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ARTICLE INFO ABSTRACT

Keywords: Cyclic ethers are commonly formed as intermediates during the low-temperature oxidation of hydrocarbons.

Biofuel Tetrahydropyran (THP) is one of the most important cyclic ethers, recently considered as an interesting and

Féet_?h?'dmpyran promising oxygenated molecule in the context of development of next-generation biofuels. This is essentially due
xidation

to its substantial existence in the structural core of glucose and many other sugars, which play a crucial role in
the oxidation and pyrolysis chemistry of lignocellulosic biomass. In the present work, the oxidation of THP was
studied in a jet-stirred reactor. Fuel-lean (¢ = 0.5), stoichiometric (¢ = 1) and fuel-rich (¢ = 2 and 4) mixtures
were oxidized at an initial fuel mole fraction of 1000 ppm, a pressure of 10 atm, a residence time of 700 ms, and
for temperatures ranging from 480 to 1260 K. Gas chromatography and Fourier transform infrared spectroscopy
were used to determine the mole fraction profiles of the different reactant, product and intermediate species.
Based on these profiles, a detailed kinetic mechanism for the oxidation of THP was developed in this work. THP
exhibits a low-temperature reactivity which becomes less pronounced with the increase of equivalence ratio and
almost disappears at ¢ = 4. This reactivity is explored for the first time in the present study. Reaction pathway
analyses were performed with the developed model and the overall reactivity was found to be primarily driven
by the chemistry of the fuel radical adjacent to the ether group. The proposed mechanism generally shows a good
performance for representing the present experimental results, as well as other literature data (ignition delay
times and plug flow reactor data). However, more data (e.g., atmospheric pressure speciation and laminar flame
speeds) are still required for further validation of the present mechanism and to have a better understanding of
the kinetic behavior of THP.

Jet-stirred reactor
Kinetic model

1. Introduction the chemistry of both the engine auto-ignition of hydrocarbon fuels and

the combustion of oxygenated biofuels as discussed in the two recent

Today most liquid fuels are derived from fossil fuels, and specifically
from petroleum. However, due to the high environmental impact of such
fuels as well as their accelerated depletion, there has been a growing
need to boost the development of clean and renewable alternatives, like
biomass-derived products. That’s why researchers are currently study-
ing potential biofuels in more detail, especially in terms of their com-
bustion kinetics and the pollutants formed during their oxidation. Due to
the oxygen atom characterizing their structure, ethers are considered
among the typical model components used to represent oxygenated
biofuels. Most previous studies investigating ethers oxidation focused on
those with linear chains such as dimethyl [1,2], diethyl [3,4], dipropyl
[5,6] and dibutyl [7,8] ethers. Nevertheless, cyclic ethers are not less
important in this context. In fact, their role is crucial in understanding

comprehensive studies of Rotavera and Taatjes [9] and Tran et al. [10].
Tetrahydropyran (THP) is one of the most important cyclic ethers. It
has a promising role in the development of next-generation biofuels,
which do not compete with the food production chain. Indeed, this six-
membered heterocyclic compound constitutes the structural core of
many sugars, including glucose, which appear as key molecules during
different conversion processes of lignocellulosic biomass [11,12]. In
addition, THP and its derivatives are among the cyclic ethers commonly
produced as intermediates during the low-temperature oxidation (cool
flame) of some hydrocarbons, and particularly alkanes [13]. Thus, its
subsequent reactions may affect the overall reactivity of such hydro-
carbons. In accordance with its foregoing characteristics, THP is an
interesting species worth being deeply explored and studied.
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The first study on the combustion of THP was published in 1991 by
Leppard [14], who used a piston engine to explore the auto-ignition of
THP at an equivalence ratio of 0.95 to 1.0, a temperature of 358 K, and a
pressure of 60 kPa. Then, in 1997, Dagaut at al. [15] studied the ignition
and oxidation of THP in a shock tube and in a jet-stirred reactor (JSR)
under a wide range of conditions: a pressure up to 10 atm, an equiva-
lence ratio between 0.5 and 2.0, and a temperature range of 800-1700
K. They also developed a numerical kinetic model to perform simula-
tions for their high-temperature experimental results. Labbe et al. [16]
examined the flame chemistry of THP using vacuum-ultraviolet photo-
ionization molecular-beam mass spectrometry and designed a kinetic
mechanism for THP flame modeling. Their study was restricted to a
laminar premixed flat flame of THP/O5/Ar mixture at a low pressure of
20 Torr and under a fuel-rich condition (¢ = 1.75). Tran et al. [17]
studied both pyrolysis and combustion of THP. They performed pyrol-
ysis experiments using a tubular flow reactor for a constant THP molar
flow rate of 1.68 x 10~ mol.s™! with two different N5, dilution factors
(90 % and 96 %), at a pressure of 170 kPa and a temperature range of
913-1133 K. Then, they conducted combustion experiments in two
premixed flat flame burners and in a shock tube. The first burner was
operated at a low pressure of 50 Torr with 78 % Ar under two various
equivalence ratios (1 and 1.3). The second burner was used to measure
the laminar burning velocities of THP/air mixtures using the heat flux
method at atmospheric pressure, three different inlet gas temperatures
(298, 358 and 398 K) and an equivalence ratio range (0.55 to 1.5). Then,
the shock tube was used to measure the ignition delay times of
THP/O5/Ar mixtures under a range of pressures (885-914 kPa), tem-
peratures (1350-1613 K) and equivalence ratios (0.5-2). Finally, the
authors developed a detailed kinetic mechanism suitable for the
high-temperature oxidation and pyrolysis of THP.

While all the aforementioned studies focused only on the high-
temperature reactivity of THP, the low-temperature oxidation of this
potential biofuel has recently attracted the attention of researcher. Thus,
the works in this field started to appear from 2017 and four distinct
studies were published by: Rotavera et al. [18], Chen et al. [19], Telfah
et al. [20] and Davies et al. [21]. Different experimental methods were
used during these works: multiplexed photoionization mass spectrom-
etry, infrared laser absorption spectroscopy and cavity ring-down
spectroscopy. After determining the branching fractions of
chain-termination pathways for THP and cyclohexane at 10 and 1520
Torr from 500 to 700 K, Rotavera et al. [18] proved that these
low-temperature channels are more favored in THP due to its oxygen
atom, while this functional group promote the ring-opening of adjacent
THP radicals with the increase of temperature. Chen et al. [19]
measured the formation of OH and HO,, radicals in the reactions of THP
and cyclohexane derived radicals with O, at 20 Torr within a temper-
ature range of 500-750 K, and showed the possibility of comparing the
low-temperature oxidation behavior of such fuels even without studying
their detailed chemistry. Telfah et al. [20] detected tetrahydropyranyl
peroxy radicals and associated the absence of that adjacent to the ether
group to the favored ring opening of the corresponding tetrahydropyr-
anyl radical. Davies et al. [21] compared the photoionization spectra of
ketohydroperoxides produced from THP and cyclohexane, and revealed
that the presence of ether group reduces the formation of ketohy-
droperoxides in cyclic hydrocarbons. Based on the foregoing literature
review covering the main research conducted on the low-temperature
chemistry of THP, one can notice that there is no work published yet
investigating this chemistry in detail.

The present study covers both low- and high-temperature reactivity
of THP in their details. It involves the oxidation of such a fuel in a JSR at
a pressure (p) of 10 atm and a residence time (z) of 700 ms, under four
different equivalence ratios (¢) and in a temperature (T) range of
480-1260 K. The experimental conditions studied in this work are
shown in Table 1.
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Table 1

Experimental conditions tested.
Condition 17 T (K) p T THP (o2Y N3 (%)

© (atm) (ms) (%) (%)

1 0.5 480-1200 10 700 0.100 1.400 98.500
2 1.0 570-1200 10 700 0.100 0.700 99.200
3 2.0 570-1250 10 700 0.100 0.350 99.550
4 4.0 570-1260 10 700 0.100 0.175 99.725

2. Experimental apparatus

All the experiments of this work were carried out in a fused silica jet-
stirred reactor of 42 cm?, settled inside a stainless-steel pressure resis-
tant jacket and heated by an electrical oven performing experiments up
to 1280 K. To measure continuously the temperature within the reactor,
a Pt/Pt-Rh 10 % thermocouple was used. This thermocouple is located
inside a thin wall fused silica tube to avoid any catalytic reactions that
can occur on the metallic wires.

The initial fuel mole fraction was set at 1000 ppm for all experi-
ments, along with a pressure of 10 atm and a constant residence time of
700 ms. A high dilution of the reactive mixtures by nitrogen was done to
prevent high heat release and experiments were performed at temper-
atures ranging from 480 to 1260 K. The liquid fuel (THP > 98.0 % pure
from TCI, CAS Number 142-68-7, boiling point: 88 °C) was initially
introduced into a controlled evaporator-mixer (CEM), where it was
atomized after being mixed with a constant flow of auxiliary nitrogen
and vaporized by setting the temperature of CEM at 90 °C. To avoid any
premature reactions, the vaporized fuel flow was brought to the reactor
through a capillary tube apart from the oxygen flow, which was brought
through a separated stream together with the primary nitrogen flow.
Then, both reactants and diluent were injected inside the reactor by its
four nozzles (having each an inner diameter of 1 mm), which provide
stirring. Mass flowmeters were used to control the flow rates of the
diluent and reactants.

In order to perform a detailed analysis of the reacting mixture,
samples were taken from the reactor using a low-pressure sonic probe.
Online analyses were done by directly transmitting the samples taken to
a Fourier transform infrared (FTIR) spectrometer via a heated line. FTIR
was used to mainly quantify H,O, CO, CO5, and CH20. Samples were
also stored at a low pressure of 80-90 mbar inside Pyrex bulbs for offline
analyses using three different gas chromatographs (GC). Two of them
are each coupled with a flame ionization detector (FID) and a mass
spectrometer (MS), but are equipped with different columns: one has a
DB624 column used to quantify oxygenated compounds while the sec-
ond has a CP-Al;03/KCl column used to quantify hydrocarbons. The
identification of the products was done by GC/MS on a Shimadzu GC
2010 Plus, with electron impact (70 eV) as the ionization mode. The
third GC is coupled with a thermal conductivity detector (TCD) and
equipped with a CP-CarboPLOT P7 column, and it is used to measure
both oxygen and hydrogen. The carbon balance was found to be typi-
cally within an uncertainty range of +10-15 % for each sample.

3. Kinetic modeling

JSR simulations were carried out with the software CHEMKIN-PRO
[22] using the Perfectly Stirred Reactor (PSR) code. The plug flow
reactor (PLUG) and SENKIN modules were used to perform simulations
in tubular flow reactor and shock tube respectively. The mechanism
used for these simulations is based on the Cy—Cg model developed
previously by our team [23], including the detailed chemistry for
various compounds such as alcohols, aldehydes and hydrocarbons. A
new submechanism of THP oxidation was developed in this work
covering both its low- and high-temperature reactivity. In this sub-
mechanism, the rate constants of the newly added reactions were
adopted from literature by analogy to similar reactions already studied,
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as detailed in the coming subsections. Thermodynamic data for the new
species and radicals added to build the fuel submechanism resulted from
calculations performed by RMG [24,25] and based on the group addi-
tivity method. The proposed mechanism is available in the supplemen-
tary material along with the corresponding thermochemical data.

3.1. High-temperature chemistry

Initiation reactions of fuel by C-H bond breaking were given in the
direction of radical-radical recombination and a rate constant of 1 x
10** s was attributed to each of them. The two pericyclic reactions of
THP (cy(occecc)) studied by Lizardo-Huerta et al. [26] were considered
in our work: the isomerization forming an alcohol (pent4enlol) and the
Hj elimination yielding a cyclic biradical (cy(ocjccecj)). This biradical
will then undergo different pathways adopted from the work of Ver-
dicchio et al. [27], who studied the analog biradical derived from
tetrahydrofuran, while the sub-mechanism for pent4enlol was taken
from our previous work [28]. The rate constants for the ring-opening by
the C-O and C-C bonds scission yielding n-pentanal (nc4h9cho) and
unsaturated ethers (c4h7och3 and c¢3h7o0c2h3) were estimated by
analogy with the ring-opening of cyclohexane (CHX) from the work of
Sirjean et al. [29]. While only one ring-opening is possible in the case of
CHX, three different ring-opening reactions are possible in the case of
THP due to the existence of three distinct bonds: C-O, C-C in p-position
of ether group and C-C in its y-position. Thus, the pre-exponential factor
to be used for each THP ring-opening reaction was taken equal to that
used for CHX divided by 3. To account for the presence of the oxygen
atom in the ring of THP, the activation energy was reduced by 7
kcal/mol for the C-O bond scission and by 3.5 kcal/mol for the scission
of the C-C bond in the p-position of the oxygen group. The effect of this
oxygen on the C-C bond at the y-position was assumed to be negligible
and so the activation energy was considered without any alteration. The
rate constants for the decomposition reactions of THP producing an
aldehyde and an alkene were adopted by analogy to those of tetrahy-
drofuran (THF) as follows:

e For THP decomposition into formaldehyde and 1-butene, the rate
constant was selected similarly to that of THF decomposition into
formaldehyde and propene estimated by Verdicchio et al. [27].

e For THP decomposition either into acetaldehyde and propene or into
propanal and ethylene, the rate constant was considered to be the
same as that used by Fenard et al. [30] for THF decomposition into
acetaldehyde and ethylene.

Although all the aforementioned unimolecular reactions of THP have
a negligible effect under the oxidation conditions studied in this work,
they were incorporated in our mechanism in order to simulate pyrolysis
speciation data from the literature later in this article.

Rate constants for bimolecular initiation reactions by Oy and for
reactions of hydrogen abstraction from fuel were estimated based on
analogies with di-n-propyl ether or THF for the alpha C-H site and with
CHX for the beta and gamma C-H sites, as follows:

o For the o-site, the rate constants of bimolecular initiation by O3 and
of hydrogen abstraction reactions by OH, HO,, O, CH3, CH30, and
CoHs radicals were taken from Serinyel et al. [5] while the
H-abstraction reactions by H, HCO, CH,OH, and CH30 were adopted
from Fenard et al. [30].

For the p- and y-sites, rate constants were taken either from Zou et al.
[31] or from Serinyel et al. [32] and were divided by 3 and 6
respectively. This is due to the fact that there are four equivalent C-H
bonds in the p-site but only two in the y-site, while twelve equivalent
C-H bonds exist in CHX.

A correction was applied only for the H-abstraction reactions by OH
radicals and H atoms; their pre-exponential factors were decreased by 50
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%. This correction was made in order to have the best possible repre-
sentation for the present experimental data by our model while keeping
good estimations for the rate constants of these reactions; i.e., within the
ranges expected for them based on relevant analogies done (see the
supplementary material).

To determine the rate constants for the B-scission reactions of fuel
radicals, accompanied by ring-opening, analogies were made with THF
[30] and CHX [31] radicals. New p-scission reactions were then incor-
porated to account for the consumption of the newly formed radicals
resulting from the decomposition of fuel radicals.

3.2. Low-temperature chemistry

Rate constants for addition reactions of fuel radicals (R) to molecular
oxygen (Oy) forming RO, radicals were taken from the work of Gold-
smith et al. [33]. Same rate constants were also attributed to the addi-
tion reactions of QOOH radicals to O, but they were divided by 2 to take
into account the largeness of QOOH compared to R radicals. In fact, the
presence of -OOH group could have a steric effect on QOOH, making it
more difficult for this radical to collide successfully with O, (i.e., in an
orientation that leads to a reaction) and thus reducing the
pre-exponential factor in the rate constant of such a reaction.

For the reactions of R and O producing dihydropyrans and HOj, the
rate constant was brought from DeSain et al. [34] with a reduction of 50
%. Only in the case of the fuel radical at the y-position of the oxygen
atom, the pre-exponential factor was then multiplied by 2 to take into
consideration the four equivalent C-H bonds present in the p-position of
this radical.

The rate constants for the isomerization of RO, to QOOH and their
decomposition (both RO5 and QOOH) to dihydropyrans and HO», as
well as for the formation of cyclic ethers and ketohydroperoxides were
adopted from Villano et al. [35,36] in the same manner considered
previously for di-n-butyl ether [7]:

e For RO, isomerization to QOOH radicals, the activation energy
proposed by the authors was reduced by 3 kcal.mol ™ only when the
H atom to be transferred was at the a-position of the ether group.

e The rate constants for RO2/QOOH decomposition and cyclic ether
formation were considered without any alteration.

o The activation energy of ketohydroperoxides formation was reduced
by 3 keal.mol! when the carbonyl group is formed on the a-position
of the ether group to take into account the effect of the two
oxygenated groups (hydroperoxy and ether groups) on the C-H bond
dissociation energy.

To account for the four equivalent C-H bonds present in the a- and
B-positions of the ether group, the pre-exponential factor of RO, isom-
erization and decomposition reactions was multiplied by 2 when the
peroxy group is at the y-position.

After their formation, cyclic ethers were consumed through H-
abstraction reactions by OH, H, and HO, radicals. The rate constants of
these reactions were adopted from our previous work [5].

Finally, for the reactions of ketohydroperoxide decomposition,
various values of rate constants could be found in the literature. Cai et al.
[37] used a rate constant of 2.0 x 10'° x exp(—35,000/RT) s'l, which is
much higher than that usually considered for this type of reaction,
coming from the experimental study of Sahetchian et al. [38] (4.0 x 10%°
x exp(—43,000/RT) s1). A slightly different activation energy or
pre-exponential factor are also sometimes used, like in the study of
Vasudevan et al. [39] (2.5 x 10'° x exp(—43,000/RT) s’D). These re-
actions mainly depend on the fragility of the O-OH bond, which rapidly
breaks and then the formed radical decomposes fast into chain
branching fragments. The rate constant used for ketohydroperoxide
decomposition in the present mechanism is set to 1.0 x 105 x exp(—43,
000/RT) s, showing the best prediction for the low-temperature
experimental data obtained.
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Fig. 1. Experimental (symbols) and computed (lines) mole fraction profiles of THP for all studied mixtures (a) and sensitivity analysis on THP performed with the
present mechanism for the rich mixture (¢ = 4) at 900 K (b).
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4. Results and discussion

As shown in Fig. 1a, THP exhibits a low-temperature reactivity that
starts at about 570 K under the lean condition (¢ = 0.5). When the
equivalence ratio increases, this reactivity is slightly shifted toward
higher temperatures and it becomes less pronounced to almost disappear
at ¢ = 4. Then, a negative-temperature coefficient (NTC) region is
observed between 630 and 750 K. This NTC zone is followed by the high-
temperature reactivity at the end of which THP is totally consumed.

For the mixture with ¢ = 4, one can notice a significant drop in the
high-temperature reactivity of the fuel, compared to those shown at the
lower equivalence ratios. A sensitivity analysis (Fig. 1b) performed with
the present mechanism at ¢ = 4 and T = 900 K highlights the importance
of the recombination of ethyl radicals into n-butane under such condi-
tions. In fact, this reaction appears here as the most positive-sensitive
reaction with respect to the fuel (inhibiting its overall reactivity). This
reaction was also found previously to be the most inhibiting reaction at
pyrolysis conditions (1053 K and 170 kPa) [17].

In the figures (Figs. 2-5), the mole fraction profiles of the different
species detected are illustrated along with simulations done by the pre-
sent mechanism as well as by that of Tran et al. [17] covering only the
high-temperature oxidation of THP. A representative 15 % uncertainty
bar is added to experimental profiles. Apart from CO, CO, and H50, the
most important oxygenated product observed during the low-temperature
reactivity of THP was formaldehyde, which is a typical marker of
low-temperature reactivity for many fuels. Other oxygenated products
were also quantified: acetaldehyde, propanal, acrolein, oxirane and the
two possible dihydropyrans (3,4- and 3,6-dihydro-2H-pyran) derived
from THP. All these species were observed during both low- and
high-temperature oxidation. The main hydrocarbon species quantified in
this work was ethylene, followed by methane, ethane, propene, 1-butene
and 1,3-butadiene. Traces of propane also appeared with the increase of
equivalence ratio. In addition, under the rich conditions, a considerable
formation of acetylene could be clearly observed at high temperatures. At
these temperatures, the formation of benzene along with traces of pro-
pyne and allene was as well detected with the ¢ = 4 mixture.
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Fig. 4. Experimental (symbols) and computed (lines) mole fraction profiles obtained from the oxidation of THP in a JSR at ¢ = 2, p = 10 atm and 7 = 0.7 s. Solid
lines: this work; dotted lines: Tran et al. [16] (designed only for high-temperature reactivity).

The present mechanism predicts well the mole fraction profiles of the
fuel under the four conditions tested although it shows a slight under-
prediction between 840 and 990 K for the lean and stoichiometric
mixtures. Generally speaking, this mechanism also has a good perfor-
mance for representing the mole fractions of the different species ob-
tained despite the presence of some discrepancies. Indeed, these
discrepancies arise from the uncertainties on the rate parameters used
for the main reactions of the fuel submechanism, which are not directly
calculated or measured for THP itself but rather estimated based on
analogies with similar fuels. Moreover, thermochemical data have a
crucial importance, especially those of the low-temperature radicals
(RO32, QOOH and OOQOOH). These parameters have to be as precise as
possible in addition to the kinetics. The use of group additivity method
may encounter limitations when dealing with such large and complex
radicals. Getting more accurate kinetic data is substantial for under-
standing the detailed chemistry of THP, but the effect of the un-
certainties on thermochemistry should not be neglected.

On the other hand, the mechanism of Tran et al. [17] tends to
significantly overpredict the production of most species for the different
studied mixtures. Also, it highly underpredicts the mole fractions of
some species: propene and dihydropyrans; the formation of benzene was
as well underestimated (¢ = 4). Both mechanisms underpredict the fuel
mole fraction between 840 and 990 K for both lean and stoichiometric
mixtures. However, this underprediction is more pronounced in the case
of Tran mechanism at all conditions and it becomes more important and
seen within a wider temperature window when the mixture becomes
rich (between 800 and 1100 K at ¢ = 4).

Both mechanisms highly overpredict the mole fraction of 1,3-buta-
diene for all studied conditions at high temperatures starting from 750
K. Nevertheless, a better prediction can be noticed for the mole fraction
of this species in the end of its final consumption; beyond a certain value
of temperature which seems to differ from a condition to another, higher
than 950 K in any case. The reaction pathways leading to the formation
of 1,3-butadiene at high temperatures are revealed in the next section.
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Fig. 5. Experimental (symbols) and computed (lines) mole fraction profiles obtained from the oxidation of THP in a JSR at ¢ = 4, p = 10 atm and 7 = 0.7 s. Solid
lines: this work; dotted lines: Tran et al. [16] (designed only for high-temperature reactivity).
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Fig. 6. C-H bond dissociation energies of THP and CHX calculated with RMG
[20,21].

Finally, we should mention that although it represents well the major
oxygenated species (formaldehyde) obtained during the low-
temperature oxidation of THP, our model failed in predicting the for-
mation of minor products (acetaldehyde, oxirane, propanal and pro-
pene) during such a reactivity and further investigation is still required
to propose a mechanistic explanation for their formation at low
temperatures.

5. Reaction pathways

THP can form three distinct radicals: o-radical (cy(ocjcccc)),
B-radical (cy(occjecce)) and y-radical (cy(occcjec)). C-H bond dissocia-
tion energies (BDEs) for THP were calculated using RMG [24,25] and are
presented in Fig. 6. The alpha C-H bond is the weakest and therefore the
corresponding fuel a-radical is the most favored one. Also, note that the
beta and gamma C-H bonds in THP have BDE values which are close to
that of the C-H bond in CHX, confirming the choice of analogy.

Fig. 7 shows the main reaction pathways for the low-temperature
oxidation of THP with the percentages evaluated at ¢ = 0.5 and T =
580 K. As it can be clearly seen, the fuel is consumed through H-
abstraction reactions by OH radicals to form its three primary radicals.
These radicals mainly undergo an addition to molecular oxygen forming
their corresponding RO, radicals. Then, RO; radicals mostly go through
isomerization (internal hydrogen transfer) to produce QOOH radicals. In
their turn, the QOOH radicals primarily undergo a second addition to O,
followed by another isomerization to finally give ketohydroperoxides
after an OH elimination. Due to the rapid breakage of its weak O-OH
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bond, a ketohydroperoxide quickly decomposes into chain branching
fragments and an OH radical, promoting the overall reactivity.
Another reaction pathway analysis was performed with our model at
@ =4 and T = 900 K (Fig. 8). Again, the fuel is consumed through H-
abstraction reactions mostly by OH radicals but also by H, HO,, O and
CHs. At such conditions, the fuel radicals dominantly undergo a f-scis-
sion accompanied by ring-opening. In their turn, the newly obtained
radicals undergo another f-scission but may also go through isomeri-
zation. However, such an isomerization reaction should be favored
enough to compete with the fB-scission, like in the case of the primary
pentanal radical (c4h8cho-5) formed from the ring-opening of the fuel
a-radical. In fact, c4h8cho-5 can undergo a favorable isomerization via

an internal H-transfer, which simultaneously involves a six-membered
transition state and a transfer of an aldehydic H to give another penta-
nal radical (nc4h9co). The radical c4h8cho-5 can also go through an
internal H-transfer with a five-membered transition state leading to the
formation of a secondary pentanal radical (c4h8cho-2), but this isom-
erization is much less favored (only 4.2 % of c4h8cho-5 followed this
pathway). We can see that the most important reaction pathway of the
fuel a-radical is mainly ended by forming ethyl radicals, confirming the
crucial inhibiting role of the recombination reaction of such radicals
(chain termination) on the global reactivity. Furthermore, we can
identify the high-temperature pathways that lead to the formation of
1,3-butadiene. This species is the dominant product obtained from the
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pathways followed by both p- and y-radicals of fuel. Indeed, after two
consecutive f-scission reactions, these radicals give formaldehyde and
the primary radical of 1-butene. The 1,3-butadiene is then produced
from this radical through a direct H loss, and also via an H-transfer to Oy
but to a lesser extent. Thus, it seems that the over-prediction of 1,3-buta-
diene by our model is due to an overestimation of the rate constants
adopted for the aforementioned f-scission reactions.

6. Further validation

The present mechanism was further tested on other types of exper-
imental results previously published in the literature. These results
include plug flow reactor (PFR) data from the work of Tran et al. [17]
(Fig. 9) and ignition delay times (IDT) from the work of Dagaut et al.
[15] (Fig. 10). The general tendency of these data is well represented by
our model.

For the mole fraction profiles obtained from the pyrolysis of THP in a
PFR, our model predicts well the fuel conversion for the mixture of THP
with 96 % Ny (Fig. 9¢), but this conversion is underestimated between
953 and 1053 K for the mixture of THP with 90 % N (Fig. 9a). The
model also shows good agreement with the mole fractions of some major
(CO and Hpy) and relatively minor (CH0, CoHy and C3Hg) species
(Fig. 9b and d) obtained during such a pyrolysis despite the presence of
some discrepancies. The present mechanism was also compared to that
developed by Tran et al. [17] to simulate such data. This latter mecha-
nism overpredicts the fuel reactivity within the temperature range
993-1093 K for the mixture of 90 % N3 and along the entire temperature
range tested for the second mixture. This overestimation of reactivity
resulted in an overprediction of CH20 and CoH, formation. However,
the three other computed products are well represented by this model.

For the auto-ignition of THP in a shock tube, the present mechanism
predicts well the increase of reactivity seen either with increasing the
pressure (Fig. 10a), decreasing the equivalence ratio (Fig. 10b) or
increasing the initial fuel concentration (Fig. 10c and d). It also shows a
very good performance in predicting the IDT values, although it tends to
overpredict some of them with the increase of pressure, the decrease of
equivalence ratio and/or the increase of initial THP concentration.
Indeed, this overprediction is only seen at the lowest temperatures
tested, especially under the highest pressure studied (5 bar), but then it
becomes less pronounced when the temperature increases to totally
disappear beyond a certain value of temperature. On the other hand,
Tran mechanism overestimates the IDT under the different conditions
tested but this overestimation decreases as well with temperature.

7. Conclusion

The oxidation of THP was studied in a jet-stirred reactor at a high
pressure using an experimental and modeling approach. This study in-
cludes the high-temperature reactivity of THP but also its low-
temperature oxidation, previously unexplored. In fact, THP exhibits a
low-temperature reactivity and an NTC region similar to those observed
for alkanes. A detailed kinetic model was developed in order to under-
stand the oxidation patterns of THP. This model generally shows a good
performance in predicting the experimental data obtained, and yields
better simulations when compared to the mechanism of Tran et al. [17]
designed only for the high-temperature reactivity of THP. However,
some discrepancies exist due to the uncertainties on the rate constants
and thermochemical data adopted in this work. These uncertainties
could be removed using advanced theoretical calculations.

For the rich mixture (¢ = 4), the fuel showed a significant drop in its
high-temperature reactivity. A sensitivity analysis proved that this
reactivity drop was observed due to a crucial termination reaction
occurring under such conditions, the recombination reaction of ethyl
radicals. The importance of these radicals was also confirmed after
performing a reaction pathway analysis at the same conditions. This
analysis was used as well to identify the pathways contributing to the
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formation of 1,3-butadiene in an attempt to find the essential roots
causing its over-prediction by the present mechanism.

Finally, some PFR and IDT data taken from the literature were used
to further validate the present mechanism, which shows again better
agreement with the experimental results when compared to Tran
mechanism. Nevertheless, more data (including laminar flame speeds)
are still needed in order to achieve this validation and to fully under-
stand the kinetic behavior of THP. The current work could be extended
in the future to involve the oxidation of THP at the atmospheric pressure
but more JSR experiments are first required.
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