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Abstract

Fuels of the furan family, i.e. furan itself, 2-methylfuran (MF), and 2,5-dimethylfuran (DMF)
are being proposed as alternatives to hydrocarbon fuels and are potentially accessible from
cellulosic biomass. While some experiments and modeling results are becoming available for
each of these fuels, a comprehensive experimental and modeling analysis of the three fuels
under the same conditions, simulated using the same chemical reaction model, has — to the best
of our knowledge — not been attempted before. The present series of three papers, detailing the
results obtained in flat flames for each of the three fuels separately, reports experimental data
and explores their combustion chemistry using kinetic modeling. The first part of this series
focuses on the chemistry of low-pressure furan flames. Two laminar premixed low-pressure
(20 and 40 mbar) flat argon-diluted (50%) flames of furan were studied at two equivalence
ratios (¢=1.0 and 1.7) using an analytical combination of high-resolution electron-ionization
molecular-beam mass spectrometry (EI-MBMS) in Bielefeld and gas chromatography (GC) in
Nancy. The time-of-flight MBMS with its high mass resolution enables the detection of both
stable and reactive species, while the gas chromatograph permits the separation of isomers.
Mole fractions of reactants, products, and stable and radical intermediates were measured as a
function of the distance to the burner. A single kinetic model was used to predict the flame
structure of the three fuels: furan (in this paper), 2-methylfuran (in Part II), and 2,5-
dimethylfuran (in Part III). A refined sub-mechanism for furan combustion, based on the work
of Tian et al. [Combustion and Flame 158 (2011) 756-773] was developed which was then
compared to the present experimental results. Overall, the agreement is encouraging. The main
reaction pathways involved in furan combustion were delineated computing the rates of
formation and consumption of all species. It is seen that the predominant furan consumption
pathway is initiated by H-addition on the carbon atom neighboring the O-atom with acetylene

as one of the dominant products.
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1. Introduction
With tightened fossil fuel resources and rigorous environmental legislation, biofuels are seen as
an interesting and promising alternative. Decades of research have been performed to provide
chemical databases for the conventional hydrocarbon fuels, but similar information on the
richer chemistry of oxygenated and other bio-derived fuels is comparatively recent [1,2]. The
so-called "furanics", including furan and its derivatives, are potential biofuels and have
significant advantages compared to first-generation biofuels [3-5]. Before a potential biofuel
should be used in practice, it is advisable to investigate it carefully with respect to its
combustion chemistry, including information on the nature and amount of undesired and
potentially harmful products. Some of the earlier experimental studies regarding furan fuels
have investigated their thermal decomposition [6-15]. Only a few experiments addressed all
three furanic fuels. Especially Grela et al. [6] employed a heated flow reactor to determine the
decomposition rates of furan, 2-methylfuran (MF), and 2,5-dimethylfuran (DMF), and
analyzed the pyrolysis products using an online gas chromatography coupled to a mass
spectrometer at very low pressure (1.3x10” mbar) and over the temperature range of 1050-
1270 K. Also, Lifshitz et al. [7-9] used shock tube experiments to investigate the thermal
decomposition of these three furanic fuels over the temperature range of about 1050 to 1460 K,
at pressures of 2 atm. Measurements of the final products were also obtained using gas
chromatography techniques, and a chemical kinetic mechanism was proposed to model their
results. Both Grela et al. [6] and Lifshitz et al. [7-9] concluded that the rate coefficients for
thermal decomposition of these furanic fuels increase with increasing alkylation of the furan
ring.

Theoretical calculations were also employed to compute the thermal decomposition of furan
[16-18]. Liu et al. [16,17] investigated the thermal decomposition of furan using density

functional (B3LYP) methods for geometries and QCISD(T) for energies. They reported on the



thermochemistry and energetics of the thermal decomposition channels of furan, but did not
give any information about the rate coefficients. Sendt et al. [18] reported the thermochemistry
and rate parameters of several key reactions. They also proposed a kinetic mechanism which
agrees well with the furan pyrolysis measurements of Organ and Mackie [13]. Sendt et al. [18]
also concluded that 1,2-hydrogen atom transfer is the most important pathway for furan
consumption in pyrolysis.

Recently, experimental and kinetic investigations of premixed furan flames were reported
by Tian et al. [19], using molecular-beam mass spectrometry (MBMS) with synchrotron-based
tunable VUV photoionization. A kinetic model was constructed for the prediction of their
results. Model calculations were compared with experimental data at 35 Torr (47 mbar) and
reasonable agreement was obtained between experiments and predictions. However, there still
remains a need for improvement of the mechanism for the combustion of furan. In particular,
their model was also not intended to represent the combustion chemistry of alkylated furans.

More recently, Wei et al. [20] measured ignition delay times of furan behind reflected shock
waves between 1320 and 1880 K and at 1.2 to 10.4 atm. They modified the chemical kinetic
mechanism of Tian et al. [19] to rationalize their results and showed that the model yields
reasonable agreement with the experiments. They concluded that the most important fuel
consumption path under these conditions is initiated by unimolecular decomposition.

In the present work, as part of a continuing effort to improve the knowledge on the
combustion chemistry of furan, MF [21], and DMF [22] we report experimental data of low-
pressure premixed furan flames with 50% Ar dilution at two equivalence ratios (¢=1.0,
C/0=0.40 and ¢=1.7, C/0=0.64). Two methods of analysis, namely electron-ionization
molecular-beam mass spectrometry (EI-MBMS) and gas chromatography (GC) were used.
These new experimental results were used to examine the furan mechanism. A kinetic model

previously developed for DMF [23] which is based on theoretical calculations [24-26] and



which contains the furan and MF sub-mechanisms was used to simulate the three furanic fuel
flames. The furan and MF sub-mechanisms have been completed and improved. Results are
also compared to the model of Tian et al. [19]. A detailed reaction flow analysis provides
information on the importance of several reaction channels, including those newly added,

under the conditions of our experiments.

2. Experiments

The experiments were performed in laminar premixed flat low-pressure flames using EI-
MBMS and GC to provide a detailed chemical analysis of stable and reactive species together
with isomer identification. EI-MBMS was available in Bielefeld [27-30], whereas online GC

was used in Nancy [31].

2.1. Flame conditions

Two flames, stoichiometric (¢=1.0, C/O=0.40) and fuel-rich (¢=1.7, C/O=0.64), were
investigated at 20 and 40 mbar, respectively. The flames were stabilized on two similar porous
plug burners. Because of a higher adiabatic burning velocity, a lower pressure was used for the
stoichiometric flames in order to have a flame front location far enough above the burner
surface, thus facilitating the sampling by the probe. The EI-MBMS instrument in Bielefeld is
equipped with a home-made bronze-matrix burner of 64 mm diameter, and the burner in Nancy
features a commercial bronze McKenna burner of 60 mm diameter. Despite mole fraction
values changing with equivalence ratio, the ratio of isomer mole fractions remains usually quite
close. Thus, only the fuel-rich flame was studied in Nancy to assist isomer identification. Both
burners are mounted on translational stages which can be moved in vertical direction for the

burner in Nancy, and in two (vertical and horizontal) directions for that in Bielefeld. The flame



conditions for both experiments are summarized in Table 1; flow rates were adapted to obtain
the same gas velocity with respective burner diameters.

In Bielefeld, gas flows were controlled by calibrated mass-flow controllers and liquid furan
fuel (>99%) was metered by a syringe pump, evaporated at 373 K, and added to the gas stream.
In Nancy, liquid fuel (>98%) was contained in a metallic vessel pressurized with argon. After
each load of liquid fuel, argon bubbling and vacuum pumping were performed in order to
remove oxygen traces dissolved in the liquid fuel. The liquid fuel flow rate was controlled by a
liquid mass-flow controller with an uncertainty of ~0.5%, mixed with argon, and then
evaporated by passing it through a Bronkhorst CEM (Controlled Evaporator and Mixer). The
temperature of this CEM was set at 373 K. Both burners were cooled with water at a constant

temperature of 333 K.

2.2.  Molecular-beam mass spectrometry measurements (Bielefeld)

The MBMS system was described in [27-30]. The EI-MBMS setup consists of a two-stage
Wiley-McLaren ion source combined with a reflectron time-of-flight (TOF) detection unit with
high mass resolution (M/Am=4000). This mass resolution is sufficient to determine the
elemental composition of C/H/O species. Samples were extracted from the flame with a quartz
cone with a 320 um diameter orifice at the tip and an angle of 25°.

In the EI-MBMS experiment, the sample was ionized using five different nominal energies
(10.5, 11.25, 12, 16.5, and 17 eV) to analyze the flame and minimize fragmentation. A
multichannel plate (MCP) serves as detection unit, with a multichannel scaler for data
recording. Centerline species profiles were measured as a function of distance from the burner

h in so-called "burner scans".

2.3.  EI-MBMS data evaluation



The evaluation of the molecular-beam experiment follows routines previously reported in Refs.
[27-30]. Mole fractions of major species were determined based on the elemental balances of
carbon, hydrogen and oxygen. At the highest distance from the burner, the products are
considered to be CO, CO,, H,, and H,O for ¢=1.7, while we also consider O, at this position
for equivalence ratio ¢=1.0. The mole fractions of these major species can be calculated in the
exhaust gas from the measured ratios of CO/CO, using the respective element balances for
both stoichiometries. The resulting mole fractions are then used to gain calibration factors k;
for product species. Calibration of reactant species was done using the same approach at the
burner surface. The error in the mole fractions is estimated to be less than 15% for major
species and less than 20% for H,. Further details on the calibration procedures and on the error
estimation can be found in Ref. [30].

The signal Si(E) of an intermediate species I at the energy E is associated with its partial
pressure or its respective mole fraction at the corresponding flame position through the

following equation:
S;(E)=pj-c-SW-D; -p- FKT(h)-Iai(r)- f(E-7)dr (1)

where pj is the partial pressure of species i (note that pj is proportional to the mole fraction X;), C
is an instrument factor, SW the number of sweeps, D; the mass discrimination factor of species
I, ¢ is the number of ionizing particles (photons or electrons), FKT(h) a temperature- and thus
position-dependent sampling function, ¢i(E) is the ionization cross section of species i at the
energy E, 7 is the integration variable, and f(E-7) is the energy distribution of the ionizing
particles. The energy distribution of the electrons (FWHM~1 eV) for the setup in this study is
well characterized. The high-energy tail of the distribution permitted the detection of argon
with a sufficient signal-to-noise ratio in all measurements, even when the nominal ionization

energy was below its ionization threshold (IE=15.759 eV [32]). Argon was thus used as



reference. All signals were normalized by the argon signal at all energies. Eq. (1) then

simplifies to:

SE) % 0 Ja@ fE-ndr o ©)
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where ki(E) is the species- and energy-dependent calibration factor. With this normalization, all
parameters can be condensed into a calibration factor ki(E). As soon as this factor ki(E) is
determined for a given energy E, the mole fraction X; of an intermediate species can be
calculated based on the argon mole-fraction profile from the major species calculation.

Calibration factors k; for intermediate species can be obtained by direct cold-gas calibration
measurements whenever stable gaseous cold-gas mixtures are feasible. In all other cases,
calibration factors were estimated either using the relative ionization cross section method
(RICS) [33] or the convolution of the literature ionization cross sections with the known energy
distribution of the ionizing electrons [29]. Further information on both methods can be found in
Ref. [30]. To avoid fragmentation, the scan with the lowest possible energy was used for each
species. Typically good agreement of species profiles for different electron energies was noted.
The respective calibration method, electron energy, and literature ionization threshold for each
species are listed in Table 2.

The accuracy of the experimental results depends predominantly on the quality of the
available calibration data including quality of ionization cross sections, fragmentation patterns,
and calibration methods for the respective species. Typical error limits from a large number of
flame studies with different experiments may be estimated as follows. For directly calibrated
species, the error is below 30%; the uncertainty associated with the convolution procedure
depends on the quality of the literature ionization cross section (typical uncertainty below a
factor of 2). For radicals for which the RICS procedure was used, the error is estimated to be in

the range of factors of 2-4. Each species mole fraction exhibits an individual absolute



uncertainty. The error is, however, identical for all measured flames and a relative comparison

of trends between the flames can thus be performed with significantly higher precision.

2.4.  Gas chromatography measurements (Nancy)

The experimental setup has been developed in LRGP (Nancy) to study stable species profiles
in a laminar premixed flat flame at low-pressure and has been described previously [31].
Briefly, analyses were made by GC with a heated (at 423 K) online connection to a quartz
probe. The quartz probe had an upper diameter of 6 mm and was tipped by a small cone with a
100 um diameter orifice at the tip and an angle to the vertical of 20°. Three types of columns
were used: Carbosphere, HP-Plot Q, and HP-Molsieve, and two types of detectors: flame
ionization detection (FID) coupled with a methanizer and thermal conductivity detection
(TCD). The Carbosphere column with argon as carrier gas was used to analyze O, and H, by
TCD. The HP-Plot Q column with helium as carrier gas was used to analyze all the
hydrocarbon species from C, and oxygenated species by FID. Additionally, this column was
used also to analyze H,O by TCD. The HP-Molsieve column with helium as the carrier gas
was used to analyze CH4 and C,Hy4 by FID and Ar by TCD. In usual gas chromatography, CO
and CO; can only be detected by TCD. Here, CO and CO, were passed through the methanizer,
were converted to methane, and could then be detected by FID which is more sensitive (by a
factor of 100) than TCD. Stable species were identified by the determination of their individual
retention times and by mass spectrometry (GC/MS). Calibrations were made directly using
cold-gas mixtures. The calibration factors were estimated using the effective carbon number
(ECN) method for species for which a direct calibration procedure is not applicable. The
calculated uncertainties of the mole fraction measurements of the quantified species were ~5%
for the major compounds and ~10% for minor products (<100 ppm). The FID detection
threshold was about 1 ppm, while the TCD detection limit was about 50 ppm for H,O, H, and
0,.

10



2.5. Temperature measurements

The temperature profile is an important input for the successful kinetic modeling of one-
dimensional flames, and it was determined according to the procedures described in [29,30]. In
this study, the temperature profiles (measured only in Bielefeld) for the flame simulation were
calculated based on the temperature dependence of the sampling rate through the probe orifice
to account for the distortion caused by the sampling cone. Assuming a constant pumping speed,
the gas flow rate through the sampling orifice can be expressed by the pressure of the first-

stage chamber (P1st). This dependence is given by:

|7 2 Y
Pist =C W(ﬁ} 3)

with Z = (y + 1)/2(y — 1). M is the mean molar mass, y is the adiabaticity coefficient (Cy/Cy),
close to unity and therefore set equal to 1, and C is a temperature-independent device-specific
constant. This apparatus constant C was determined by solving Eq. (3) using the exhaust gas
temperature taken from the undisturbed temperature measurement by a pulsed quantum
cascade laser (QCL). The temperature profiles are used as input parameters in the flame model
simulations without any shift between measurement and computation.

Concerning the determination of the exhaust gas temperature, mid-infrared absorption
spectroscopy of CO and CO, was applied using a pulsed quantum cascade laser (Cascade
Technologies) at 4.48 um. During the 500 ns long laser pulses the wavelength was scanned
over ~2 cm™. The laser beam was focused into the center of the burner with a lens (f=+500
mm) to achieve a spatial resolution of 0.4 mm. Behind the burner chamber the laser pulse was
detected with a fast detector (VIGO Systems, PVI-2TE-8) and digitized with a fast digitizer
(Agilent U1071A, 500 MHz, 2 GS/s). A pulse repetition frequency of 20 kHz was used, and
20000 individual laser pulses were averaged to increase the signal-to-noise ratio. Wavelength

calibration was performed with a Ge-Etalon (FSR=0.048 cm™). To obtain the absorption
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spectrum in the center of the flame, tomographic reconstruction was used [34,35]. For this
purpose the burner was moved by steps of 1.5 mm laterally from the center of the flame. The
temperature was obtained by fitting the absorption spectrum of CO and CO, between 2231.39
and 2232.00 cm’ using the line positions and line strengths from the HITEMP database [36].
The resulting temperature profiles, which have been used in the predictions, are included in
Fig. 1. This calibration temperature was measured at 25 mm and the error is estimated to be

~5%.

3. Experimental results

In this study, more than 50 species, including reactants, products, stable intermediates and
radical species, were detected and identified. In the following, we concentrate on reporting
important examples from the experimental perspective and highlight some aspects of mole
fraction profiles for some species, presented in Figs. 1-10. Comparison with modeling results is
given in Section 5.

Figures 1-8 report results obtained using EI-MBMS. The GC measurements focused on the
identification of isomers, examples for which can be found in Figs. 9 and 10. Figure 1 shows
the major species profiles including the temperature profile. The open symbols at 43 mm are
equilibrium values calculated with Gaseq [37] for the measured peak temperatures. The mole
fractions of these major species at h=40 mm are close to equilibrium values, especially in the
fuel-rich flame. The discrepancies observed between experimental results and the equilibrium
values are within ~20%. The reaction zones of both flames are located approximately 2 and 4
mm above the burner, evident also from the intermediate species profiles in Figs. 2-8. Note that
the flame is closer to the burner in the GC experiment and that the conditions for the two setups
are not exactly identical (especially regarding the size of sampling probes); thus the

temperature profiles are different and the species profiles obtained by GC and MBMS are
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shifted (as shown in Figs. 9 and 10). Nevertheless, the comparison between maximum mole
fractions measured by both analysis methods is reported in Table 3.

Figure 2 presents methyl radical (CH;) and methane (CH4) mole fraction profiles with
maxima of ~2-3x10~ near 3 mm for the latter species. In Fig. 3, the profiles of the C, species
acetylene (C,H,), ethene (ethylene, C,Hy), ethyl radical (C,Hs), and ethane (C,Hg) are given
for $=1.0 and 1.7. They reach their maxima ~2.5 mm above the burner. Acetylene is the most

abundant species of this series with peak mole fractions of 1.8x107 (¢=1.0) and 3.5x107
(¢=1.7).

Figure 4 presents the profiles of the C; products, with sum of allene and propyne (CsH4),
allyl radical (CsHs) and propene (C3Hg). CsHy is the most abundant Cs species with peak mole
fractions of 1.8x10™ (¢=1.0) and 3.0x10” (¢=1.7). Isomers of CsH, are not distinguishable in
the EI-MBMS experiment, but were identified separately with the GC analysis. Figure 9 thus
provides the mole fraction profiles of total CsHy (EI-MBMS), and the isomers of C3H4 from the
GC analysis (sum of C3Hy, allene, and propyne). This figure shows that propyne is the most
abundant species of the two isomers of C3H4. Note that the experimental MBMS mole fractions
are relatively high since the total MBMS signal was calibrated as propyne.

Figure 5 presents the profiles of the observed C4 species. C4Hg (sum of 1-butene and 2-
butene) is produced first and peaks near h=2 mm with mole fractions of 5.1x10™ (¢=1.0) and
6.4x10™ (¢=1.7). The profiles of C4H; (1,3-butadiyne), C4H, (1-butene-3-yne), and C4Hs (sum
of 1,3-butadiene, 1,2-butadiene, and 2-butyne) reach their maxima near 3 mm. The mole
fraction profiles of total C4sHg (EI-MBMS), and the respective isomers of C4Hg from the GC
analysis are also presented in Figure 9. From the GC analysis, C4Hg is for a large part 1-butene,
and C4Hg is predominantly 1,3-butadiene. In the GC measurement, the most abundant C4

species is 1-butene-3-yne (or vinylacetylene, C4sHa, see Table 3). The small secondary peak
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seen in the MBMS experiment for C4Hg (Figs. 5 and 9) as well as for C3H¢O (Figs. 8 and 10) is
probably an experimental artefact.

Figure 6 shows the mole fraction profiles of Csand C¢ compounds which are formed in low
amounts. CsHg (sum of 1,3-cyclopentadiene and 1-pentene-3-yne), C¢H, (1,3,5-hexatriyne),
and C¢Hg (benzene) reach their maxima near h=3 mm. The most abundant one is benzene with
a peak mole fraction of 1.3x10™ (¢=1.7).

Figures 7 and 8 present the mole fraction profiles of selected oxygenated intermediates.
C,H40 (mostly acetaldehyde) peaks first near 2 mm with a maximum mole fraction of 3.2x107
(¢=1.7). CH,0O (formaldehyde) and C,H,0 (ketene) peak further in the flame near 3 mm with
maximum mole fractions of ~3.8x10° and ~3.6x10* (¢=1.7), respectively. C,HsO
(dimethylether) is found in lower amounts with maximum mole fractions of 2.4x10” and
3.9x107 in the stoichiometric and fuel-rich flame, respectively (Fig. 7). The profile of the toxic
compound propenal (acrolein, C3H40) peaks near 2.5 mm with an appreciable peak mole
fraction of 2.8x107 in the stoichiometric flame and near 2.0 mm with a peak mole fraction of
2.4x107 in the fuel-rich flame (Fig. 8). Acrolein, acetaldehyde, and formaldehyde are thus the
most abundant species of this category. CsHeO (propanal and acetone) peaks near 2.0 mm with
the maximum mole fraction being approximately doubled with decreasing equivalence ratio
from 1.7 to 1.0. The isomer composition for C3HgO is given in Fig. 10, showing that propanal
is the most abundant isomer of C;HgO. The formation of higher-mass oxygenated compounds,
such as of phenol (C¢HgO) and DMF (C¢HgO), is low with peak mole fractions below 107 (see
Table 2).

Concerning aromatic species, which are well known as soot precursors, benzene was
detected with a maximum mole fraction of 4.2x107 and 1.3x10™ in the stoichiometric and fuel-
rich flame, respectively, while toluene and phenol were measured with a smaller mole fraction
(lower than 10, see Table 2). Two other aromatic compounds including styrene (CsHg) and

14



ethyl benzene (CsH;o) were detected by GC, but their mole fractions are also <107, In the EI-
MBMS measurements, species with a nominal mass m/z>96 were not evaluated because their
signals were very small.

In comparison with the work of Tian et al. [19], some species were identified in both
studies, e.g. propyne, allene (CsH4), 1-butene-3-yne (vinylacetylene, CsHi), 1,3-
cyclopentadiene (CsHg), benzene (Cg¢Hg), toluene (C;Hsg), acetaldehyde (C,H4O), acrolein
(CsH40), and 2-methylfuran (CsHqO). However, several species are well detected in the
present study (Table 3), but were not found in the measurement of Tian et al. [19], such as
C,Hg (ethane), CsHg (propene), CsHg (1-butene and 2-butene), CsHjo (2-pentene, 3-methyl-1-
butene, and 1-pentene), C,H¢O (dimethylether), C4HsO (2-butenal, 2-butenone, isobutenal, and
2,3-dihydrofuran), and CsHgO (isobutanal and 2-butanone). Note that a general good
agreement between EI-MBMS and GC measurements (see Table 3) is observed for the

maximum mole fraction of these species, within the experimental error limits.

4. Kinetic modeling

The kinetic modeling of furan combustion was performed using the CHEMKIN package [38].
The premixed flat flame experiments were modeled using the PREMIX code. The inputs to
each simulation included a detailed chemical kinetic reaction mechanism with 305 species in
1472 reactions (in CHEMKIN format) and data sets of thermochemical and transport
properties. These input files are available in the Supplemental Material.

The reaction mechanism used here is based on a previous mechanism by Sirjean et al. [23]
which was developed to describe the combustion of 2,5-dimethylfuran. In this mechanism [23],
the furan oxidation sub-mechanism of Tian et al. [19] and an MF oxidation sub-mechanism
based on analogies with DMF and furan reactions were already included. Based on the

comparison between experimental measurements and modeling in this series of fuel studies
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(Part I: furan, Part II: MF, and Part III: DMF), some of the reactions or rate parameters of the
furan and MF sub-mechanisms [23] were updated or replaced to improve the simulation of
some intermediates. This was done to attempt to develop a comprehensive mechanism for all
three fuels, while the DMF sub-mechanism of Sirjean et al. [23] was not changed.

The detailed chemical kinetic mechanism used in this study is based on a hierarchical nature
of combustion mechanisms. The Cy-C, sub-mechanism is based on a previous one of Curran
and co-workers in its recent version given in [39], with several significant updates based on
recent experimental and kinetic data. For species larger than C,, the reaction base developed in
Nancy [40-42] was used. Only the sub-mechanism of furan will be discussed in this work,
while those for the two others fuels (MF and DMF) will be presented in Part I [21] and Part III
[22], respectively. Low-pressure coefficients were used in the case of pressure-dependent rate
coefficients. It is important to note that the high-pressure rate coefficients of Sirjean et al. [23]
need to be used for simulation of data under high-pressure conditions.

The most significant modification of the furan oxidation sub-mechanism of Tian et al. [19]
is the addition of two missing reaction pathways of consumption of the dihydrofuryl radicals,
C4Hs0-2 and C4Hs0-3, presented in Fig. 11 (dashed arrows). The CHCHCH,CHO radical,
produced from the C4HsO-2 radical by P-scission of the C-O bond, can lead to the
CH,CHCH,CO radical by 1,4-H transfer (R231) with an activation energy of 6.19 kcal mol™
which is lower than that of reaction CHCHCH,CHO=C,H,+CH,CHO (24.0 kcal mol'l). Thus,
this 1,4-H transfer pathway has been considered in this study and been added to the furan
oxidation sub-mechanism. Among the three consumption pathways of C4HsO-3, via a
resonance-stabilized radical (CH,CHCHCHO), the 1,4-H transfer pathway (R234) requires the
lowest activation energy (28.8 kcal mol™). The 1,4-H transfer of CH,CHCHCHO leads to the
CH3CHCHCO radical (R234) followed by a subsequent a-scission to form CO and the CsHs-s

radical (R235). Thus, this decomposition pathway has also been considered in the present study
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and been added to the furan oxidation sub-mechanism. The rate coefficients of the reactions
R231, R234, and R235 were calculated by means of transition state theory (TST) based on
quantum calculations with the CBS-QB3 method [43] implemented in the Gaussian 09

program suite [44] and presented in Table 4.

5. Discussion

5.1 Comparison between experimental and simulated results

Simulations were performed using PREMIX software from CHEMKIN [38]. The measured
perturbed (with probe) temperature profiles were used as input parameters without any shift
between measurement and simulation.

The comparison between experimental and simulated data for the major species in the two
furan flames (¢=1.0 and 1.7) is shown in Fig. 1. Overall, the model satisfactorily reproduces
the consumption of reactants (furan and O,), the formation of main products (CO,, CO, H,O,
H,), and consequently the diluent profiles (Ar). This applies to the profile shapes as well as the
mole fractions. Note that small discrepancies between predictions and experiments were
observed for mole fractions beyond 10 mm, especially for the H,O and CO; profiles in the
stoichiometric flame and only for CO, in the fuel-rich flame, but within the experimental error
range.

Figures 2-6 display the comparison between experimental and simulated data for the
hydrocarbon intermediates in the two furan flames (¢=1.0 and 1.7). These figures show that an
overall good agreement can be observed, especially for the peak locations and profile shapes.
Indeed, the mole fraction profiles of CH4, C;H,, C;Hs, C,Hg, and CsHg (for ¢=1.0) and of
C4H,, C4H4, C4Hg, CsHyg, Ce¢Hn, and CgHg (for ¢=1.7) are well predicted. The model
overpredicts the maximum mole fractions of the radicals CHj (Fig. 2) and C;Hs (Fig. 4), but

predicts well their shapes and the peak location. Note that the calibration method used for these
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two radicals is RICS, from CH4 for CH; and from C;Hg for CsHs. The typical error of this
calibration method is up to a factor of 4 for radicals. Therefore, the agreement can be
considered as still within the expected uncertainties for these two radicals. The model,
however, is not able to predict some other species within the experimental error limits. These
species and potential sources of uncertainties will be discussed below.

The formation of C,Hy4 (Fig. 3) is underpredicted by a factor of 2-3 by the model which is
not covered by the experimental uncertainty. However, a good agreement between EI-MBMS
and GC measurements (as shown in Table 3) in the fuel-rich furan flame is observed for the
maximum mole fraction of C,H4. The rate of production (ROP) analysis shows that C,Hy4 is

mainly formed from C,H3;CHO (acrolein, C;H40) and C;H¢ through the reaction pathways

(rpl) and (rp2):
NP L e tHo (p1)
HQC/ (RE64) H,C=CH, <+ P
HpCx CHy__*H H,C._ _CH H,C=CH, =+ CH rp2
X TReT2) 2N ey T2 2 3 (rp2)

Via reaction R664, a large part of C,Hy4 is formed from C,H3;CHO which is a primary species in
the decomposition pathways of furan (furan+tOH=C,H;CHO+CHO). C,Hy4 is also formed from
CsHg via the formation of the C;H; radical (R871 and R872). Both C;H3;CHO and Cs;Hg are
overpredicted by the model. Indeed, acrolein (Fig. 8) is slightly overpredicted in the fuel-rich
flame and overpredicted by a factor of 2 in the stoichiometric flame. C;Hg (Fig. 4) is slightly
overpredicted in the stoichiometric flame and overpredicted by a factor of 3 in the fuel-rich
flame. These overpredictions could be due to a lack of conversion towards the formation of
C,Hy4 within the model.

The formation of C,Hg (Fig. 3) is well predicted in the fuel-rich flame, but underpredicted
by a factor of 5 in the stoichiometric flame. In the fuel-rich flame, a good agreement between

EI-MBMS and GC measurements (see Table 3) is also observed for the maximum mole
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fraction value of C,Hg. In both flames, 100% of C,Hg1s formed from the combination of two
CHj; radicals: CH3+CH3(+M)=C,H¢(+M), and most of C,Hg converts to the C,Hs radical by
H-abstraction.

The formation of CsH4 (Fig. 4), sum of allene (H,C=C=CH,, aCs;H4) and propyne
(HC=C-CH3;, pC3H,), is underpredicted by the model (by a factor of 3 in the fuel-rich and of 4
in the stoichiometric flame). aCsHs and pCs;H4 cannot be distinguished in the EI-MBMS
experiment but can be separated in the GC measurements as presented in Fig. 9. The
experimental propyne/allene ratio in the GC experiment is ~3.6 (in the fuel-rich flame), while it
is ~1.1 (in the fuel-rich flame) and ~0.7 (in the stoichiometric flame) in the simulations. This
observation shows a lack of propyne formation in the simulation. According to the ROP
analysis result at the maximum simulated mole fraction of pC;H4 (h=3mm, T=1658 K; see the
simulated profile of pCsHy in Fig. 9), pC3H4 is mainly formed by the reaction of C,H, with
CH,; radical and by the decomposition of 1,2-butadienal (CH,CCHCHO). Since the formation
of C,H, is well predicted (Fig. 3), the lack of propyne formation could result from the latter
reaction. As shown in the reaction sequences below, CH,CCHCHO, which is a primary
product from the decomposition of furan, is consumed through the two reaction pathways rp3a
(forming pCs;H, and CO) and rp3b (forming C3H3 and CHO). In Ref. [19], the rate coefficients
of the reactions R194 and R249 have been theoretically calculated, while that of reaction R248
was the one proposed by Sendt et al. [ 18] (for high-pressure limit) with the A-factor divided by
2.2 because of the pressure effect. Note that the temperature dependence constant n of these
reactions should significantly change with pressure regarding those of R194 (n=0.416 at high-
pressure limit, n=-13.388 at 4.7 kPa) and R249 (n=0.419 at high-pressure limit, n=-15.352 at
4.7 kPa) [19]. However, that of reaction R248 has been kept the same for both low- and high-
pressure limits (n=0). Therefore, at low pressure and high temperature (T=1658 K for

example), the reaction R248 becomes faster than R249, and therefore hinder the formation of
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pC;3Hy4 through R249. Indeed, at the maximum mole fraction of pCsHy (h=3mm, T=1658 K),
only ~30% of CH,CCHCHO decomposes to pCs;Hs+CO (R249), while ~70% converts to
C;H3+CHO (R248). Note that reaction R248 contributes only ~15% to the formation of Cs;Hjs
radical. From the discussion above, it can be noted that, at low pressure and high temperature,
uncertainty in the rate coefficient of reaction R248 significantly affects the branching ratio of
the CH,CCHCHO decomposition (rp3a/rp3b), resulting in a lack of pCs;H; formation.
Moreover, this lack could also result from a decrease of the effectiveness of reaction R194 due

to a competition of other fuel consumption pathways under these flame conditions.

H
§ ° ) F° (rp3a)
— —» HC=C—CH; 4 CO rpoa
(furan)
(CH,CCHCHO)
[ R248) e=c—cH, + CHO (p3b)
(C3H3)

The formation of C4H» (Fig. 5) is quite well predicted by the model in the fuel-rich flame,
but overpredicted by a factor of 3 in the stoichiometric flame. This overprediction is slightly
higher than the error limit of the calibration method for C4H, (below a factor of 2 for method
"Convolution"). The ROP analysis shows that ~95% of C4H, is formed by the reaction
C,H,+C,H in the both flames. As C,H; is well predicted, this disagreement could result from
an overprediction of C,H in the stoichiometric flame.

The formation of C4Hg (Fig. 5), sum of 1,3-butadiene (1,3-C4Hg), 1,2-butadiene (1,2-C4Hp),
and 2-butyne (2-C4Hg), is underpredicted in both flames. For EI-MBMS, C4Hg is calibrated as
1,3-butadiene which is the most abundant one of the three isomers of C4Hg as shown in Table
3. A good agreement between EI-MBMS and GC measurements (Table 3) is observed for the
maximum mole fraction of C4Hs. The underprediction for the CsHg profile results from the
underprediction for the formation of 1,3-C4Hg. The ROP result indicates that in the fuel-rich

flame, most of 1,3-C4Hg is formed from 1-butene (1-C4Hg) via the resonance-stabilized C4H5
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radical (CH3-CH-CH=CH,), while in the stoichiometric flame, only 30% results from this
pathway. Here, a large part (~50%) of 1,3-C4Hg is formed from the combination of two vinyl
radicals (C;Hs). The C,Hs radical is mainly produced from acrolein (C,H3;CHO) via the
formation of the C,;H3CO radical. As C4Hg in the fuel-rich flame (Fig. 5) and C,H3;CHO in both
flames (Fig. 8) are satisfactorily predicted, the disagreement for the C4Hg profile could result
from a potentially missing third formation pathway of 1,3-C4Hg in the model.

The formation of CsHg (Fig. 6) is also underpredicted in both flames. In EI-MBMS, CsHg is
calibrated as 1,3-cyclopentadiene (1,3-CsHg) which is the most abundant one of the two
isomers of CsHg (more than 80%). A good agreement between EI-MBMS and GC
measurements (see Table 3) is observed for the maximum mole fraction of CsHgs. The ROP
analysis indicates that most part of 1,3-CsHg is formed directly from the phenoxy radical
(C6HsO#) or via the formation of the cyclopentadienyl radical (CsHs#).

Figures 7 and 8 display the comparison between experimental and simulated data for the
oxygenated intermediates in the two furan flames (¢=1.0 and 1.7). The measurement shows
that the formation of oxygenated intermediates weakly depends on the equivalence ratio
(except for C,HgO and C¢HgO), and that the formation of some species, including C,H4O and
C3HgO, is slightly inhibited under fuel-rich conditions. The mole fraction profiles of CH,O,
C,H,0, and C,H¢O (Fig. 7) and of C3H40, C3H¢O, and C¢HgO for ¢=1.7 (Fig. 8) are quite well
predicted within the error limits of experimental values. The model tends to underpredict the
formation of C,H4O (Fig. 7) in both flames.

The mole fraction of C,H4O is the sum of that of acetaldehyde (CH3;CHO) and ethylene
oxide (CH,-O-CH,). As a first approximation, ethenol (CH,=CH-OH) is ignored in the
simulation. In EI-MBMS, C,H,O is calibrated as acetaldehyde which is the most abundant one
of the isomers of C,H4O (see Table 3). A good agreement between EI-MBMS and GC

measurements is observed for the maximum mole fraction of C,H4O (~3x107 in the ¢=1.7
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flame), but this value is much higher than that in the measurement of Tian et al. [19] for nearly
identical conditions (~4x107 in a ¢=1.8 flame at 47 mbar). The use of different, independent
measurement techniques can thus be a very valuable approach to resolve such discrepancies,
especially if additional disagreement between model and experiment is noted. In this study, the
underprediction by a factor of 3-4 (Fig. 7) for the C,H4O profile results from the
underprediction for the formation of acetaldehyde (CH3;CHO). The ROP result indicates that
most of acetaldehyde is formed by the reaction C3Hs-s+O,=CH3;CHO+CHO (R751). Note that

CsHs-s is formed through the following H-addition pathway of furan (rp4):

o . o o .
( ] +H / . v -CO HC *0; .
\ / — = \ 7 — HC\ CH,— C /CH3_> %CH/CHG TTE:T CH5CHO + CHO (rp4)
R201 CH R222  _dy R234 o4y R3S (CHe-9)

The rate coefficients of reactions R222, R234, and R235 were theoretically calculated, while
that of reaction R201 has been estimated by analogy with the values proposed by Gueniche et
al. [41] for the similar reaction of 1,3-butadiene and that of reaction R751 has been measured
by Slagle et al. [45] in the range T=296-600 K, p=0.13-0.50 kPa (1.3-5.0 mbar). The
uncertainties of the rate coefficients of R201 and R751 or a probable missing reaction pathway
in the furan sub-mechanism which can form acetaldehyde could potentially explain the

underprediction of the formation of CH;CHO.

Figures 2-8 show that there is a difference between the present simulations and those of
Tian et al. [19] (presented as dotted lines). This difference may result partly from the addition
of some reaction pathways of furan, see Section 4, as well as from the use of different reaction
bases for the Cy-C, species. Tian et al. [19] used the reaction base which was developed in
LRGP (Nancy), while the model of Sirjean et al. [23] used here involves more recent work,
especially the contribution of Curran et al. to the mechanism detailed in [39]. While it is not
easy to quantify a potential overall improvement — for some species, the prediction of the Tian

et al. mechanism [19] is better, for others, the present one shows a better match to the
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experimental data — a significant progress lies in the comprehensive approach used here to
model experiments for all three furanic fuels with the same mechanism. Overall, the
improvement of our mechanism can be seen in the furan flames of both stoichiometries.

To investigate the effect of the addition of reaction pathways (see Section 4) as well as the
use of different reaction bases for Cy-C, species, we used our model to simulate the flame
structure of Tian et al. [19]. Figures S1-S4 in the Supplemental Material show a comparison of
the model simulations with the flame data at equivalence ratios 1.4 and 1.8. The experimental
and modeling mole fraction profiles of reactants and main products (Fig. S1) fit quite well,
except for the CO and H,O profiles in the reaction zone and for most main species close to the
burner surface. Similar disagreement for CO and H,O profiles has also appeared in the results
of Tian et al. [19]. This disagreement is possibly caused by the uncertainties in the PI-MBMS
measurement, because the present model predicted well the formation of these species in our
present EI-MBMS data (Fig. 1). A small discrepancy (~17%) between predictions and
experiments is also observed for the mole fraction values of H,O in the exhaust gas zone. The
comparison between experimental and simulated data for intermediates (Figs. S2-S4) shows

that an overall agreement can be observed within the experimental error range.

5.2 Reaction pathways of furan combustion

Reaction path analyses were performed with the PREMIX software, and the main consumption
pathways of furan were identified. The structure and nomenclature of selected species relevant
to the following discussion in this section are shown in Table 5. Figure 12 displays the main
reactions involved in the consumption of furan and intermediate species in the fuel-rich flame
(¢=1.7) at a distance of 2.46 mm from the burner, corresponding to a temperature of 1135 K
and 71% conversion of furan. A sufficient conversion has been chosen so that the major ways

of consumption of the primary products can be observed.
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Under these conditions, furan is mainly (73%) consumed by H-addition at the C2 position of
furan (the carbon atom bound to the oxygen atom, see Fig. 12) to produce the dihydrofuryl-3
radical (C4HsO-3). The second important furan consumption channel (15%) is the OH-addition
at the C=C double bond forming acrolein (C,H3;CHO) and the CHO radical. Minor furan
consumption channels are H-abstractions forming furyl-2 and furyl-3 radicals, and H-addition
on the C3 position of furan (away from the oxygen atom, see Fig. 12) yielding the
dihydrofuryl-2 radical (C4HsO-2). The contribution of other channels in the consumption of
furan is very small (<1%). Addition of other radicals (such as O and OOH) to a C=C double
bond of furan was not included in the model. This is one of the drawbacks of the present model
which will need further experimental and theoretical studies. It can be noted, however, that this
type of reaction is not favored under high-temperature conditions because the concentrations of
O-atoms and OOH radicals are much lower than those of H-atoms and OH radicals, and the
rate coefficients of OOH-addition to the double bond are usually much lower than those of H-
and OH-additions. Additionally, at this moment no detailed information about these reactions
(O- and OOH-addition to the double bond of furan) is available in the literature. For all these
reasons, only H- and OH-additions were considered in the model.

Subsequently, the C4HsO-3 radical reacts mainly by B-scission of the C-O bond (99%)
resulting in the resonance radical CH,CHCHCHO. Most of CH,CHCHCHO is then consumed
by isomerization yielding the CH;CHCHCO radical (98%), followed quickly by an elimination
of CO to form the C;Hs-s radical. This reaction pathway was added to this study (see Section
4). The C;Hs-s radical is consumed by B-scission of the C-C bond to produce C,H; and CHj;
and by isomerization to form the allyl radical (C3Hs-Y).

By B-scission of a C-O bond, the C4Hs0O-2 radical forms the CHCHCH,CHO radical (99%)
which then yields the CH,CHCH,CO radical by isomerization (57%) and decomposes to C,;H;

and the CH,CHO radical by B-scission of a C-C bond (43%). The first (isomerization) pathway
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was added in this study (see Section 4). By a-scission of a C-C bond, the CH,CHCH,CO
radical quickly decomposes into the C3Hs-Y radical and CO.

Both furyl-2 and furyl-3 radicals are mainly consumed by B-scission of a C-O bond yielding
the CHCHCHCO and CHCCHCHO radicals, respectively. The CHCHCHCO radical is then
completely consumed by B-scission of a C-C bond to give C,H, and the CHCO radical. The
resonance-stabilized CHCCHCHO radical is mainly consumed by forming CO and the C;H;
radical via the formation of CHCCH,CHO or CO and the C4Hs-1s radical via the formation of
CsHgO. The decompositions yielding C;H3;+CO or H+CH=CCH=C=0 (ethynylketene) are
minor channels of the consumption of the CHCCHCHO radical.

The reaction pathways of formation of some species, which have not yet been discussed
above, are presented below (but not shown in Fig. 12).

About 83% of C4Hy is formed through the reaction Cs;H3;+CH,=C4H4+H. Most of 1-butene
(1-C4Hg) results from the reaction of the combination of the C;Hs-Y and CHj; radicals
(C3Hs-Y+CH3=1-C4Hs), then mainly consumed by H-abstraction to give the C4H; radical
(CH;-CH-CH=CH,;). C¢H, is formed through the reaction of 1,3-butadiyne (C4H,) and the C;H
radical and then completely consumed to give the same molecules. Benzene (C¢Hg) is mainly
produced from the combination of the phenyl radical (C¢Hs) with an H-atom or of two
resonance-stabilized propargyl radicals (CsH3). Methanol (CH40) is mainly formed through the
reactions: CH;0+CH;0=CH4O+CH,0 and CH3;+OH(+M)=CH4O(+M). Under the above-
mentioned conditions (h=2.46 mm, T=1135 K, furan conversion 71%) the following reactions
play an important role in the formation of ketene (C,H,0O): C;Hc+O=C,H,O+H+CHj,
Cs;H3;+0,=C,H,0+CHO, and iC4H;+0,=C,H,O+CHCO. Note that, for a higher temperature
and at a higher distance, i.e. h=3.2 mm and T=1828 K, ketene is mainly formed through the
unimolecular decomposition of furan (furan=C,H,+C,H,0). The better match of the

predictions for ketene is a clear improvement over the previous model [19]. DME (C,H¢O) is
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formed through a combination of CH3;0O and CHj radicals and mainly consumed by
H-abstractions. Propanal and acetone (C;HgO) are mainly formed through the reactions
CH;+CH,CHO and CH3+CH;3CO, respectively, and then mainly consumed by H-abstractions.
Phenol (C¢HeO) is mainly formed through the combination of the H-atom and the phenoxy
radical (C¢HsO#) which results from the reaction of benzene with an O-atom or of the phenyl
radical (C¢Hs) with O5.

In the stoichiometric furan flame, the same reactions are involved in the consumption of
furan as in the rich flame with some differences in their respective importance. Indeed, when
the equivalence ratio decreases, the importance of reactions involving oxygenated radicals such
as OH radicals or O-atoms is slightly enhanced, while that of reactions involving non-
oxygenated radicals such as H-atoms or CHj radicals is inhibited. For example, the
contribution of the OH-addition to the C=C double bond (forming C,;H3;CHO and the CHO
radical) to the fuel consumption increases from ~15% to ~30% when going from fuel-rich to
stoichiometric conditions. The mole fractions of C;H;CHO (acrolein) and CHO radical have
consequently higher values in the stoichiometric flame (see Table 2). Similarly, the
contribution of H-abstractions by OH and O to the fuel consumption becomes more important
in the stoichiometric flame (~6%, compared to ~3% in the fuel-rich flame). Furthermore, fuel
consumption by H-addition at the C2 position decreases with decreasing equivalence ratio
(~73% and ~55% at ¢=1.7 and 1.0, respectively). Fuel consumption by H-addition at the C3
position presents a similar picture (~3% in the fuel-rich flame and ~1.3% in the stoichiometric
flame). Therefore, the mole fraction of products yielded by these H-addition channels, such as
C,H,, is lower in the stoichiometric flame. Overall, a decrease of equivalence ratio from ¢=1.7
to ¢=1.0 favors the formation of oxygenated intermediates and inhibits the formation of

hydrocarbon intermediates. Thus, the mole fractions of most oxygenated intermediates reach
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slightly or significantly higher levels in the stoichiometric flame than in the fuel-rich flame

(except for C,H¢O and C¢HgO), as shown in Table 2.

6. Summary and conclusion

New experimental and kinetic modeling results have been examined to analyze the chemical
structures of two low-pressure premixed furan flames using molecular-beam mass
spectrometry and gas chromatography. In this work, mole fraction profiles of about 50 species
were measured in two flat furan flames of equivalence ratios ¢=1.0 and 1.7. It should be noted
that the coupling of the information from the GC and EI-MBMS information was very valuable
to unambiguously identify the respective isomers for the evaluation of the MBMS data, which
could then often be done using the cross section for the dominant isomer. Also, the comparison
of both sets of independent quantitative measurements, if only for a selection of stable species,
lends additional credibility to the experimental results, especially in situations where both are
in good agreement but deviate from the respective simulations. A single kinetic model was
used to predict the flame structure of the three fuels: furan (this paper), 2-methylfuran (Part II,
[21]), and 2,5-dimethylfuran (Part III, [22]). Simulations were performed with a kinetic model
for DMF combustion, recently published by Sirjean et al. [23], with modifications in its furan
sub-mechanism and in the H-atom addition processes, and these new routes were found to be
important under flame conditions. Perturbed temperature profiles were used as input
parameters for the simulation. These profiles were derived directly from the mass spectrometry
experiments and calibrated by mid-infrared absorption spectroscopy of CO and CO; using a
pulsed quantum cascade laser. Good general agreement between experimental and modeling
results for the major combustion products as well as for many intermediate species was
obtained. This good agreement is valid for profile shapes as well as for the quantitative mole

fraction results within experimental uncertainty.
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In this study, the simulation performed using the model of Tian et al. [19] is also presented
for comparison with the present model. Results show that the present model leads to better
results for some species, due to the addition of some reaction pathways of furan as well as to
the use of more recent reaction bases for the Cy-C, species. Overall, the improvement of our
mechanism can be seen in both furan flames.

Finally, a detailed analysis of the reaction pathways was performed based on the detailed
mechanism. Furan is mainly consumed by H-addition on the C2 position of furan (the carbon
atom bound to the oxygen atom) to form the dihydrofuryl-3 radical (C4HsO-3). The second
important channel of consumption of furan is the OH-addition on the C-C bond forming

acrolein (CsH40) and the CHO radical.
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Table 1

Flow conditions for furan flames; SLM: Standard liter per minute.

Burner Gas flow (SLM) Flow
o diameter Pressure | C/O Dilution velocity a#t
(mm) Furan | O, Ar (mbar) | ratio T=333 1K
(cms™)
Bielefeld 1.0 64 042 | 1.87 | 2.28 20 0.40 50% 146
1.7 64 0.63 | 1.65 | 2.28 40 0.64 50% 73
Nancy 1.7 60 0.55 | 1.45 | 2.00 40 0.64 50% 73

" The flow velocity is referred to the temperature of the burner surface (cooling water).
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Table 3

Comparison of maximum mole fractions (GC/MBMS/Model) for some intermediates in the

furan/O,/Ar flame, ¢=1.7.

Formula Species X Xomax X
(GC) (Model) (MBMS)
C,H, Acetylene 3.01E-02 2.99E-02 3.49E-02
C,H,4 Ethene 9.98E-03 3.40E-03 6.72E-03
C,Hg Ethane 2.89E-03 1.90E-03 1.98E-03
C:H, Propyne 1.37E-03 0.47E-03 2.96E-03
Allene 3.78E-04 4.30E-04
C;Hg Propene 1.37E-03 3.50E-03 1.11E-03
C,.Hy 1-Butene-3-yne 6.01E-04 4.50E-04 4.82E-04
C4Hq 1,3-Butadiene 4.90E-04 0.81E-04 4.56E-04
1,2-Butadiene 3.84E-05 3.61E-05
2-Butyne 1.53E-05 0.50E-05
C.Hg 1-Butene 2.79E-04 3.91E-04 6.43E-04
2-Butene 7.28E-05 2.70E-05
CsHy 1,3-Cyclopentadiene 8.46E-05 1.10E-05 10.10E-05
1-Pentene-3-yne 1.06E-05 a
CsHy 2-Pentene 3.32E-05 2 23E-05
3-Methyl-1-butene 1.28E-05 2.47E-05
1-Pentene 3.84E-06 0.10E-06
CeHg Benzene 1.15E-04 0.90E-04 1.30E-04
C,Hg Toluene 11.6E-06 50.3E-06 9.63E-06
C,H,0 Acetaldehyde 4.23E-03 1.10E-03 3.18E-03
Ethylene oxide 3.37E-06 9.50E-05
C,H0 DME 4.61E-05 4.00E-05 3 90E-05
Ethanol b a
C;H,O Acrolein (Propenal) c 3.31E-03 2.45E-03
C;HO Propanal 9.53E-05 2.44E-04 5.89E-04
Acetone 2.31E-05 0.22E-06
2-Butenal 7.38E-05 a
C,HO 2-Butenone 3.38E-05 a 29.20E-05
Isobutenal 1.64E-05 a
2,3-Dihydrofuran 2.78E-06 5.09E-04
C,H:0 Isobutanal 8.00E-05 a 12.80E-05
2-Butanone 3.66E-06 a
CsHO 2-Methylfuran 4.32E-05 2.04E-05 8 89E-05
3-Methylfuran 1.69E-05 a

a: not available ; b: not detected; c: identified, but not quantified.
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Table 4

Calculated rate coefficients of reactions R231, R234, and R235 in the format A x T" x

exp(-E/RT), (k units: cm’, mol, s, kcal).

No. Reactions A n E
R231 CHCHCH,CHO = CO + C3Hs-Y 1.40E+06 1.326 6.19
R234 | CH,CHCHCHO = CH3;CHCHCO 1.81E+09 0.985 28.8
R235 CH3CHCHCO = CO + C3Hs-s 1.43E+15 0.115 26.6
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Table 5

Structure and nomenclature of some species involved in the detailed mechanism of the furan

oxidation.
Species Name Species Name Species Name
o) 0 o_ .
&\ /7 Furan &\ > C,H;0-3 &\ CH C,H0-2
CH
O\ © O__CH
\ /C Furyl-2 &\ ) Furyl-3 @/ 3 | mF
C
o} 0
) // . O~ __cH,
HC CH, | CH,CHCHCHO | HC CH CHCHCH,CHO C\ / MSF-2yl
N\ \ /l
CH—CH CH,-CH
Vi /° O\ _CH,
C /cH3 CH;CHCHCO Hc\\ CHCCHCHO @/ FurylCH,
CH=CH CH—C=CH
{,0 /OH o
c CH, | CH,CHCH,CO HC CH CHCHCHCHOH Ay CH,CHCO
\ T \ H,c? TC ’
CH,—CH CH—CH
0
(@) 0 /
N\ V4 w”
C CHCHCHCO HC CHCCH,CHO \ _ CsHsO
\ /] \CH Ce=cH /CH—C:CH
CH—-CH 2 7= HsC
H
\CZO CH,CCHCHO o\\ . CH,CHO NO CHCHO
/ CH-CH, H,C (C;H,0)
H,C=C=CH
H,C—CH-C=CH | C,H.-1 O=C=—CH | CHCO M| o
- S u— -1S () Sm— . -S
3 4115 HC J— 34Ls
= ' HC=C—CH ik
HC:C_CHZ C3H3 —_— 3 p-C3H4 HZC_ C3H5-Y
—
HC=C—CH= X
e e, HC=C—C==CH | C;H, | CsHs
—
CH
@ 1,3-C5H6 ;\ /; C5H5# @70. CGHSO#
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Figure captions

Figure 1. Main species mole fraction X; and temperature T profiles as a function of height
above burner h. Symbols: experiment (EI-MBMS), lines: model results. Equilibrium values
(open symbols) are indicated at h=43 mm. Perturbed temperature profiles were calibrated by
QCL absorption at 25.0 mm; they were used as input parameters for the numerical simulation

without any changes.

Figure 2. Mole fraction profiles of C; species. Symbols: experiment (EI-MBMS); lines:

simulation; solid lines: present model, dotted lines: model of Tian et al. [19].

Figure 3. Mole fraction profiles of C, species. Symbols: experiment (EI-MBMS); lines:

simulation; solid lines: present model, dotted lines: model of Tian et al. [19].

Figure 4. Mole fraction profiles of C; species. Symbols: experiment (EI-MBMS); lines:

simulation; solid lines: present model, dotted lines: model of Tian et al. [19].

Figure 5. Mole fraction profiles of C4 species. Symbols: experiment (EI-MBMS); lines:

simulation; solid lines: present model, dotted lines: model of Tian et al. [19].

Figure 6. Mole fraction profiles of Cs-Cs species. Symbols: experiment (EI-MBMS); lines:
simulation; solid lines: present model, dotted lines: model of Tian et al. [19], except for CsH ;o

(simulation data were not available).

Figure 7. Mole fraction profiles of C;-C, oxygenated species. Symbols: experiment (EI-
MBMYS); lines: simulation; solid lines: present model, dotted lines: model of Tian et al. [19],

except for C,HgO (simulation data were not available).

Figure 8. Selected C; and Cq oxygenated species profiles. Symbols (EI-MBMS): experiment;

lines: simulation; solid lines: present model, dotted lines: model of Tian et al. [19].
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Figure 9. C5H, isomers (allene and propyne). Mole fraction profiles (sum of C3H4) obtained
in the MBMS experiment and results of the GC analysis (left), and respective model

prediction (right).

Figure 10. C5HqO isomers (propanal and acetone). Mole fraction profiles (sum of C;HgO)
obtained in the MBMS experiment and results of the GC analysis (left), and respective model

prediction (right).

Figure 11. Unimolecular decompositions of dihydrofuryl radicals (C4Hs0-2 and C4Hs0O-3):
solid arrows have been considered in the mechanism of Tian et al. [19]; dashed arrows are
added in the present study; pathway with cross sign (%) is not considered. Activation energies
(kcal mol™) are in bold. The rate coefficients of reaction R231, R234, and R235 are given in

Table 4.

Figure 12. Flow-rate analysis for the consumption of furan in the fuel-rich furan flame
(¢=1.7) for a distance of 2.46 mm from the burner corresponding to a simulated temperature
of 1135 K and 71% conversion of furan. The size of the arrows is proportional to the relative
flow rates of consumption of a given species. Reaction pathways in the dashed square have

been added in the present study (see Section 4).
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Figure 1. Main species mole fraction X; and temperature T profiles as a function of height
above burner h. Symbols: experiment (EI-MBMS), lines: model results. Equilibrium values
(open symbols) are indicated at h=43 mm. Perturbed temperature profiles were calibrated by
QCL absorption at 25.0 mm; they were used as input parameters for the numerical simulation

without any changes.
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Figure 5. Mole fraction profiles of C4 species. Symbols: experiment (EI-MBMS); lines:

simulation; solid lines: present model, dotted lines: model of Tian et al. [19].
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Figure 6. Mole fraction profiles of Cs-Cs species. Symbols: experiment (EI-MBMS); lines:
simulation; solid lines: present model, dotted lines: model of Tian et al. [19], except for CsHj

(simulation data were not available).
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except for C,H¢O (simulation data were not available).
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Figure 8. Selected C; and C¢ oxygenated species profiles. Symbols: experiment (EI-MBMS);

lines: simulation; solid lines: present model, dotted lines: model of Tian et al. [19].
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Figure 9. C;H4 and C4Hg isomers. Mole fraction profiles (sum of Cs;Hs and C4Hg) obtained in

the MBMS experiment and results of the GC analysis (left), and respective model prediction
(right).
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prediction (right).
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Figure 11. Unimolecular decompositions of dihydrofuryl radicals (C4Hs0-2 and C4Hs0-3):
solid arrows have been considered in the mechanism of Tian et al. [19]; dashed arrows are
added in the present study; pathway with cross sign (%) is not considered. Activation energies
(kcal mol'l) are in bold. The rate coefficients of reaction R231, R234, and R235 are given in
Table 4.
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Figure 12. Flow-rate analysis for the consumption of furan in the fuel-rich furan flame
(¢=1.7) for a distance of 2.46 mm from the burner corresponding to a simulated temperature
of 1135 K and 71% conversion of furan. The size of the arrows is proportional to the relative
flow rates of consumption of a given species. Reaction pathways in the dashed square have

been added in the present study (see Section 4).
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