 2-MF and 2-MF/n-heptane blends. Particularly,

the ignition of 2-MF and 2-MF/n-heptane blends was found to be driven by

H-abstraction by ȮH and by ȮH addition reactions. Reactions specific to

low-temperature oxidation of alkene, such as Waddington elimination and

Waddington concerted elimination, were seen to play a significant role for

the prediction of ignition delay times below 685 K. For the 2-MF/n-heptane

blend, co-oxidation reactions have little effect on the ignition delay times,

and the effect is limited to the lower temperature regime. We propose that

the main interaction between 2-MF and n-heptane involves smaller radicals,

especially ȮH. It is observed that different reaction pathways exert different

degrees of influence in deciding the overall oxidation behavior of pure 2-MF
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and the 2-MF/n-heptane blend. The oxidation of pure 2-MF is mainly con-

trolled by its H-abstraction by ȮH, whereas, the ȮH addition to 2-MF is

the main rate limiting step in the oxidation of the 2-MF/n-heptane blend.

The present work provides an insight into how the presence of n-heptane

affects the ignition of 2-MF, thus providing a basis for understanding the ox-

idation behavior of higher chain furanics blended with reactive conventional

fuel components. Further refinements in the model would improve its per-

formance. Of particular interest would be the theoretical and experimental

calculation of the rate parameters of the addition reaction of ȮH with 2-MF.

These reactions show particular sensitivity at low temperatures. In order to

further improve the understanding of low-temperature oxidation of 2-MF and

its interaction with conventional fuel components, low-temperature species

profiles data of 2-MF blended with highly reactive hydrocarbon fuels will be

useful.
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Heufer, K. Kohse-Höinghaus, Toward a better understanding of 2-

butanone oxidation: Detailed species measurements and kinetic mod-

eling, Combust. Flame 184 (2017) 195–207.

[50] C. Morley, GasEq. http://www.gaseq.co.uk.

[51] U. Burke, K.P. Somers, P. O’Toole, C.M. Zinner, N. Marquet, G.

Bourque, E.L. Petersen, W.K. Metcalfe, Z. Serinyel, H.J. Curran, An

ignition delay and kinetic modeling study of methane, dimethyl ether,

57



and their mixtures at high pressures, Combust. Flame 162 (2015) 315–

330.

[52] D. Darcy, H. Nakamura, C.J. Tobin, M. Mehl, W.K. Metcalfe, W.J. Pitz,

C.K. Westbrook, H.J. Curran, An experimental and modeling study

of surrogate mixtures of n-propyl-and n-butylbenzene in n-heptane to

simulate n-decylbenzene ignition, Combust. Flame 161 (2014) 1460–

1473.

[53] S.M. Burke, U. Burke, R. Mc Donagh, O. Mathieu, I. Osorio, C. Keesee,

A. Morones, E.L. Petersen, W. Wang, T.A. DeVerter, An experimental

and modeling study of propene oxidation. Part 2: Ignition delay time

and flame speed measurements, Combust. Flame 162 (2015) 296–314.

[54] C.J. Sung, H.J. Curran, Using rapid compression machines for chemical

kinetics studies, Prog. Energy Combust. Sci. 44 (2014) 1–18.

[55] S.S. Goldsborough, S. Hochgreb, G. Vanhove, M.S. Wooldridge, H.J.

Curran, C.J. Sung, Advances in rapid compression machine studies of

low-and intermediate-temperature autoignition phenomena, Prog. En-

ergy Combust. Sci. 63 (2017) 1–78.

[56] K.A. Heufer, H. Olivier, Determination of ignition delay times of differ-

ent hydrocarbons in a new high pressure shock tube, Shock Waves 20

(2010) 307–316.

58



[57] E.L. Petersen, R.K. Hanson, Nonideal effects behind reflected shock

waves in a high-pressure shock tube, Shock Waves 10 (2001) 405–420.

[58] B. Esser, RWTH Aachen, (1991).

[59] K. Zhang, C. Banyon, J. Bugler, H.J. Curran, A. Rodriguez, O. Herbi-

net, F. Battin-Leclerc, C. B’Chir, K.A. Heufer, An updated experimen-

tal and kinetic modeling study of n-heptane oxidation, Combust. Flame

172 (2016) 116–135.

[60] D. Darcy, C.J. Tobin, K. Yasunaga, J.M. Simmie, J. Würmel, W.K.
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