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Abstract
Longer chain alcohols with four to five carbon atoms are attractive alternative fuels as they
can be derived from biological sources and their combustion leads to lower exhaust gas levels
of NOx and soot compared to commercial fossil fuels. The auto-ignition behavior of fuels that
contain both a hydroxyl group and a C=C double bond in their molecular structure are not
well established in the literature. Understanding the influence of these functional groups on
the ignition behavior of fuels is critical in the development of tailor-made fuels for advanced
combustion engines. In this study, ignition delay times of an unsaturated alcohol, 3-methyl-2-
butenol (prenol) in air are measured using a high-pressure shock tube and a rapid
compression machine at pressures of 15 and 30 bar at equivalence ratios of 0.5, 1.0 and 2.0 in
‘air’ in the temperature range 600 — 1400 K. A detailed kinetic model is developed and
validated using the new experimental data in this study. In addition, speciation data in a jet-
stirred reactor, ignition delay times and laminar burning velocities available in the literature
were also used to validate the new kinetic model. Fuel flux and sensitivity analyses are
performed using this new model to determine the important fuel consumption pathways and

critical reactions that affect the reactivity of prenol.
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1. Introduction
One of the biggest limitations to improving the thermal efficiency of spark ignition (SI)
engines is the knock tendency of fuels, which limits engines from operating at high
compression ratios. Engine knock arises from the auto-ignition of a portion of the fuel
mixture ahead of the propagating flame. The higher the octane number the more resistant a
fuel is to autoignition. To reflect the knock resistance of fuels in Sl engines, the research
octane number (RON) and the motor octane number (MON) scales are adopted as the limiting
operating conditions for gasoline fuels in engines.! Both the RON and MON scales are based
on alkanes; iso-octane is assigned a value of 100 and n-heptane a value of 0, which define
two extremes in reactivity. With advances in the development of engine combustion systems,
such as homogenous charge compression ignition (HCCI) or other strategies that can adapt to
a variety of fuels, the use of biofuels as alternative fuels or fuel additives is possible.> ® A
fuel’s octane number can be enhanced by blending antiknock additives, such as oxygenates to
the base fuel.* In addition to an increase in transportation fuel use, shifting demand between
gasoline and diesel, and increasingly stringent emissions standards are motivating fuel
suppliers to look for new blendstock options that can provide performance advantages and
market benefits. A large number of potential blendstocks remain unused, as they lack a
comprehensive collection of fuel properties and engine-performance data required to assess
their potential.> Alcohols containing four to five carbon atoms are one such chemical family
that can increase major fuel properties such as RON and octane sensitivity (OS = RON —
MON). Furthermore, adding alcohols to the combustion chamber can also increase the time
for end-gas auto-ignition.®

The U.S. Department of Energy (DOE) Co-Optimization of Fuels and Engines (Co-
Optima) initiative is focused on understanding how new high-performance sustainable fuels
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can boost engine efficiency and cut emissions when combined with advanced combustion
engines. The opportunity exists to discover promising fuels which possess properties, such as
RON and OS, that improve engine performance by enhancing a fuel’s resistance to
autoignition while operating at high compression ratios. This study focuses on one such fuel
candidate, which is an unsaturated alcohol, 3-methyl-2-butenol, commonly known as prenol.
One of the criteria in the Co-Optima blendstock selection process for boosted S| gasoline
engines was to consider fuels with RON values greater than 98.> " However, prenol (RON =
93.5) was still considered as it exhibits a significantly higher RON when blended with
gasoline blendstocks. Prenol has the unusual property of increasing the RON of the mixture to
a higher value than either the blendstocks for oxygenated blending (BOB) or neat prenol,
which was reported recently by Monroe et al.8. They referred to this phenomenon as ‘octane
hyperboosting’ to distinguish it from more commonly observed synergistic blending of
oxygenates to gasoline, in which the RON of the mixture lies between the RON of the
individual components.

Several studies illustrate the potential for renewable bio-synthetic production of
prenol. Conventionally manufactured from petroleum-derived isobutene and formaldehyde,
prenol is not naturally a high yield by-product of organisms.® Zheng et al.® presented a
promising strategy for high-specificity production of prenol from renewable sugar in a
microbial fermentation process. In addition, prenol and other Cs alcohols have recently been
shown to be formed from microbial production pathways in engineered Escherichia coli
strains.®12 Further studies are required to determine if such processes scale successfully from
benchtops to industrial facilities.

Despite growing interest in prenol as a transportation fuel, fundamental combustion
studies of autoignition, laminar burning velocity (LBV), or intermediate species and chemical

kinetic models are currently limited in the literature. Ninnemann et al.®®* presented



experimental ignition delay time (IDT) and LBV measurements of prenol and iso-prenol (3-
methyl-3-butenol). Ninnemann et al. highlighted the need for experiments at relatively lower
temperatures and higher pressures for a wider validation of prenol model. De Bruycker et al.1*
measured species concentration profiles of prenol and iso-prenol at different oxidation and
pyrolysis conditions and further developed a kinetic model using Genesys.!® This current
study focuses on experimental and Kkinetic modeling investigations on the autoignition
characteristics of prenol over a wide range of engine relevant conditions together with further
validation of the newly developed model using the existing literature data.

This paper is organized by first providing a brief overview of the experimental
methodologies in Section 2, followed by a detailed description of our kinetic modeling of
prenol chemistry in Section 3. A discussion of the important findings from this study and
model validation using the data available in the literature follows in Section 4 and a summary

along with recommendations for future work are presented in Section 5.

2. Experimental facilities

Prenol (99%) was obtained from Sigma-Aldrich, while Oz (99.99%), N2 (99.99%) and helium
(He) (99.97%) were supplied by BOC Ireland. The experimental conditions investigated are
listed in Table 1. High temperature (900 — 1400 K) IDTs for the prenol/“air” mixtures were
measured behind reflected shock waves in a high-pressure shock-tube (HPST) facility, where
the auto-ignition time scales ranged from 0.03 — 2.5 ms and relatively slower IDTs in the
range of 5 — 300 ms in the low temperature (600 — 900 K) were measured in a rapid
compression machine (RCM). To prepare the fuel-air mixtures, prenol, Oz and N> were added
in the order of increasing partial pressure and the temperature of the mixing tank and the
system manifold were maintained at 60 °C to prevent fuel condensation. The partial pressures
of the fuel mixtures were maintained at a pressure of at least a factor of three below their
corresponding saturation vapor pressure at a given temperature. Fuel mixtures were
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diffusively mixed for at least 6 — 8 h to achieve homogeneity. Detailed descriptions of these
two NUI Galway facilities and their experimental operation have previously been reported®

17 and are only briefly discussed here.

Table 1. Experimental conditions of the prenol/O/diluent mole fraction compositions
investigated in this study at pc = 15 and 30 bar, Tc = 600 — 1400 K in both the HPST and

RCM.

¢ | Prenol O2 N2
0.5 | 0.0148 | 0.2069 | 0.7783
1.0 | 0.0291 | 0.2039 | 0.7670
2.0 | 0.0566 | 0.1981 | 0.7453

2.1 High pressure shock tube (NUIG): The facility is a 9 m long stainless-steel tube with
uniform cross-section of 63.5 mm internal diameter, divided into a driver section (3 m), a
driven section (5.7 m) and a double-diaphragm section. The 30 cm double-diaphragm section
separates the tube into two sections and enables improved control of the shock wave
generated. To perform an experiment all sections are evacuated to approximately 0.01 bar,
with the driven section charged with the test gas. Helium, used as the driver gas, is fed into
both the high-pressure (driver) and diaphragm sections. When the double-diaphragm section
is evacuated and the diaphragm bursts, the pressure difference between the driver and driven
sections results in the formation of a shock wave, formed by expansion of the driver gas,
which propagates at supersonic speeds through the driven section, rapidly compressing and
heating the test gas (almost instantaneously) to the desired thermodynamic conditions at the
end-wall before auto-ignition.

The incident shock velocity at the end-wall was calculated by extrapolating the linear
velocity equation calculated using six pressure transducers (PCB 113B24) mounted at
different positions in the side-wall of the driven section. The compressed pressure and

temperature conditions are calculated using the “reflected shock” routine in Gaseq*®. The IDT



is defined as the time interval between the pressure rise due to the arrival of the shock wave at
the end-wall and the pressure rise due to ignition event. This is measured using a dynamic
Kistler 603B pressure transducer placed at the centre of the end-wall. For this study, the error
for the measured pressures behind the reflected shock wave was limited to 1%. The
uncertainty in the reflected shock temperature (Ts) is mainly attributed to the uncertainty of
the incident shock velocity (Vs) measurement, which is further determined by the
uncertainties in the precise positions of the pressure transducers and the shock pass time
recorded by the signal relayed to the oscilloscope from the pressure transducers.!® The
average uncertainties in Ts and in the IDT measurements using the NUIG HPST are + 15— 20
K and ~20% in the temperature range 1000 — 1500 K. More details regarding the uncertainty

measurements in the NUIG facilities have already been published.?

2.2 Rapid compression machine (NUIG): The RCM facility has a 38 mm bore and 168 mm
stroke and employs an opposed twin-piston arrangement with each piston attached to a
connecting rod with a pneumatic driver piston on the opposite end and a hydraulic piston in-
between. The creviced pistons, that largely limit the turbulence/roll-up vortices generated in
the test gas, are pneumatically driven, and mechanically locked at the end of compression.?!
RCM experiments are actuated by fully retracting the pistons and pressurizing the hydraulic
chamber to 40 bar using hydraulic oil. Once the pistons are locked the pressure drops due to
heat losses to the surroundings. To account for this heat loss effect in simulating these
experiments, non-reactive pressure histories are recorded for every experimental condition, in
which identical mixtures are prepared but O is replaced by N2. To determine the compressed
gas temperature, the initial temperature, pressure, mixture composition and compressed gas
pressure of each experiment are used using the “adiabatic compression/expansion” routine in
Gaseq.'® A Kistler 6045B piezoelectric pressure transducer, mounted on the side wall of

reaction chamber, enables time-resolved measurements of heat losses and IDT. The



uncertainties in Tc and IDT measurements are in the range of £5 — 15 K and + 20 — 25%,

respectively, in the temperature range 600 —900 K.%°

3. Chemical kinetic modeling
The chemistry of alcohols and alkenes relevant to autoignition in an engine has characteristic
features. Prenol combines the characteristics of both alcohols (OH moiety) and alkenes (C=C
double bond). The presence of these functional groups aid the scavenging of reactive OH and
HO, radicals by promoting abstraction of the relatively weaker hydrogen atoms i.e., allylic H-
atoms and the alpha H-atoms next to the OH moiety.??> These abstractions lead to the
formation of relatively unreactive allylic radicals. In particular, the a-hydroxy radicals formed
can quickly react with molecular oxygen to form an aldehyde and an HO; radical.?® Also, the
double bond in prenol allows the addition of OH and HO; radicals which leads to an adduct
that is less reactive than typical low temperature branching products.

AramcoMech?2.0%* was adopted as the base chemistry in this work which includes Co—
C4 Kinetics and the Cs species chemistry includes contributions from Sarathy et al.?2 The
description of the kinetic model development here will mainly focus on the key reaction
classes of prenol. Since there are limited experimental and theoretical rate coefficients
available for prenol and its intermediates that contain OH and double bond moieties, almost
of the rate coefficient information discussed below are taken from similar reactions occurring
in alcohols or alkenes. Examples are given below of reactions that are analogous to those in
prenol and its intermediates and are used to derive rate coefficients. When the specific
analogy is not given, the reader is referred to the well annotated kinetic mechanism in
supplementary data. In this study, the thermochemical data have been calculated for all of the
species that are of interest to prenol oxidation using Benson’s group additivity method in

THERM software?® based on the group values from recent publications.?% 2’
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Figure 1: A two-dimensional representation of prenol (3-methyl-2-butenol) with carbon sites

labelled.

The chemical kinetic mechanism, thermodynamic data, transport data, and species dictionary
are included as supplemental data. Throughout much of the manuscript, model names are
used, and readers are encouraged to use the species dictionary for interpretation which

contains a SMILES and InChl for each species.

3.1 Pyrolytic reactions: Unimolecular decomposition reactions involving C,—C;s and Cs—H

bond cleavage (see Fig. 1 definition of carbon sites in prenol) were included assuming
analogous pressure dependent rate coefficients, multiplied by a factor of two for the reaction
path degeneracy of prenol, calculated at the CCSD(T)/cc-pVTZ level of theory for propene by
Ye et al.?® Additional decomposition pathways in prenol via breakage of C,—Cg and C-O
bonds were implemented from Tsang et al.?® * using analogous rate coefficients for 1-butene
and allyl alcohol. The six-membered unimolecular water elimination reaction via an allylic H-
atom shift resulting in the formation of isoprene and H2O is included by adopting the

calculations of De Bruycker et al.** at the CBS-QB3 level of theory.

3.2 H-atom abstraction reactions: Prenol has ten hydrogen atoms; six are primary allylic H-

atoms, one secondary vinylic H-atom at the  carbon, two secondary allylic H-atoms at the a
site, and one in the hydroxyl moiety (Fig. 1). At low and intermediate temperatures (600 —
1200 K) the most important radicals abstracting hydrogen atoms are OH and HO; radicals

whereas H atoms and CHjs radicals become important at higher temperatures (> 1200 K).



Table 2 lists the rate coefficients adopted from various studies for a variety of H-atom

abstractors. The rate coefficients were adopted either from computational calculations or

estimated as listed in Table 2, due to the lack of direct measurements for this reaction class at

the conditions of interest to this study.

Table 2. List of hydrogen abstraction reactions and associated literature.

H-abstraction

Radical Ref. Comment
site/radical formed?
Primary allylic site 02 31 iC4Hsg analogy
(aCsHs-dOH-c) H and CHs 14 CBS-QB3
o] 32 Ax2, for twice the equivalent CHs in
SMILES:
prenol compared to propene
C=C(C)[CH]CO
OH Private communication with Mohamed et
a‘|.33
HO; 34 Ax2, for twice the equivalent CHs in
prenol compared to propene
Alpha hydrogen site | O 35 Estimate
(bCsHsdj-dOH) H and CH3 14 CBS-QB3
o] 32 A/1.5, as prenol contains 2 alpha C-H
SMILES:
and compared to 3 C-H in the propene
OC=C[C](C)C
analogy; Ea-2 kcal/mol, reflecting a
weaker BDE for the alpha C—H in prenol
OH Private communication with Mohamed et
al.33
HO; 14 CBS-QB3




OH moiety

(b2e3M10j)

SMILES:

CC(C)=CC[O]

02 35 Estimate

H and CHs 14 CBS-QB3

o) 36 Ethanol analogy

OH Private communication with Mohamed et
a|.33

HO- 37 Ethanol analogy

1 See Fig. 1 for definition of sites a, B, v, . See supplementary material for species name

definitions.

3.3 Unimolecular reactions of prenol radicals: The hydroxy-alkenyl radical (aCsHs-dOH-c)

can undergo B-scission forming a Cs di-enol and a H atom (R1) or isoprene and an OH radical

(R2). The rate coefficients for R1 and R2 were adopted from calculations by Li et al.®® for

but-1-en-3-yl to 1,3 butadiene + H and De Bruycker et al.,* respectively. The B-scission

reactions of a-hydroxy-alkenyl (bCsHsdj-dOH) radicals (R3) and alkoxy (b2e3M10j) radicals

(R4) were taken from De Bruycker et al.'* and Goldsmith et al.*® for allyloxy (C3HsO)

respectively. The isomerization reaction rate coefficients of aCsHs-dOH-c to form bCsHgdj-

dOH (R5) and b2e3M10j (R6) were taken from De Bruycker et al.}* and estimated as a

primary to primary 1,5 H-shift using the approach of Matheu et al.,** respectively.
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Table 3. List of unimolecular reactions of prenol radicals and their respective analogies.

Reaction Analogous reaction
aCsHg-dOH-c = aCCsH7-dOH + H C4H71-3 = C4Hs + H R1
b13de2m + OH = aCsHs-dOH-c N/A R2
bCsHsdj-dOH = iCsD2Y4 + H N/A R3
b2e3m10j = iC4H7-i1 + CH20 CsHsO = C2Hz + CH20 R4
bCsHsdj-dOH = aCsHg-dOH-c N/A R5
b2e3m10j = aCsHg-dOH-c CH3RRRCH: = CH2RRRCH3 R6

3.4 Reactions of O» and HO2 with prenol radicals: At low to intermediate temperatures

aCsHs-dOH-c and bCsHsdj-dOH radicals react with Oz and HO; radicals enhancing the low
temperature reactivity of the system. This subset of reactions were modeled by adopting
analogies to reactions involving 2-methyl-allyl (iC4H7) and allyl (CsHs-a) radicals from Chen
et al.** and Goldsmith et al.>® respectively. The hydroxy-alkenyl peroxy (RO.) radicals
formed can further undergo internal H-atom shifts and further discussed in Section 3.5. The
rate coefficient for reactions involving o-hydroxyalkyl radicals with O, to form an
unsaturated aldehyde and an HO- radical is taken from that calculated by da Silva et al.? for
the o-hydroxyethyl + Oz reaction. Since the a site in prenol has both the character of an alpha
site in an alcohol and an allylic site in an alkene, theoretical calculations are needed to

explore the reaction of O, with this unique a prenol radical.

3.5 RO, radical isomerization to QOOH: An important step in the low-temperature radical

chain branching process is the intramolecular H-atom shift of hydroxy-alkenyl peroxy (RO2)
radicals to form hydroxy-alkenyl hydroperoxy (QOOH) radicals. The rate coefficients for
these reactions are taken from Chen and Bozzelli.*> 4 Reactions considered also include the

B-RO; radical undergoing Waddington decomposition via a six-membered ring isomerization
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by abstracting a H-atom from the OH moiety. QOOH radicals decompose to form alkenes,
aldehydes, or ketenes and an OH radical or an enol and HO- radicals. The analogous rate
coefficients for the second addition of QOOH radicals to O, and the following dissociation
reactions (forming carbonyl-hydroperoxides and OH radicals) are adopted from the work of

Chen and Bozzelli* for the case of iso-butenyl allylic radicals.

3.6 RO, concerted elimination: The concerted elimination of HO, from RO; is chain

propagating and competes with RO, radical isomerization that leads to low temperature chain
branching. This elimination reaction inhibits reactivity and is a major HO2 radical producing
channel in the temperature range (600 — 1200 K). The rate coefficients for these reactions are

taken from De Bruycker et al.'*

3.7 Vinylic radical addition reactions: The presence of a C=C double bond allows for the

addition of radicals such as H, OH, and HO. In the low-to-intermediate temperature regime,
OH radical adds to the double bond, producing di-hydroxy alkyl radicals that can then add to
02 to form di-hydroxy alkyl-peroxy radicals. The resulting RO; radicals can react through the
Waddington mechanism, which involves an internal H-atom transfer from the hydroxyl site,
followed by decomposition into an unsaturated aldehyde, ketone and an OH radical.
Mohamed et al.** computed the rate coefficients for OH addition to prenol and these rates are
used here. H atom addition to the double bond and other associated chemically activated
pathways were adopted by analogy with 2-butene by Li et al.?* and the rate coefficients for

HO, addition were adopted from Zador et al.**

4. Results and Discussion
4.1 Model validation with experimental data from this study
Figure 2 shows the IDTs for prenol/‘air’ mixtures measured using both the NUIG HPST and

the RCM at ¢ = 0.5, 1.0 and 2.0, p = 15 and 30 bar. According to the experimental results,
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Ignition delay time / ms

prenol exhibits little reactivity at low temperatures and no negative temperature coefficient
(NTC) behavior is observed. However, a change in slope in the ignition delay measurements

can be seen at 850—-900 K for ¢ = 2 at 30 bar, Fig. 2(b).
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Figure 2: Experimental and simulated IDTs for prenol oxidation in air at ¢ = 0.5, 1.0 and 2.0,
(@) p = 15 bar and (b) 30 bar. Solid symbols: HPST results, open symbols: RCM results and

lines represent corresponding simulations using the current model.

These IDTs were simulated using the kinetic model developed in this work with the Chemkin
Pro software®® and ZeroRK.** % The ignition event in the simulations is defined as the time of
maximum pressure rise due to ignition. For the HPST measurements, the simulations assume
constant volume conditions, while for RCM measurements volume/time histories from non-
reactive experiments in which the O content is replaced with N2 were used in our simulations
to account for effects of the compression stroke and heat losses after compression. These
volume histories are available as Supplementary material. The predictions of the current
model are in excellent agreement with the measured IDTs over the entire temperature range of
600 — 1400 K for the fuel-lean and stoichiometric mixtures but are too slow (by a factor of 2)

at lower temperatures for the fuel-rich mixtures below 625 K. Additional IDT validation plots

13



of the current model for prenol from Ninnemann et al.!* are provided as Supplementary

Material.

4.2 Reaction pathway and sensitivity analyses

Additional studies of prenol may be motivated and benefit from an understanding of the
reaction pathways contributing to and controlling prenol autoignition based on the current
kinetic model. Given that the current simulations capture the measured IDT well for fuel-lean
and stoichiometric mixtures, two fuel-rich mixtures were selected for further analysis and
discussion. The discrepancy between the simulations and experiments is largest at 30 bar and
at low temperatures. Reaction flux analyses, shown in Fig. 3, from two simulations are used
to discuss the low temperature autoignition chemistry at 615 K and intermediate temperature
autoignition chemistry at 915 K for these fuel-rich prenol/air mixtures. These highlight the
important reaction pathways controlling prenol oxidation at the time of 20% fuel consumed.
The contributions of the reaction pathways at T = 615 and 915 K are presented as black and
red numbers, respectively. The flux for H-atom abstraction from the allylic a-site to produce
bCsHsdj-dOH radicals at both temperatures is similar at 28%. However, H-atom abstraction
from the primary allylic §-site (to produce aCsHs-dOH-c radicals) increases with temperature
from 20% to 37%. At 615 K, a large fraction of aCsHs-dOH-c radicals (~65%) proceed via
addition to molecular oxygen forming hydroxy alkyl-peroxy radicals (RO2), which later
isomerize to form QOOH radicals and decompose to aldehydic species and OH radicals. At
615 K, a minor flux (~20% and hence not highlighted in the flux diagram) of allylic aCsHs-
dOH-c radicals react with HO. radicals to form a hydroperoxide adduct which ultimately
dissociates to alkoxy and OH radicals, due to cleavage of the weak O—O bond. However, at
915 K, 100% of aCsHs-dOH-c radicals preferentially undergo B-scission of the C-O bond to
form isoprene (2-methyl-1,3-butadiene) and OH radicals, as p-scission of the vinylic C—C is
expected to be slow at these temperatures.* The aforementioned C—O decomposition channel

14



is the main formation route of isoprene, an important intermediate formed during
decomposition of prenol. The a-hydroxy alkyl radical, bCsHsdj-dOH, reacts with molecular
oxygen to form an unsaturated aldehyde, iCsD2Y4 (prenal, or 3-methyl-2-butenal) and HO
radicals?®, which is the dominant pathway at both temperatures. As is the case for prenol,
iICsD2Y4 also undergoes H-atom abstraction reactions from the a-allylic position and from
the primary allylic position to produce iCsD2Y4-1j and iCsD2Y4-4j radicals respectively,
which ultimately produce 2-methyl-1-propenyl radicals (iCsH7-i1) and 2-methyl-acrolein
(iIC3sHsCHO), respectively.

Hydroxyl radicals (OH) add to the double bond at both the B and y positions, to
produce CsHo-cdOHbj and CsHe-bdOHcj radicals, respectively, with addition to the B-site
favoured at both 615 and 915 K. However, the flux via addition to the B-site decreases (by
about a factor of two to three) with increasing temperature as other pathways, such as H-atom
abstraction from the allylic site, become feasible. These radicals (CsHg-cdOHbj, CsHo-
bdOHc;j) further add to O2 to produce CsHg-cdOHbO- and CsHe-cdOHcO- adducts, which can
react through the Waddington mechanism.*® Other minor channels (~5%) include HO; radical
addition on the C=C bond forming an adduct, a hydroxy-hydroperoxyl alkyl radical, which
promptly decomposes to form a 3-membered ring cyclic ether (3,3-dimethyl-2-methanol-

oxirane) and OH radicals.
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Figure 3. Flux analyses for a prenol/‘air’ mixture at ¢ = 2.0 and at p = 30 atm and 20% fuel
consumption. Numbers represent the molar consumption yields expressed in relative

amounts. Black numbers represent flux at 615 K and red numbers flux at 915 K.

on of a prenol/air

mixture at ¢ = 2.0, p = 30 bar, T = 615 and 915 K, and the top ten most sensitive reactions are

shown in Figure 4. In the analysis, the rate coefficients of all elementary reactions were



increased and decreased by a factor of two (k" and k), and the corresponding simulations
were performed adopting these changes to obtain the IDTs (t* and t). Following the
definition above, a reaction with a positive sensitivity coefficient inhibits reactivity and vice-
versa. Since the reactions are perturbed in both directions, it is important to note that the
reverse direction can be the source of the observed sensitivity. This is the case for one of the

sensitivities observed for low temperature reactions discussed next.

2HO2=H202 +02 s (b) 2HO2=H202 + 02 I
BCSH9-DOH + OH = BCSHSDJ-DOH +H20 I CSHY-CDOHBJ = SC4H7OH-1 + CH20H ]
ACSH8-DOHCOOH + 02 = ACSH8-DOHCOO + . BCSHI-DOH + OH = BCSHSDI-DOH + H20 ——
HO2
BC5H9-DOH + OH = C5H9-CDOHBI [ ] BC5H9-DOH +H =BCSHSDJ-DOH + H2 .
CSH9-BDOHCO2 = CH20 + IC3H60HCHO + OH ] ACSH9-DOH + 02 = ACSH8-DOH-C + HO2 [ ]
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Figure 4: Reaction sensitivity to prenol IDTs at ¢ = 2.0 in ‘air’, p =30 bar, (a) T=615Kand (b) T

=915 K.

At 615 K in Fig. 4(a), the most sensitive reaction that promotes reactivity is the
dissociation of the hydroxy-keto-hydroperoxide (bCsdyCOHbOOH) to CH3COCHs + OH +
HOCHCHO. Other highlighted reactions are known to be important radical consuming
reactions at low-temperatures in olefins: the addition of hydroxyl and hydroperoxyl radicals
to the C=C. As noted by Zador et al.** for a series of olefins, HO, addition to carbon-carbon
double bonds favors the formation of alkyl-peroxy (RO2) radicals at lower temperatures.
Zador et al.** also note that the barrier heights of the reactions leading to hydroperoxyalkyl
(QOOH) radicals are only slightly higher than the RO, pathways from olefin + HO,. This
typically leads to competitive rate coefficients at temperatures of 500 — 700 K for these two

pathways which directly form RO, and QOOH. In the current model, a pathway to RO
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formation from prenol is the reverse step of the reaction dCsH10OH-bO2 = bCsHe-dOH + HO-
listed in Fig. 4(a). These reactions are typically written as concerted eliminations in kinetic
models, i.e., ROz = olefin + HO2, and inhibit reactivity when the net flux is in the forward
direction. However, allylic alpha radicals are generated from prenol which can react with
oxygen to easily produce prenal and HO,, assisting formation of RO, from prenol + HO; at
low temperatures. These HO, additions connect to the low temperature chemistry species
(RO2, QOOH) and reactions of iso-pentanol. The resulting ROz (dCsH10OH-bO2) and QOOH
(cCsHyOOH-dOH-b) species can then proceed through conventional low temperature
chemistry chain branching pathways which promote reactivity as shown in Fig. 4(a).

Several of the highly sensitive reactions shown in Fig. 4(a) are closely related to OH
addition to the p and y carbon. The OH addition to the y-site produces CsHs-bdOHcj which
adds Oz to form an RO.-B species and then undergoes Waddington decomposition. The
reaction sequence eventually produces one OH for one OH addition (consumption). This
sequence is relatively inhibiting to ignition by competing for, and temporarily removing, OH
from the radical pool and the sensitivity analysis shown in Fig. 4(a) reflects this.

However, in the case of OH addition to the B-site producing CsHe-cdOHDbj, several
pathways are potentially viable. After subsequent O addition at the y carbon, the resulting
RO,-y species can undergo three distinct six- or seven-membered H-shifts. One of these
isomerization reactions is also a Waddington decomposition involving the hydroxyl group at
the B position. As previously discussed for the Waddington decompositions of the RO2-p
isomer, the net sequence is relatively inhibiting as it returns one OH for one consumed OH. A
seven-membered RO~y isomerization with the a hydroxyl is also possible. This isomerization
likely has a similar barrier height to the 1,5 Waddington decomposition. However, such 1,6
shifts are expected to have lower A-factors due to the loss of an additional rotor and is less

important. A third pathway leads to a relatively novel radical branching sequence, illustrated
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in Fig. 5. After OH addition at the p carbon and O, addition at the y carbon, the fourth species
(QOOH) in Fig. 5 can be formed via a 1,5 H-shift from the a-site. The resulting QOOH
radical can then react with Oz forming a hydroxyketohydroperoxide and HO, analogous to a-
hydroxy alkyl radicals which form an aldehyde and HO,. Then the
hydroxyketohydroperoxide further decomposes into two radicals (OH, HOCHCHO) and
acetone. As three radicals (OH, HO,, HOCHCHO) are ultimately generated, the entire
sequence promotes ignition. However, the effectiveness of the generated radicals to promote
ignition is diminished when compared to the chain branching products of conventional low
temperature chemistry (e.g., two reactive OH and a ketoxy radical). Therefore, this sequence

does not result in negative temperature coefficient behavior.

o
\ OH / w/\OH OH
+0,
OH +H02
| s
HC- 0 N
N <\Ho OH

OH
O

A

Figure 5: Low temperature reactions that lead to radical branching in prenol following OH
addition to the B carbon. This radical branching sequence directly produces one OH, one HO;,
and one ketohydroxyl radical (HOCHCHO) and does less to promote ignition than chain

branching products from hydrocarbons with long alkyl chains.

At T = 915 K (Fig. 4b), the most sensitive reaction is the decomposition of H>O into

two OH radicals, which significantly promotes the reactivity. The H-atom abstraction
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reactions from fuel involving HO, also promote reactivity since they produce H,O: that
decomposes into OH radicals at this condition. The self-recombination of HO> radicals is a
chain termination reaction, which inhibits reactivity at these conditions since it consumes two
reactive radicals to form H20. and O, molecules. With increasing temperature, [3-scission
reactions become more important. At 915 K, the adduct di-hydroxy alkyl radical (CsHo-
bdOHcj) decomposes to sCsH;OH-i + CH2OH, which proceeds via addition to O, at 615 K.
However, H-atom abstraction reactions from prenol by OH, H atoms inhibit reactivity at both
temperatures, as these reactions involve the conversion of reactive radicals to less reactive

prenol radicals.

4.3 Model performance against experimental data in literature

The prenol model developed in this study has been validated against the available
experimental data in literature. The experimental species mole-fraction profiles obtained from
the work of De Bruycker et al.}* along with the current model predictions for the
representative compounds are depicted for pyrolysis in Fig. 6 and oxidation in Fig. 7 as a
function of temperature. Additional comparisons for lean mixtures are provided in the
Supplementary Material (Fig. S1). The speciation experimental data provides further insight
into the low temperature oxidation chemistry of prenol, and the current model can reasonably
reproduce the behaviour of the experimental measurements over wide range of pyrolysis and
oxidation conditions. The fuel (prenol) mole fraction profiles are well predicted by the model
indicating that the rate of fuel consumption and its total reactivity was adequately considered

during the mechanism development.
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experimental results from De Bruycker et al.}* and lines represent current prenol model

simulations.
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Figure 7: Species mole fraction profiles as a function of temperature for prenol oxidation at p
= 1.07 bar, T = 2 s, and ¢ = 1.0 prenol in air. Points are the experimental results from De

Bruycker et al.1* and lines represent current prenol model simulations.

The model can well predict isoprene mole fraction profiles at pyrolysis conditions (Fig. 6(b))
while in the presence of oxygen at ¢ = 1.0 (Fig. 7(d)), the predictions are underestimated by a
factor of 2.5. In the case of prenal (3-methyl-2-butenal), as shown 7(b), the oxidation mole-
fraction profiles, are reproduced by the model, within 20%, whereas the pyrolysis mole-
fraction profiles are overestimated by a factor of two at its peak (T = 950 K), shown in Fig.
6(c). The reported experimental uncertainty is £ 15%. For other stable species measured, the
current model can well reproduce the behaviour with simulations typically within a factor of
two of the experimental measurements over wide range of oxidation and pyrolysis conditions.
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line represents the current prenol model simulations.

Laminar burning velocities (LBV) of prenol at p =1 atm, T =428 K at equivalence
ratios (¢) in the range 0.7 — 1.5 were reported by Ninnemann et al.™® and these were simulated
using the current model, Fig. 8. It can be observed that the predicted LBVs are shifted to
higher equivalence ratios compared to the experiments where the peak value is 72 cm/s at ¢ =
1.03, whereas the model predicts a peak value of 76 cm/s at ¢ = 1.1. Due to the non-existence
of a wide range of literature experimental data, there remains an outstanding question on the
discrepancy of LBV agreement for prenol. Future experimental investigations of laminar
flame speeds are warranted to resolve these issues, as these data are widely used to validate

the predictions of kinetic models.

5. Conclusions
The oxidation of prenol/air mixtures was investigated experimentally by measuring IDTSs in
both a HPST and an RCM. The experimental data also provide important insights into

reactivity trends in terms of temperature, pressure, and equivalence ratio. A kinetic model has
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been developed which can accurately reproduce the observed autoignition behavior. The
current model performance against the literature species profiles at pyrolysis and oxidation
conditions over the temperature range of 600 — 1200 K is acceptable. However, discrepancies

are noted in the case of experimental and calculated LBVs of prenol.

The following conclusions and recommendations are made by this study:

1. OH addition to the carbon-carbon double bond and subsequent reactions significantly
affect the low temperature reactivity of prenol. Further studies of these pathways, as well as
HO- addition pathways, are warranted to better understand and predict the low temperature
autoignition of unsaturated alcohols such as prenol.

2. The branched, unsaturated, and alcohol like features of prenol significantly hinder
conventional low temperature chemistry pathways. A consequence of the structural diversity
in prenol is allylic o and 6 radicals generated after H-abstraction which leads to the relative
inhibition and promotion of autoignition, respectively. Studies of these allylic radicals + O>
and related pathways would be beneficial in developing rate rules for prenol and other
potential biofuels which may produce allylic radicals with similar characteristics.

3. Major intermediates such as prenal (3-methyl-2-butenal) and isoprene (2-methyl-1,3-
butadiene) formed during the pyrolysis and oxidation of prenol are not well studied. Future

work focused on the combustion chemistry of these significant intermediates is warranted.

Supporting Information
e A word document containing additional literature validations and ignition delay time
correlations
e A zip folder containing three text files in CHEMKIN format describing: kinetics,
thermodynamic properties, and transport properties

e A worksheet containing the new ignition delay time measurements from this study
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e Volume histories for simulations of the rapid compression machine experiments
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