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ABSTRACT

The low to intermediate temperature (850-1050 K) auto-ignition characteristics of furan, 2,3-dihydrofurn
and tetrahydrofuran have been investigated both experimentally and kinetically. The pressure (18 and
33 bar) and equivalence ratio (0.5, 1.0 and 2.0) effects on the auto-ignition of furan were experimentally
examined using a rapid compression machine. Compared with alkylated furans, the ignition delay times
of furan show notably insensitivity to equivalence ratio. Comparison on the low to intermediate tempera-
ture reactivity of furan, alkylated furans, 2, 3-dihydrofuran, and tetrahydrofuran indicates that saturation
degree plays a more dominant role in enhancing reactivity than alkyl substitution. Literature mechanisms
were validated against present data. Kinetic analyses revealed the major fuel consuming routes and the
causes for the deviation between simulation and experimental results. Furthermore, a modified model of
furan, 2, 3-dihydrofuran, and tetrahydrofuran was proposed and validated against the ignition delay times
in this study as well as experimental data in literatures.

© 2019 Published by Elsevier Inc. on behalf of The Combustion Institute.

1. Introduction

Biofuels are treated as promising alternatives to the depletion
of traditional fossil fuels. Without putting a threat on food safety,
the furanic fuels can be produced from lignocellulosics [1-3]. Im-
proved production methods of furanic fuels make them as possible
fossil fuel alternatives. The furanic fuels mainly comprise of alkyl-
furans, dihydrofurans, and tetrahydrofurans. Furan, a ring struc-
tured and unsaturated ether, is the simplest component of fu-
ranic fuels and it can be produced from the pyrolysis of leaves,
wood and tobacco smoke [4]. Furan is also an important interme-
diate during the oxidation of other alkylfuran components [5,6],
including 2, 5-dimethylfuran (DMF25), 2-methylfuran (MF2), and
2-ethylfuran (EF2).

Relative to the degree of study conducted on DMF25 and MF2,
furan has seen less exploratory analysis [7]. Tian et al. [8] exam-
ined the profiles of more than 40 species for low pressure pre-
mixed furan flames and constructed the furan mechanism. Wei
et al. [9] have measured the high temperature ignition delay times
(IDTs) of furan at pressures up to 10.4 atm and some attempts
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have been made for mechanism optimization. Other researchers
aimed to conduct comparative studies on the combustion kinetics
of furan. Liu et al. [10], Tran et al. [11], and Togbe et al. [12] con-
ducted a series of research towards the detailed flame structures
of furan, MF2, and DMF25 respectively. A single kinetic mecha-
nism was constructed for the modeling of the three fuels. The fu-
ran sub-mechanism was refined, showing better agreement with
their experimental results. They concluded that the structure dif-
ferences would induce varied species profiles of CO, C;H,, CyHg,
and 1, 3-C4Hg. Eldeeb and Akih-Kumgeh [13] compared the high
temperature IDTs of furan, MF2, and DMF25 under air-dilution
conditions, finding that the reactivity of MF2 is the highest, fol-
lowed by furan and then DMF25. Xu et al. [14] studied the ignition
characteristics of DMF25, MF2, and furan in the high temperature
range at a constant fuel load, showing that furan is the least re-
active. Sudholt et al. [15,16] firstly determined the DCNs (derived
cetane number) of alkylfurans and tetrahydrofurans. From their re-
sults, the DCNs of tetrahydrofurans are systematically higher than
those of furans and the ignition characteristics of furans largely dif-
fer from those of tetrahydrofurans. The reactivity of furans is de-
termined by the ring structure, making them suitable SI engine
candidates, while that of tetrahydrofurans depends on the side
chain properties. Later on, the authors measured the low tempera-
ture air-diluted IDTs of alkylfurans and tetrahydrofurans at 20 bar,
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Table 1
Experimental condition.
Fuel Fuel concentration P [bar )
furan 1% 18,33 05,10, 20
2,3-DHF 1% 18 1.0
THF 1% 18 1.0

650-900 K, and ¢ = 1.0. Distinct from furans that longer side chain
induces higher low to intermediate temperature reactivity, the
reactivity order of tetrahydrofurans is influenced both by the
length and the position of the side alkyl chain. Tran et al. [5] mea-
sured the stable and intermediate species in the low to interme-
diate temperature oxidation of furan, MF2, and DMF25 in a flow
reactor. They extended the mechanism of Liu et al. [10] for the ap-
plication in the low to intermediate temperature range, which is
in line with experimental results. Most of the above-mentioned re-
searches focus on high temperature regime, and efforts toward low
to intermediate ignition characteristics of furan are not sufficiently
studied both experimentally and kinetically.

Tetrahydrofuran (THF) is a saturated cyclic ether and a promis-
ing candidate for using as engine fuel [17]. Dihydrofuran (DHF) has
a very similar molecular structure with furan and THF with one
carbon-carbon double bond. Many works [17,18] have contributed
to the understanding of THF combustion chemistry. Recently, Fe-
nard et al. [18] have developed a detailed kinetic model of THF in-
cluding the low-temperature chemistry and it has been validated
against the IDTs in both high and low temperature as well as
species profiles in a jet-stirred reactor (JSR). However, there are
only few studies on the IDTs of dihydrofurans. Fan et al. [19,20]
have measured the IDTs of 2,3-dihydrofuran (2,3-DHF) and 2,5-
dihydrofuran (2,5-DHF) in the high temperature region using a
shock tube and compared the reactivity among furan, 2,3-DHF and
2,5-DHF. To the best of the authors’ knowledge, there is no low
temperature ignition delay data for 2,3-DHF available in literatures.

This paper firstly provides IDTs of furan, 2,3-DHF and THF in the
low to intermediate temperature range, which will be important
for the mechanism development. Secondly, literature mechanisms
about furans [10,18,21,22] have been validated against present
data. Kinetic analyses have been conducted to reveal the major
pathways of furan consumption and dominant reactions. Further-
more, the low to intermediate temperature reactivity of alkylfu-
rans, furan, 2,3-DHF and THF are compared to show the effect of
alky side chains and unsaturated double bond on the cyclic ether
molecular oxidation.

2. Methodology

The IDTs were measured using two rapid compression machines
(RCMs) in Xi'an Jiaotong University (XJTU-RCM) and Tsinghua Uni-
versity (TU-RCM) under the same conditions. Details of the facili-
ties can be found in Refs. [23-26], and here only the RCM in Xi'an
Jiaotong University is briefly introduced. Five components com-
prise the apparatus: the high-pressure stainless air tank, the driv-
ing section, the hydraulic chamber, the driven section and the re-
action vessel. A creviced piston is adopted to prevent the mixing
of boundary layer gas with core region due to the roll up vortex.
Details of the creviced piston design can be found in Ref. [24]. Be-
fore the experiments, mixtures are prepared in a vessel according
to their partial pressures. Specifically, the partial pressures of the
fuels are kept at 1/3 of their saturated vapor pressures. The puri-
ties of furan, 2,3-DHF, and THF are 99.5%, 98%, and 99.5% respec-
tively. Experiments were conducted at least an hour later to ensure
the homogeneity of the mixtures. Experimental condition is given
in Table 1. Mixtures composition and detailed measured IDTs are
provided in the Supplementary materials.
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Fig. 1. Typical pressure traces measured in this RCM. Solid line: reactive pressure
trace; dash line: non-reactive pressure trace.

Typical measured pressure traces in this RCM are shown
Fig. 1. IDT is defined as the time interval between the end-of-
compression and the maximum slope (dp/dt)max on the pressure
trace. For each reactive compression, a non-reactive case was con-
ducted in which O, in the fuel mixture is substituted by the same
moles of N,. Volume profiles [27] were adopted in the simulations
to account for the facility effects, which are deduced from non-
reactive pressure traces by applying adiabatic compression and ex-
pansion theory. The alkylfuran mechanism of Somers et al. [21,22],
Liu et al. [10], Tran et al. [5] and THF mechanism of Fenard et al.
[18] are used in simulating the auto-ignition at the experimental
conditions using Chemkin Pro [28] software.

3. Results and discussion
3.1. The ignition delay times of furan

The IDTs of furan in low to intermediate temperature range
(850-1050 K) were measured in two RCMs to confirm the relia-
bility of the experimental data. The maximum measurement dis-
crepancy is within 38% between these two RCM which is ascribed
to the measurement uncertainty and facility effect. Detail compar-
isons on the IDTs obtained from these two apparatuses are pro-
vided in the supplementary material. If not specified, IDTs dis-
cussed in the following sections were measured in XJTU-RCM.
Figure 2 depicts the influence of equivalence ratio and pressure on
the IDTs of furan. The IDTs of furan increase linearly with recipro-
cal temperature, and no NTC (negative temperature coefficient) or
two-stage ignition phenomenon were observed for furan. Due to
the cyclic unsaturated structure, it is reasonable that the reactiv-
ity of furan is quite limited, and the present IDTs (1% fuel concen-
tration) mainly fall in the intermediate temperature range (900-
1010 K). Compared with DMF25, EF2, and MF2 [6,29], the IDTs of
furan are not sensitive to the variation of equivalence ratio under
constant fuel load of 1%, and increasing only slightly with increas-
ing equivalence ratio (dilution ratio is also changed), as shown in
Fig. 2(a). This is consistent with the conversion rate of furan un-
der low to intermediate temperature oxidation conditions [5]. The
pressure effect on the IDTs of furan is shown in Fig. 2(b), which
clearly indicates the enhancement of reactivity at higher pressures.

3.2. The ignition delay times of 2,3-DHF and THF

The IDTs of stoichiometric mixtures of 2,3-DHF and THF were
measured at the pressure of 18 bar, as shown in Fig. 3(a) and (b).
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Fig. 2. The influence of equivalence ratio (0.5, 1.0 and 2.0) and pressure (18 and
33 bar) on IDTs of furan under 1% fuel concentration. Solid line: the mechanism
of Somers et al. [21,22]; dash line: the mechanism of Tran et al. [5]; dot line: the
mechanism of Liu et al. [10]. (For interpretation of the references to color in this
figure, the reader is referred to the web version of this article).

The IDTs of 2,3-DHF become shorter as temperature increased, and
no two-stage ignition was observed. The ignition of THF, however,
exhibits a typical low-temperature reactivity with two-stage be-
havior, as observed in the pressure trace in Fig. 1. Both the first-
stage (1st IDT) and total IDTs are then reported in this work.

3.3. The performance of literature models

3.3.1. Furan sub-models

Being as the fundamental part of furan derivatives, the sub-
mechanism of furan is included in the mechanism of alkylfu-
rans and tetrahydrofurans. The NUIG alkylfuran mechanism devel-
oped by Somers et al. [21,22] has been validated against pyrolysis,
jet stirred reactor species profiles, laminar burning velocities and
IDTs of MF2 and DMF25. The mechanism of Liu and co-workers
[10-12] has been validated against the oxidation flame structures
of furan, MF2, and DMF25. The furan sub-mechanism of these two
mechanisms are both from Tian et al. [8], maintaining only minor
differences. Recently Tran et al. [5] further extended Liu’s model to
the low to intermediate temperature range, with new features in-
cluded in the furan sub-mechanism. However, the performance of
these mechanisms against low to intermediate temperature IDTs of
furan has not been tested.

In Fig. 2, the simulating results from Somers et al. [21,22], Tran
et al. [5], and Liu et al. [10] are depicted with solid, dash, and
dot lines respectively. Under the present experimental range, the
equivalence ratio effect on the IDTs of furan can be qualitatively
captured by the mechanisms of Liu et al. [10] and Somers et al.
[21,22], however over-predicted by one magnitude. The mecha-
nism of Tran et al. [5] provides better quantitative agreement with
experimental data. However, the mechanism cannot depict the
dependent of IDTs on equivalence ratio: at intermediate temper-
atures (1000 K), IDTs for three equivalence ratios agree with each
other, while at lower temperatures, IDTs of ¢ = 2.0 are very close
to that of ¢ = 1.0 and higher than that of ¢ = 0.5. In addition,
the mechanism of Tran et al. [5] exhibits weaker equivalence
ratio dependence compared with experimental results. Although
experimentally measured furan ignition delays are quite close
under different equivalence ratios, the trend that increasing the
equivalence ratio prolongs IDTs under constant fuel loads can still
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Fig. 3. The IDTs of 2,3-DHF (a) and THF (b) under 1% fuel concentration. Solid line: the mechanism of Fenard et al. [18]; dash dot line: the mechanism of Somers et al.

[21,22]; dash lines: the mechanism of Tran et al. [5].
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Fig. 4. Reaction pathway analyses of furan at ¢ = 1.0, 900 K, 18 bar and 20% fuel consumption: (a) the mechanism of Somers et al. [21]; (b) the mechanism of Tran et al.

[5].

be seen from Fig. 2(a), even with uncertainties taken into account.
In the low to intermediate temperature oxidation experiments of
furan [5], the conversion rates of furan under different equivalence
ratio are quite close and fall in the order: 1.0 > 0.5 > 2.0 both
from experiments and simulation of Tran’s mechanism. Tran’s
mechanism also predicts well the IDTs of furan under different
pressures, as shown by Fig. 2(b), with only slightly lower predicted
IDTs for 18 bar condition.

3.3.2. 2,3-DHF and THF sub-models

The kinetic models of 2,3-DHF and THF are included as sub
models in both mechanisms of Tran et al. [5] and Somers et al.
[21,22]. Fenard et al. [18] has recently extended the mechanism of
THF to low temperature range and also included the sub model of
2,3-DHF. Thus, performance of these three mechanisms is tested
against present ignition delay data of 2,3-DHF and THF, as shown
in Fig. 3(a) and (b). Since none of these mechanisms has explic-

itly developed the sub model of 2,3-DHF, all the mechanisms have
greatly under-predicted the reactivity of 2,3-DHF in the studied
temperature range (780-920 K), and no ignition was predicted by
mechanisms of Fenard et al. [18] and Somers et al. [21,22] within
500 ms. In Fig. 3(b), mechanism of Fenard et al. [18] has well cap-
tured the IDTs of THF and the mild NTC trend. It should be noted
that, this mechanism has also been validated against the RCM data
(fuel in air condition) of Vanhove et al. [30] and gives the sim-
ilar performance. Although this mechanism still needs to be im-
proved for the prediction of NTC and 1st IDT, it generally performs
good in both fuel in air and more diluted conditions. Due to the
lack of low-temperature reactions, mechanisms of Tran and Somers
cannot predict well the ignition at temperatures lower 850 K. In
higher temperature region, prediction of Tran model is very close
to that of Fenard, while the simulation results of Somers mech-
anism are more than one magnitude shorter than experimental
measurements.
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Fig. 5. The influence of the rate constant of reaction HCO + O, = CO + HO; in Tran mechanism [5] on the low to intermediate temperature IDTs of furan.
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Fig. 6. Sensitivity analysis of furan ignition at 850 and 980 K using Tran mechanism [5].

3.4. Mechanism analysis and optimization

This section firstly focuses on the analyses of furan sub-model.
Details of furan reaction pathways are compared between different
mechanisms. Secondly, since the literature mechanisms can only
predict well the oxidation of one of the three fuels studied in this
work, an optimized model is proposed combining all the three fuel
sub-mechanisms from literatures. Finally, the present mechanism
is validated against the IDTs from RCM and shock tube [19,31], and
species profiles from JSR [30].

3.4.1. Comparison of the furan sub-models

In order to investigate the differences existing among these
mechanisms, reaction pathway analysis was conducted for stoi-
chiometric furan at 18 bar and 900 K using the mechanism of

Somers et al. [21,22] and Tran et al. [5], as shown in Fig. 4. Con-
cerning primary consuming routes from the Somers mechanism,
furan is mainly consumed (63.8%) by OH-addition reactions at C2
position, followed by H-addition reactions at C2. Being largely dif-
ferent from DMF25, MF2, and EF2, H-abstraction reactions (mainly
by O and OH radicals) from C2 and C3 position only consumes
7.1% fuel due to the bond dissociation energy (BDE) differences
in ring and allylic C-H bonds [32]. The differences in the rela-
tive importance of H-abstractions for furan and other alkylated fu-
rans also explain their different dependence on equivalence ratio.
For alkylated furans, the fuel radicals resulted from H-abstractions
mainly react with HO,, CH30,, and O, whose concentration is rel-
evant with equivalence ratio. As to the mechanism of Tran et al.
[5], the primary fuel consumption routes do 'not vary much. The
OH-additions and H-additions account for more fuel consumption,
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while that of H-abstractions decreases. H-abstraction by HO, ac-
count for 1.9% fuel consumption, and the generated H,O, molecule
would mainly decompose into 2 OH radicals in the low to interme-
diate temperature range. Being different from the Somers mecha-
nism where OH-addition reaction of furan at C2, reactions of f2j
and f3j with O, are one-step lumped reactions, the mechanism of
Tran et al. [5] incorporated some new features in the furan sub-
mechanism. (1) Detailed OH-addition and subsequent isomeriza-
tion and decomposition are included. Mousavipour et al. [33] stud-
ied the reactions of OH radical with furan and pointed out that
substitution and H-abstractions by OH radicals are of significant
importance above 2000 K, while OH-additions dominate at low
temperatures, which is in accordance with the reaction pathways.
Tran et al. [5] adopted the rate constant of the OH-addition re-
action from the quantum chemistry calculation of Mousavipour
et al. [33]; (2) The authors [5] updated the rate constants for H-
abstraction reactions of the fuel with H, CHs, and HO, radials as
well. (3) The major pathways of radicals f2j and f3j are through
disproportionation reactions; CH,CHCO, the major product of f2j
and f3j radicals, will not add H radical and generate CH3;CHCO
which consumes OH radicals subsequently. Instead, CH,CHCO de-
composes into C;Hz and CO; (4) Tran et al. [5] newly introduced
the reactions of radicals f2j, f3j, C4H50-2, and C4H50-3 with HO,
and CH30, into the sub-mechanism. (5) The product of H-addition
would disproportionate with HO, generating OH radicals.

Compared with Somers mechanism, Tran mechanism greatly
enhances the simulated furan reactivity. This is mainly caused by
two reasons: (1) the updated H-abstraction reactions with HO,
radical, which would generate 2 OH radicals; (2) the decomposi-
tion reaction of CH,CHCO prevent the subsequent OH consuming
reactions.

In the low pressure oxidation study of Tran et al. [5], furan
is mainly consumed through H-additions and OH-additions. One
main feature distinguishes alkylfurans low temperature oxidation
from that of alkylbenzenes is the large contribution of OH-addition
to the fuel consumption. OH-addition at C5 position (no alkyl sub-
stitution site) of furan, MF and EF will generate C,H3CHO+ HCO,
CyH3CHO+CH3CO, and C;H3CHO+CH3CH,CO, respectively, while
OH-addition at C2 position would yield C;H3CHO + HCO, methyl
vinyl ketone + HCO, and ethyl vinyl ketone + HCO, respectively.
Due to the symmetry of furan, OH-additions would produce equal
amount of HCO radical, making its chemistry vital. Tran et al
[5] set the rate constant for reaction: HCO + O, = CO + HO, to
1/3 of its original value [34]. The influence of this reaction on IDTs
is depicted in Fig. 5. Decreasing the rate constant of the reaction
prevents the mechanism from correctly capture the trend of IDTs
with equivalence ratio, while increasing the rate constant of this
reaction strengthens the influence of equivalence ratio on IDTs.

Sensitivity analysis was conducted using Tran mechanism [5],
as shown in Fig. 6. The IDTs of furan are very sensitive to the H-
abstractions with HO, radical and vinyl radical oxidation. The rate
constant of reaction: furan+R300H = furyl-3 + H,0, in the mech-
anism of Tran et al. [5], which is from RMG [35], is about 2-8 mag-
nitude higher than that in Somers mechanism [21,22] in the low
to intermediate temperature range. The rate constant of this re-
action along with others of similar H-abstraction by HO, reactions
are compared in Fig. 7. Cyclopentane [38], a saturated five-member
ring, has the highest rate constant. While, for H-abstraction in the
C2 position of 1,3-butadiene [39], its rate constant is the lowest
among the comparison due to the high C-H BDE. The C-H BDE is
also very high for furan, yet the rate constant used in Tran mecha-
nism [5] is even slightly higher than that of C3Hg and C3Hg_allylic
H-abstraction reactions calculated by Tsang [36,37] in the studied
temperature range. Considering the large uncertainty of the impor-
tant reactions, further mechanism development should put effort
into the precise determination on the rate constants for H addi-
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Fig. 7. Comparison on the rate constants of H-abstraction reactions. Furan (black
lines): from Tran et al. [5] and Somers et al. [21,22]; cyclopentane (blue dash line):
from Handford et al. [38]; C3Hg and C3Hg (green dash dot line and red dot line):
from Tsang et al. [36,37]; 1,3-butadiene (black dash dot line): from AramcoMech 3.0
[39]. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

tion and H-abstraction by HO, radicals by using high-level quan-
tum chemistry calculation. Moreover, for the unimolecular reac-
tions: furan = CH,CCHCHO and furan = C;H, + CH,CO which ac-
counts for most fuel consumption at the 20% fuel consumption,
pressure dependent rate constants are also suggested.

3.4.2. Low-temperature oxidation of THF

Reaction flux analysis of stochiometric THF mixture was con-
ducted at 18 bar and 700 K, as shown in Fig. 8. The oxidation of
THF has exhibited typical low-temperature reaction pathways: The
tetrahydrofuran firstly goes through H-abstraction reactions by OH
or HO, and gives tetrahydrofuranyl radicals. Tetrahydrofuranyl rad-
icals then mainly add O, and produce ROO radicals, followed by
internal isomerization and yield QOOH radicals. These QOOH radi-
cals can either undergo ring opening by beta-scission and produce
butanedial and OH, or second O, addition which subsequently
go through HO, elimination and decompose into acrolein, HCO
and OH radicals. Tetrahydrofuranyl radical (cy(OCJCCC)) can also
directly go through ring opening (25.1%) and yield butanal-4-yl
radical (C3H6CHO-1). The subsequent reactions of O, addition to
C3H6CHO-1 are also included in the system which contributes to
the low-temperature reactivity of THF oxidation.

Instead of O, addition, 23.8% tetrahydrofuranyl radicals form
2,3-dihydrofuran by concerted elimination of HO, radicals. 2,3-
dihydrofuran reacts with OH by H-abstraction and give dihydro-
furanyl radicals (C4H50-2 and C4H50-3). By analogy with tetrahy-
drofuranyl radicals, dihydrofuranyl radicals would also add O, and
form ROO radicals, which finally eliminate an OH radical and de-
compose to acrolein and HCO radical. However, all the dihydrofu-
ranyl radicals are ended up in forming furan while the O, addition
and subsequent reactions are missing in the current mechanism of
Fenard et al. [18], which could be the reason that Fenard mecha-
nism is under-predicted the low-temperature reactivity of 2,3-DHF.

3.4.3. Mechanism optimization and validation

The recently developed mechanism of Fenard et al. [18] is
based on a well-validated high-temperature model of Tran et al.
[17] by adopting high-level theoretical calculations for important
reactions. This model has shown quite good performance in pre-
dicting IDTs and oxidation species profiles of THF/oxygen mixtures.
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Fig. 8. Reaction flux analysis of 1% THF, ¢ = 1.0, at 700 K, p = 18 bar, using Fenard model [18].

However, this model does not contain the newest features of
low-temperature furan reactions and therefore cannot predict its
ignition in a reasonable level. Considering the good performance of
Fenard model [18] in predicting species profiles of C1-C4 hydro-
carbons, acyclic and cyclic oxygenated compounds, we then em-
ployed the new features of furan sub-model from Tran mecha-
nism [5]. 2,3-DHF sub-model was also modified by completing the
reaction pathways and updating the rate constants for important
reactions. Details of the mechanism optimization along with the
present mechanism are provided in the supplementary materials.
Mechanism optimization: For the furan sub-mechanism, the rate
constants of H-abstraction reactions are firstly updated to those
in Tran mechanism [5]. The rate constant of H-abstraction from
C3 position of furan by HO, is decreased by analogy with 1,3-
butadiene, as discussed in Section 3.3.1. H abstracted by CH30,,
CH,, and HCO which were missing in the original model are now
added in the present model. Ring opening reactions are also in-
cluded in the present model, especially for OH addition to fu-

ran generating HCOCHCHCHOH radical, which is found largely
contributing to the consumption of furan in the studied low-to-
intermediate temperature range [33]. Two new species (HCOCHCH-
CHOH, HCOCH2CHCHO) together with relevant reactions from Tran
mechanism [5] are imported in the present mechanism to make
sure they can be reacted with other species.

For 2,3-DHF sub-mechanism, firstly, H-abstraction reactions by
HO,, OH, HCO, CH,0H, CH30, and C;Hs radicals are added or up-
dated by analogy with THF in Fenard mechanism [18], and de-
creased Ea is adopted for H-abstraction reactions from allylic sites.
Ring opening and decomposition reactions are important reactions
in the consumption of furan [5] and THF [18], and thus these
reactions of 2,3-DHF suggested by Fan et al. [19] are employed
in the present model. However, integrating the above reactions
only limitedly increased the reactivity of 2,3-DHF at low tempera-
tures because dihydrofuranyl radicals have no other reaction path-
ways but all end up forming furan by eliminating another H atom,
as shown in Fig. 8. Since detailed kinetic model development of
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Fig. 9. The reaction pathways of O, addition to dihydrofuranyl radical.
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Fig. 10. The prediction of IDTs of furan under different equivalence ratios using the
present model.

2,3-DHF is out of the scope of present work, and there are no ther-
mal and kinetic data of O, addition and ring opening reactions in
the literature, one-step lumped reactions of dihydrofuranyl radicals
react with O,, as shown in Fig. 9, are adopted in the present 2,3-
DHF sub-mechanism. Adding these reactions greatly promotes the
reactivities at temperatures lower than 1050 K, while the predic-
tions at higher temperatures are little affected. It should be noted
that, the rate constant of this reaction is just fitted to make better
agreement with the experimental data and further quantum chem-
istry calculations are needed to precisely determine the intermedi-
ate products and rate constant of each step.

Mechanism validation: The present mechanism is firstly vali-
dated against IDTs of furan, 2,3-DHF and THF measured in this
study. Furthermore, literature high temperature IDTs of furan [9],
2,3-DHF [19], and THF [31] in shock tube and JSR species profiles
[30] are also simulated to evaluate the performance of the present
mechanism. Compared with the literature model, present model
generally shows improved predictions for furan, 2,3-DHF and THF
oxidation.

Figure 10 shows the prediction of the IDTs of furan under
¢ = 0.5, 1.0 and 2.0, 33 bar conditions. Compared with the pre-
dictions of Tran model, as shown in Fig. 2(a), the effect of equiva-
lence ratio is better captured in the present model. This improve-
ment is mainly contributed by the updated base mechanism [18],
especially reaction HCO + O, = CO + HO,, which has adopted the
original rate constant calculated by Timonen et al. [34].

Comparisons on the IDT predictions of furan at different pres-
sures using Tran [5] and present models are shown in Fig. 11.
Generally, these two models generate very similar performance,
and present model has slightly improved the agreement between
model predictions and experimental data.

Model predictions for the IDTs of 2,3-DHF and THF are shown
in Fig. 12. The present model has shown a significant improvement
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Fig. 11. Comparison on the simulated IDTs of furan at different pressures using Tran
model [5] and present model.
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Fig. 12. Predicted IDTs of 2,3-DHF and THF using present model.

on the reactivity predictions and well captured the IDTs of 2,3-DHF.
For the auto-ignition of THF, the present model yields similar per-
formance as that of Fenard et al. [18].

Since the reactions in furan sub-mechanism are also important
in high-temperature range, IDTs measured in a shock tube by Wei
et al. [9] are also simulated using present model. Figure 13 shows
that present model can also better predict the auto-ignition of fu-
ran up to 1900 K, under various pressure and equivalence ratio
conditions.

Figure 14 presents performance assessment of the present
model concerning IDTs of 2,3-DHF measured by Fan et al. [19] and
THF measured by Uygun et al. [31] in shock tubes. Compared with
Fenard model [18], the present model shows a significant improve-
ment in predicting the IDTs of 2,3DHF and slight improved perfor-
mance for autoignition of THFE.

The mole fraction profiles of furan, 2,3-DHF and THF obtained
in a JSR by Vanhove et al. [30] are simulated at equivalence ratio
0.5, 1.0 and 2.0, as shown in Fig. 15. The present model shows
a same prediction with Fenard model [18] in the profiles of THF
under different equivalence ratio. While for furan and 2,3-DHF,
predictions of the present model are getting closer to the experi-
mental data. The present model also reproduces the product mole
fractions well such as CH,0 and CO, etc. which are provided in
the supplementary material along with further validations against
IDTs in the literatures.
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Fig. 13. Comparison on the simulated IDTs of furan from shock tube measurement by Wei et al. [9] using Tran model [5] and present model.
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Fig. 14. Comparison on the simulated IDTs of 2,3-DHF(a) from Fan et al. [19] and THF (b) from Uygun et al. [31] using Fenard model [18] and present model.

3.5. Discussion on furan: the starting point of furan derivatives

Furan is a base molecule for investigating furan derivatives:
by adding alkyl side chains generates alkylfurans; by increasing
the saturation extent generates dihydrofurans and tetrahydrofuran.
Figure 16 shows the comparison on IDTs of furan, alkylfurans [6],
2,3-DHF, and THF in the low to intermediate temperatures under
1% fuel concentration, stoichiometric conditions, and pressures of
16-18 bar. It can be seen from Fig. 16 that the reactivity of furan is
the lowest among alkylfurans, 2, 3-dihydrofuran and tetrahydrofu-
ran. Our previous work pointed out that H-abstractions at alkyl site
contribute 1/3 of alkylfuran fuel consumption [6,29], and recombi-
nation/disproportionation reactions between fuel and HO, radicals

greatly enhance the reactivity. Due to the unsaturated nature of
furan ring, the reaction pathway of furan differs: OH-additions and
H-additions dominate, while H-abstraction becomes a minor route.

Another interesting comparison is among furan, 2,3-DHF, and
THEF, illustrating the influence of the double bond number on the
low temperature reactivity. It can be seen from furan to THF,
increasing the saturation degree greatly improves combustion
reactivity, especially at lower temperatures. The IDTs of furan are
more than one magnitude higher than those of 2,3-DHF and THF.
The reactivity of 2,3-DHF is slightly higher than THF in the higher
temperature range (>810 K) while THF exhibits higher reactivity
and NTC behavior below 730 K. From THF to furan, inducing more
double bonds on the ring has greatly changed the ring C-H bond
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dissociation energies [16]. For THF, the C3-H BDE is 411.6 k]/mol,
and that of C2-H is ~20 kJ/mol lower as it is more adjacent to the
O atom. The C3-H BDE (allylic) in 2,3-DHF is only 343.8 kj/mol,
which is 48.6 k]J/mol lower than that of C2-H in THF, making it
easier to be broken. Furan has two functional groups: O atom and

two double bonds. However, the double bonds on furan molecule
are not discrete because of its aromatic system like benzene, and
the ring C-H BDE is around 504 kJ/mol, no matter at C2 or C3. The
low temperature reactivity largely depends on the two sequences
of O, addition, internal H-shift and isomerization, which generates
two OH radicals. For furan, this sequence is not favored at low
temperature due to the BDE and number of C-H on the ring. Com-
paring with alkyl side chains (1 or 2 C atoms) substitution, satu-
ration degree of furan derivatives has a more notably influence on
low to intermediate temperature reactivity enhancement. Without
the dominating effect of ring double bonds, the presence of O atom
lowers the ring C-H BDEs of THF and saturated part of 2,3-DHF,
making them lower than the methyl C-H BDE. Besides, removing
one double bond also increase the number of available adjacent H
atoms, facilitating the two internal H-abstractions involved in the
low to intermediate temperature chain branching sequence.

4. Conclusions

The present work measured the low to intermediate temper-
ature IDTs of furan at 1% fuel concentration, 18 and 33 bar, and
equivalence ratios of 0.5, 1.0, and 2.0. The IDTs of furan lengthen
with the decreasing pressure and are not sensitive to equivalence
ratio variation. Comparation among furan, alkylated furans, 2,3-
DHF, and THF indicates that saturation degree has a more domi-
nant effect on enhancing the low to intermediate temperature re-
activity compared with alkyl substitution.
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The literature mechanisms were validated against present data.
Kinetic analyses were conducted to reveal the major consuming
pathways of furan and the causes for the deviation between mech-
anism prediction and experimental data. In the low to intermedi-
ate temperature range, furan is mainly consumed by OH-addition
and H-addition reactions, while H-abstraction only account for
a minor part. Uncertainty remains in the rate constant of reac-
tion: furan + R300H = furyl-3 + H;0, which greatly promotes
reactivity.

A kinetic mechanism has been optimized including the sub-
models of furan, 2,3-DHF and THF, and it shows improved perfor-
mance in predicting the IDTs as well as products mole fraction pro-
files in a JSR.
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