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Revisiting the Kinetics and Thermodynamics of the Low-Temperature
Oxidation Pathways of Alkanes: A Case Study of the Three Pentane
Isomers

John Bugler, Kieran P. Somers, Emma J. Silke, Henry J. Curran
Combustion Chemistry Centre, National University of Ireland, Galway, Ireland

ABSTRACT

This paper describes our developing understanding of low-temperature oxidation kinetics. We have
investigated the ignition of the three pentane isomers in a rapid compression machine over a wide
range of temperatures and pressures, including conditions of negative temperature coefficient
behavior. The pentane isomers are small alkanes, yet have structures that are complex enough to
allow for the application of their kinetic and thermochemical rules to larger molecules. Updates to
the thermochemistry of the species important in the low-temperature oxidation of hydrocarbons
have been made based on a thorough literature review. An evaluation of recent quantum-chemically
derived rate coefficients from the literature pertinent to important low-temperature oxidation
reaction classes has been performed, and new rate rules are recommended for these classes. Several
reaction classes have also been included to determine their importance with regard to simulation
results, and we have found that they should be included when developing future chemical Kinetic
mechanisms. A comparison of the model simulations with pressure-time histories from experiments
in a rapid compression machine shows very good agreement for both ignition delay time and
pressure rise for both the first- and second-stage ignition events. We show that revisions to both the
thermochemistry and the kinetics are required in order to replicate experiments well. A broader
validation of the models with ignition delay times from shock tubes and a rapid compression
machine is presented in an accompanying paper. The results of this study enhance our

understanding of the combustion of straight- and branched-chained alkanes.



1. INTRODUCTION

Alkanes are the simplest type of hydrocarbon, so knowledge of the combustion of these compounds
is essential to the fundamental understanding of the combustion of all hydrocarbons and oxygenated
fuels (e.g. alcohols, large methyl esters, etc.). The low-temperature oxidation of alkanes is of
practical importance to the advancement of technologies such as homogeneous-charge
compression-ignition (HCCI), premixed-charge compression-ignition (PCCI), and reactivity-
controlled compression-ignition (RCCI) engines. Construction of detailed mechanisms describing
low-temperature oxidation can be difficult due to the large number of chemical species and
reactions involved. Group additivity’ and rate rule*® methods are convenient solutions to this
problem. In this study we discuss the implementation of both methods, and improved values used
therein, for current and future development of detailed chemical kinetic models.

The first low-temperature reaction channels for the oxidation of alkanes were proposed in the
late 1960s by Knox* and Fish.> An improved understanding was developed by Pollard®, Cox and
Cole’, and Walker and Morley.® Curran et al. applied rate coefficients based on rate estimation rules
for different reaction classes and had success in modelling the oxidation of n-heptane and iso-octane
at low temperatures.>® However, some reaction classes were excluded from the low-temperature
reaction pathways of these mechanisms due to limitations in knowledge at the time. These involve
hydroperoxyl-alkyl-peroxyl (0.QOOH) radicals undergoing reactions similar to those included for
alkyl-peroxyl (RO,) species, such as the direct elimination of HO, radicals from the alkyl-peroxyl
radicals (also forming olefins), and isomerisation reactions like those of RO, radicals to produce
hydroperoxyl-alkyl (QOOH) radicals, but resulting in the formation of di-hydroperoxyl-alkyl
radicals. These can undergo reactions similar to those of QOOH radicals, such as cyclic ether
formation, and f-scission reactions, Fig. 1 (R, Q and P represent alkyl radicals or structures C,Hzn+1,
ChH2n and CyHan 1, respectively). Inclusion of these “alternative” reaction classes are of particular

importance for the mechanisms of branched alkanes, as previously,® the chain of reactions



proceeding from tertiary alkyl radical addition to molecular oxygen came to a “dead end” upon
formation of an O,QOOH radical, as these radicals cannot proceed to formation of a carbonyl-
hydroperoxide + OH. An example of this for iso-pentane is shown in Fig. 2. This means that any
0,QOO0H species formed from successive pathways stemming from a tertiary alkyl radical had no

mechanism to decompose other than dissociation back to QOOH + O,. This represents quite a

mechanistic oversight in the modelling of branched alkanes.

R i QOOH
02 l E 02 l
RO, — > olefin + HO, OZQOOH — olefin + HO,
QOOH — » cyclic ether + OH I.’(OOH)2 —» cyclic ether + OH
> l \ B-scission products | l \ B-scission products
OZQOOH Carbonyl-hydroperoxide + OH

Figure 1. Lumped kinetic scheme of the primary oxidation reactions of alkanes. Species and arrows

highlighted in red represent pathways not previously considered for the pentane isomers.
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Figure 2. Example of a “dead end” in low-temperature pathways of iso-pentane. The example

0,QOO0H shown cannot form a carbonyl-hydroperoxide + OH.



Silke® and Glaude et al.’® have performed studies of some of these alternative reaction classes

for the low-temperature oxidation of n-heptane. A simplified scheme for the primary oxidation

reactions of alkanes, including these “alternative” reaction classes is shown in Fig. 1. Silke® added

the following reaction classes to the n-heptane mechanism published by Curran et al.>:

0,QO00H = P(OOH),

P(OOH); < cyclic ether + OH

RO, + OH < RO + HO;

RO, + HO, <> ROOH + O,

QOOH intramolecular isomerisation

RO, < olefin + HO,

Silke found that, of the classes added, those that had the largest effect on simulated ignition delay

times (IDTs) were O,QO0OH = P(OOH), and P(OOH), « cyclic ether + OH. Examples of these

types of reactions for n-pentane are shown in Fig. 3.
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Figure 3. Examples of reaction classes applied to n-pentane in this work, which were previously
added to Silke® n-heptane mechanism (a) “Alternative” isomerisation of O,QOOH. (b)

Hydroperoxyl cyclic ether formation from P(OOH),.

Silke” assigned rate coefficients to the new reaction classes by making analogies to similar
reactions, i.e., rate coefficients for 0,QOOH = P(OOH), isomerisation reactions were based on
those for RO, = QOOH. For the reactions P(OOH), < cyclic ether + OH the rate coefficients used
for QOOH « cyclic ether + OH were adopted. The rate coefficients used were those recommended
by Curran et al.>* Inclusion of these classes led to large changes in simulated IDTs, to the extent
that the model no longer predicted the experimental measurements, Fig. 4. The attempted
improvement of the n-heptane mechanism did not result in better agreement with experiments.
Thus, the rate rules used were not compatible with the consideration of these alternative reactions.

However, it is essential that these pathways are included to ensure a detailed understanding of a
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fuel’s oxidation. The fact that the rate rules of Curran et al.>®

were not suitable for application to the
alternative pathways, yet the predictions of the n-heptane® and iso-octane® models reproduced data
very well, points to a lack of fundamental understanding of the thermochemical parameters, rate

coefficients, and/or both in the previous studies.
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Figure 4. Effect of (a) “alternative” isomerisations of O,QOOH and (b) hydroperoxyl cyclic ether

formation from P(OOH), for n-heptane, ® = 1.0 in “air’, ~13.5 atm.” m Ciezki et al.'*; — Curran et
al.z; — Model including “alternative” isomerisations; — Model including “alternative”
isomerisations and hydroperoxyl cyclic ether formation. All simulations shown are at constant

volume conditions.

In their work on iso-octane, Curran et al.> reduced the rate coefficients for the isomerisation
reactions of RO, and O,QOOH radicals by a factor of three relative to those employed for n-
heptane in order to match experimental data at low temperatures (600770 K). It was postulated that
there must be a reason that these reactions were slower for iso-octane than for n-heptane, or that
there must have been pathways missing in the mechanism. With such discrepancies existing for the
primary reference fuels (PRFs), it was clear that a re-examination of the thermochemistry and rate
coefficients pertaining to the low-temperature oxidation pathways of alkanes was needed in order to

reconcile these differences. It is for this reason that the pentane isomers were selected in this study.



They are small enough to allow for an in-depth study of their low-temperature oxidation pathways,
yet large enough to be representative of larger alkanes. The proximity of the outermost secondary
carbons in n-pentane makes it an ideal analogue for longer n-alkanes, due to isomerisation reactions
of RO, and of O,QOO0H radicals between these carbons being dominant controlling pathways at
low temperatures. The different levels of structural branching of iso- and neo-pentane make them
suitable analogues for longer branched-chained alkanes, such as iso-octane, with both isomers being
representative of the varyingly branched ends of the iso-octane molecule.

There have been a number of recent systematic studies which have used various computational
quantum chemical methods for rate coefficient calculations for reactions relevant to the low-
temperature oxidation of alkanes.!**" These studies have calculated high-pressure limit rate
coefficients for sets of training reactions so that they can be used directly in chemical Kinetic
mechanisms for combustion relevant applications. To our knowledge, these rate coefficients have
not been applied to all of the important reaction classes in the low-temperature regime in a
hydrocarbon oxidation mechanism. In this work, the rate coefficients from these studies are
compared and have been applied to the mechanisms of the pentane isomers. The model simulations
are compared to sample ignition delay times in addition to pressure-time histories obtained in a
rapid compression machine (RCM). A detailed description of the RCM design can be found in ref.
18. Based on these theoretical studies, new recommended rate rules are proposed, and are also
tested in mechanisms to evaluate their performance against ignition delay times.

A more thorough validation of the mechanisms across a broader range of temperatures,
pressures, and with data from other experimental facilities, along with a description of the facility
used to obtain data presented herein, will be discussed in an accompanying paper.'® This study
provides a systematic evaluation of the rate rules in the literature and their suitability for application
to mechanisms for the low-temperature oxidation of straight-chained, branched-chained and highly-
branched alkanes, and will propose new rate rule recommendations for application to larger alkanes.

This will be particularly important for the construction of gasoline surrogate mechanisms.



2. MODEL DEVELOPMENT

1. previously developed a mechanism to describe n-pentane oxidation based on rate

Healy et a
rules recommended by Curran et al.>® This mechanism did not include any of the alternative
reaction classes but has served as a starting point for the current investigation.

2.1. Thermochemistry

2392021 the thermochemical data for species were estimated using group additivity rules

Previously
derived by Benson® and implemented in THERM.? Due to improved computational methods for
calculation of thermochemical properties and a growing amount of literature data, a thorough
literature review of thermochemical properties was undertaken for C,;—C, alkanes, alkenes, alcohols,
hydroperoxides, alcoholic hydroperoxides, and their associated radicals.”® A variety of sources,
including high level ab initio studies, experimental studies, online databases, and review studies has
led to updated THERM group values which have been used to update the thermochemistry of the
following classes of Cs species: fuel (RH), fuel radicals (R), olefins, alkyl hydroperoxides (RO,H),
alkyl-peroxyl radicals (RO,), hydroperoxyl alkyl radicals (QOOH), cyclic ethers, hydroperoxyl-
alkyl-peroxyl radicals (O,QOOH) and carbonyl-hydroperoxides, as well as any species produced
through pathways which have been added to the mechanisms, which will be discussed in detail

later.

Table 1. Comparison of original and updated THERM group values at 298 K for selected groups.

Original Updated
Enthalpy, H® Entropy, S° Enthalpy, H® Entropy, S°
(kcal mol™) (cal mol™ K™) (kcal mol™) (cal mol™* K™
C/C/H2/00 ~7.89 9.65 -8.02 6.62
C/C2/H/00 -6.08 ~11.96 -7.03 ~15.46
OO/C/H —23.50 36.84 —20.60 38.64
ALPEROX 86.30 0.22 85.27 -0.48




The most significant changes are to the values of the groups listed in Table 1. C/C/H2/O0 refers
the carbon at the terminus of an alkyl chain, and a- to a hydroperoxyl group (R-CH,OOH).
C/C2/H/OO0 represents an internal carbon in an alkyl chain, bonded to two other carbons and a
hydroperoxyl group (R—-CH(OOH)-R’). OO/C/H represents a hydroperoxyl group bonded to a
carbon atom (R—C(OOH)(R’)-R”), and ALPEROX refers to a peroxyl radical (R-0O0).

The C/C/H2/00 and C/C2/H/OO groups were optimised based the newly recommended values
for ethyl, n-propyl, iso-propyl, n-butyl and s-butyl hydroperoxides, and their associated peroxyl
radicals. The enthalpies increased from those previously used, and the entropies decreased for all of
these species, resulting in the Gibbs energies increasing by approximately 2.1-3.4 kcal mol™ at 298
K when the new group values are applied. The OO/C/H group was optimised also based on the
aforementioned alkyl hydroperoxide and alkyl-peroxyl radical species, but also based on
hydroperoxyl-ethanol and hydroperoxyl-n-propanol, and their associated peroxyl radicals. Both the
enthalpies and entropies for the hydroperoxyl alcohols and their associated peroxyl radicals
decreased from those which had previously been used. This resulted in the Gibbs energies of these
species varying by approximately —0.6—+0.5 kcal mol™ at 298 K. The optimisation of the
ALPEROX group was based on the updated values of the aforementioned alkyl-peroxyl radicals,
the enthalpy and entropy values of which (as mentioned previously) increased and decreased,
respectively, resulting in an increase in Gibbs energy values of approximately 2.1-2.5 kcal mol™ at
298 K.

Figure 5 illustrates the changes in values of thermochemical properties for species important in
the low-temperature combustion regime for n-pentane, as well as the shifts in equilibria for the main

reaction pathways they participate in, brought about by the changes in the thermochemical values.
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Figure 5. Representation of average changes in Gibbs energies at 298 K for important classes of
species due to updated THERM group values for n-pentane, and subsequent shifts in equilibria for

important reaction classes.

The inclusion of the updated thermochemistry led to a significant decrease in reactivity (Fig. 6)
due to a change in the equilibria of the reactions involving the updated species, Fig. 5. The main
shifts in equilibria are for the reactions of RO,, QOOH and O,QOOH radicals, with dissociation of
RO, and O,QOOH radicals back to their respective alkyl and hydroperoxyl-alkyl radicals and
molecular oxygen becoming more dominant, as well as the chain propagating reactions of RO, and
QOOH radicals (which curtail progression towards chain branching reactions) also becoming more
dominant. With the updated thermochemistry, there is more flux from O,QOOH radicals to produce
carbonyl-hydroperoxides + OH, and subsequently the decomposition of carbonyl-hydroperoxides to

yield a second hydroxyl radical and a carbonyl-alkoxyl radical. These steps constitute chain
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branching as three radicals are formed from the initial O,QOOH species, but the effect of the shifts
in equilibria on reactivity is minimal due to the large changes in flux earlier in the chain of
reactions, involving R, RO, and QOOH radicals, leading to their formation. These results show that,
with the adjusted thermochemistry of species relevant to the low-temperature combustion of n-
pentane, updates to the rate coefficients important to low-temperature oxidation were necessary.

This began with an update to the Co—C,4 sub-mechanism,?*

with the results showing a relatively
minor influence when compared to that of the updated thermochemistry, Fig. 6. It is clear that major
changes were needed in the rate coefficients used for the Cs reactions. These updates will form the

basis of our later discussion.

100
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Figure 6. Effect of updated thermochemistry and sub-mechanism. n-pentane, ® = 1.0 in "air’, 10
atm. Symbols represent IDTs from an RCM. — Model predictions using original thermochemistry;
— Model predictions using updated thermochemistry; — Model predictions using updated
thermochemistry and Co—C, sub-mechanism.?*?” All simulations shown are at constant volume

conditions.

2.2. Chemical kinetic mechanism
Villano et al.*® systematically calculated high-pressure limit rate coefficients for the low-
temperature oxidation reactions of alkanes, including the pentane isomers, using the CBS-QB3

quantum chemical method combined with canonical transition state theory calculations. Karwat et
11



al.?® studied the oxidation of n-heptane in a rapid compression facility and demonstrated success in
applying the Villano et al. rate rules. However, Villano et al.***® did not calculate rate coefficients
for the alternative reaction classes that were investigated in this work, and so rate coefficients for
these reactions are based by analogy with similar reactions. Rate coefficients for each reaction in
the following reaction classes have been applied directly from the papers of Villano et al.****:
e Concerted elimination of HO, from alkyl-peroxyl radical (RO, < olefin + HO,)
e B-scission of hydroperoxyl-alkyl radical to produce an olefin + HO, (QOOH « olefin +
HO,)
e Cyclic ether formation from hydroperoxyl-alkyl radical (QOOH « cyclic ether + OH)
e B-scission of hydroperoxyl-alkyl radical to produce other products (QOOH «> B-scission
products)
2.2.1. R+ 0O, and QOOH + O, addition reactions
Miyoshi used variational transition state theory (VTST) and Rice-Ramsperger-Kassel-Marcus
theory (RRKM)/master equation calculations based on the CASPT2(7,5)/aug-cc-pVVDZ//B3LYP/6-
311G(d,p) potential energy curves and B3LYP/6-311G(d,p) geometries and vibrational frequencies,
for archetypal alkyl radical (C,Hs, i-C3H7, n-C4Ho, s-C4Hg and t-C4Hg) + O, reactions, and obtained
class-specific high-pressure limit rate coefficients for these systems.'* Rate coefficients for the
addition of R to O,, and QOOH to O, have been calculated by Goldsmith et al. for the propyl + O,
system, using variable reaction coordinate transition state theory (VRC-TST) calculations.® The
rate coefficients calculated by Goldsmith et al. for additions to primary and secondary alkyl radical
sites are approximately factors of two and five times faster, respectively, than those calculated by
Miyoshi. We find that using the rate coefficients calculated by Goldsmith et al.'® for both first and
second additions results in ignition delay time simulations that are faster than experimental

measurements for the pentane isomers. Instead, the rate coefficients for addition of R to O, are

adopted from Miyoshi, and those used for addition of QOOH to O, are based on these first addition
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rate coefficients, with the A-factor scaled based on the results of Goldsmith et al.*> Their work
reported that the QOOH + O, reaction is typically slower than the analogous R + O, reaction by
approximately a factor of two, with the exception of the addition of HOOCH,CH,CH,, which is
faster than the analogous first addition to O,. For each of the pentanes, we find that a reduction of
the second addition to O, by approximately a factor of two results in experimental data being well
reproduced by model simulation results.

.?° performed the first experimental measurements of rate coefficients for the QOOH

Zador et a
+ O, addition reaction. They determined the rate coefficient for the association reaction of 2-
hydroperoxyl-2-methylprop-1-yl with O, to be (5.4 + 1.8) x 10 cm® mol™ s*. This is supported by
VRC-TST calculations performed as part of the same study, and this value is in excellent agreement
(within 50% between 600 and 1000 K) with the estimated rate coefficients for addition of O, to a

primary radical site on QOOH radicals within the sub-mechanisms of the pentane isomers.

2.2.2. RO, and 0,QOOH isomerisation reactions
Villano et al.,** Miyoshi'® and Sharma et al.>’ all calculated rate coefficients for RO, = QOOH

isomerisation reactions for sets of sample reactions using the CBS-QB3 quantum chemical method.
Figure 7 shows comparisons of the averaged rate coefficients for this reaction class from these three
studies.***®". All rate coefficients are compared on a per H-atom basis. There is good agreement
between the literature values, most being within a factor of 2-3 of one another, with a maximum
discrepancy of approximately a factor of 5 for reactions proceeding through an 8-membered

transition state (TS) ring at 1000 K. As will be shown in an accompanying paper,*® when applied to
the mechanisms of the pentane isomers the rate coefficients for the H-shift reactions of RO, =

QOOH through 6-membered TS rings are the most important, with a relatively high flux proceeding

through these pathways.
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Figure 7. Averaged rate coefficients for reactions of RO, = QOOH progressing through (a) 5-, (b)
6-, (c) 7-, and (d) 8-membered TS rings. Solid lines correspond to Villano et al.,*? dashed lines

correspond to Miyoshi,*® and dotted lines correspond to Sharma et al.'’

Figure 8 shows the effect of using the rate coefficients for the first isomerisation reactions
calculated from each of the three studies on the simulated ignition delay times of each of the

pentane isomers, as well as treating the second isomerisation reactions as recommended by Curran
et al.>3. That is, using analogous reactions of RO, == QOOH to estimate the second isomerisation

reaction, by using the same pre-exponential factors as the reaction being used in the analogy (while

at the same time accounting for degeneracy) and reducing the activation energy by 3 kcal mol ™.

It is shown that using the rate coefficients from any of the three aforementioned studies'?*®*’

23
l.

and treating the second isomerisation reactions as recommended by Curran et al.“” results in similar

simulated ignition delay times for each of the three isomers. This reflects the general similarity
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between each of the calculated rate coefficients for the first isomerisation reactions, since the
second isomerisation reactions are treated by analogy to these. While good agreement is observed
between simulations and experiments for n-pentane, it is not the case for iso- or neo-pentane, for

which the simulated ignition delay times are faster compared to the experiments, Fig. 8.
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Figure 8. Effect of using calculated rate coefficients for RO, = QOOH of; — Sharmaetal.,'’ —

Miyoshi,*® and — Villano et al.*?

on IDT simulations as well as treating the second isomerisation
reactions as recommended by Curran et al.?* for (a) n-pentane, (b) iso-pentane and (c) neo-pentane.
Open symbols represent ignition delay times for (a) n-, (b) iso-, and (c) neo-pentane: all at ® = 1.0
in ‘air', 10 atm. Dashed lines correspond to simulations using the rate coefficients of Sharma et al.,*’

and accounting for facility effects in the RCM.

The last important reaction pathway for which calculated rate coefficients have not been added
is the isomerisation reaction O,QOOH = carbonyl-hydroperoxide + OH. Miyoshi*® and Sharma et

15



al.}” have both calculated this class of reactions for sets of training reactions using the CBS-QB3
quantum chemical method. However, Sharma et al. propose an alternative hindered-rotor treatment
for O,QOOH radicals, due to these molecules having multiple internal rotors with potentials that are
not independent of each other. They find that interactions between the oxygen and hydrogen atoms
within the molecule results in a lowest energy conformer that has a ring shape, with the peroxyl
group forming a hydrogen bond with the OOH group. Comparisons of the rate coefficients show
general trends, Fig. 9, where “primary” refers to abstraction by the peroxyl moiety of a hydrogen
bonded to the terminal carbon on an alkyl chain, which is in turn adjacent to a hydroperoxyl moiety
(e.g. 0,CH,CH,CH,00H = HO,CH,CH,CHO + OH). “Secondary” refers to the same type of
reaction but with the abstracted hydrogen instead bonded to an internal carbon (e.g.
0,CH,CH(OOH)CH3; = HO,CH,C=0CHjs + OH). Rate coefficients calculated by Sharma et al. for
reactions which proceed through 5-membered TS rings are, in general, faster than those calculated
by Miyoshi (although those proceeding through the “primary” pathways are roughly equal),

whereas reactions proceeding through 6-, 7- and 8-membered rings are generally slower.
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Figure 9. Averaged rate coefficients for reactions of 0,QOOH = carbonyl-hydroperoxide + OH
progressing through (a) 5-, (b) 6-, (c) 7-, and (d) 8-membered TS rings. Solid lines correspond to

Miyoshi,* and dashed lines correspond to Sharma et al.*’

Figure 10 shows the effects of using the rate coefficients calculated by Miyoshi, and by Sharma
et al. for the isomerisation reactions of O,QOOH (specifically, the ones which involve abstraction
of a hydrogen atom from the carbon attached to the OOH group, producing a carbonyl-
hydroperoxide + OH) on simulated ignition delay times. Comparing Figs. 8 and 10, we see that
each of the pentane isomers, using Miyoshi’s rate coefficients for both the first and second
isomerisation reactions, yields similar results to using Miyoshi’s first isomerisation rate coefficients
and treating the second isomerisation reactions by analogy to these (i.e. by using the same pre-
exponential factors as the reaction being used in the analogy (while at the same time accounting for

degeneracy) and reducing the activation energy by 3 kcal mol™). While similar results are seen

17



1.1 to the first and second

when applying the rate coefficients of Miyoshi'® and Sharma et a
isomerisation reactions of n- and neo-pentane (Fig. 10(a) and (c), respectively), simulated ignition
delay times are significantly longer when applying the directly calculated rate coefficients of
Sharma et al. to the first and second isomerisation reactions of iso-pentane, Fig. 10(b). When
facility effects are included (i.e. ignition delay times are simulated using non-reactive pressure-time

profiles from the RCM) it is shown that the model is in very good agreement with the experimental

data, as depicted by the dashed lines in Fig. 10(a), (b) and (d).
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Figure 10. Effect of using calculated rate coefficients for RO, = QOOH and for O,QOOH =

carbonyl-hydroperoxide + OH from; — Sharma et al.,” and — Miyoshi‘® on IDT simulations for
(a) n-pentane, (b) iso-pentane, (c) neo-pentane, and (d) neo-pentane using a modified second

isomerisation rate coefficient (described in main text). Dashed lines correspond to model simulated
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|.17

IDTSs using the rate coefficients of Sharma et al.”" and including facility effects. Open symbols

represent IDTs for (a) n-, (b) iso-, and, (c) and (d) neo-pentane: all at ® = 1.0 in "air’, 10 atm.

With a consistent set of rate coefficients for both n-pentane and iso-pentane for all of the
reaction classes important in the low-temperature regime, it is shown that there is good agreement
between the models and their respective experimental targets. Figure 10(c) illustrates the effects of
using rate coefficients from Miyoshi'®, and from Sharma et al.}’ for the second isomerisation
reaction of neo-pentane on simulation results, and it is shown that the model over-predicts
reactivity. The low-temperature oxidation mechanism of neo-pentane contains a relatively small
number of reactions due to its high symmetry. Due to the sensitivity of simulated IDTs to these
reactions, the rate coefficients could not be modified within reasonable uncertainty in order to
rectify the discrepancy between the model simulations and the experimental measurements. This led

1.Y” The most

us to investigate an anomaly in the stated rate coefficients in the study by Sharma et a
similar reaction to that of the second isomerisation reaction of the neo-pentane O,QOOH species
calculated in their study (aside from the one calculated for that specific reaction) is the reaction of
0,CH,CH,CH,00H to produce HO,CH,CH,CHO + OH. Both reactions proceed through a 6-
membered TS ring and break a C—H bond of approximately equal strength. The activation energies
differ by less than 2 kcal mol™ in the temperature range of importance for these reactions, Fig.
11(b), which is less than a factor of three in rate coefficient at 750 K, yet the rate coefficients

reported by Sharma et al.!” for these reactions differ by approximately a factor of 40 at 750 K, Fig.

11(b) and, in fact, the activation energy is higher for the reaction of O,CH,C(CHs),CH,OOH.
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Figure 11. Comparison of (a) activation energies, (b) rate coefficients, (c) pre-exponential factors,
and (d) Gibbs energies for the reactions O,CH,CH,CH,O0H = HO,CH,CH,CHO + OH (solid
lines), and O,CH,C(CH3),CH,O0H = HO,CH,C(CH3),CHO + OH (dashed lines) from Sharma et
al.'” E, is calculated from E, = E + nRT, and A is calculated from A = k/exp(—(E + nRT)/RT), with n
and E corresponding to parameters in a typical modified Arrhenius equation; k = A T" exp(-E/RT).
|.’17

AG is calculated from the thermodynamic parameters used in the study by Sharma et a

excluding OH, as the values used in the study are not stated.

Thus, the difference lies in the pre-exponential factors of the rate coefficients which differ by
approximately two orders of magnitude at 750 K, Fig. 11(c). The reason for this is not clear upon
investigation of the difference in the Gibbs energies of the O,QOOH and the carbonyl-
hydroperoxide species for the two reactions, Fig. 11(d). It seems unusual for there to be such a

discrepancy between pre-exponential factors for reactions of such similarity. We find that use of the
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rate coefficient calculated for O,CH,CH,CH,00H = HO,CH,CH,CHO + OH produces favourable
results for model simulations when compared to experimental measurements for neo-pentane, Fig.
10(d). Whereas using the rate coefficient calculated for the reaction specific to the neo-pentane
system results in an over-prediction in reactivity which cannot be overcome by reasonable
modification of the rate coefficients in the neo-pentane submechanism, Fig. 10(c).

It is shown that using either directly calculated rate coefficients for the second isomerisation
reactions or using rate coefficients by analogy to the first isomerisation reaction class will produce
favourable results for n-pentane. This is shown not to be the case for iso- or neo-pentane. The
simulated ignition delay time results are far too fast when applying rate coefficients to the second
set of isomerisation reactions by using analogy to the first set of isomerisation reactions. These
findings may provide an explanation to those of Curran et al. in their study of iso-octane.? In their
previous work on n-heptane, a set of rate rules were developed which worked well in predicting
experimental results.” However, they found that when these rules were applied to the iso-octane
system that reactivity was over-predicted, and in order to match experimental data the rate
coefficients for the isomerisation reactions of RO, and of O,QOOH had to be decreased by a factor
of three relative to their n-heptane work. Similar to the findings of this work, it appears that treating
the isomerisation reactions of O,QOOH by using analogous isomerisation reactions of RO, radicals
yields good model predictions for the straight-chained species, n-pentane, but results in over-
prediction of reactivity for the branched species, iso- and neo-pentane. It seems necessary to treat
the second isomerisation reactions independently of the first, and we find that use of the rate

coefficients calculated by Sharma et al.'’

(who propose an alternative treatment when calculating
rate coefficients for this complex class of reactions) results in model predictions that match
experimental data for both straight- and branched-chained alkanes.

Also investigated were the effects of treating the isomerisations of O,QOOH radicals to produce

a carbonyl-hydroperoxide and a hydroxyl radical, as a one- or two-step process, Fig. 12. Sharma et

al. performed calculations of O,CH,CH,OO0H to give HO,CH,CHO + OH at the B3LYP/6-31G(d)
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level of theory.!” They found no minima on the potential energy surface for HO,CH,CHOOH.
However, when they optimised this intermediate structure at the MP2/CBSB7 level of theory, a
minimum was obtained. For n-pentane, the formation of a stable a-dihydroperoxyl alkyl radical was
allowed, and its decomposition was assigned a low activation energy (1.5 kcal mol™?) due to the
instability of the radical. It was found that the effects of adding this intermediate step on simulated
IDTs were negligible. We conclude that treating the second isomerisation reactions as a single-step
process is adequate when constructing chemical kinetic mechanisms. This mirrors the

recommendation of Sharma et al.’

(a)
o
(|)/ I|{ o o
(b) | (b) | g
CH C R ' — + OH
P CH C CH C
HiC™ e | CH H,e” ¢ CH, H,¢” 7 || CH;
2/0 H2 (@) H2 @]
HO HO™

Figure 12. Example reaction of 0,QOOH producing carbonyl-hydroperoxide + OH treated as (a) a

one-step process, and (b) a two-step process.

2.2.3. Alternative 0,QOOH isomerisation reactions

232021 it \was assumed that O,QOOH radicals only undergo internal H-atom

In previous mechanisms
rearrangements involving the H-atom attached to the carbon which is directly bonded to the OOH
group. This is, more often than not, the dominant isomerisation reaction for these species because
the C-H bond is weaker than that of an equivalent C—H bond located on a regular alkyl chain.
However, this is not always the case, and in some instances reactions which compete with these
ones can be dominant. Therefore, it is necessary to include these reaction pathways in detailed

mechanisms. An example in the n-pentane mechanism is the competition between the isomerisation

reactions of O(CHs)CHCH,CH,CH,OOH, Fig. 13. The H-shift reaction which progresses through
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a 6-membered TS ring, breaking a secondary C—H bond, resulting in the formation of a P(OOH);
species, Fig. 13(b), has a rate coefficient of 1.1 x 10° s at 750 K. This is considerably faster than
that of the H-shift reaction which proceeds through a 7-membered TS ring, resulting in the
formation of a carbonyl-hydroperoxide and a hydroxyl radical, Fig. 13(a), which has a rate

coefficient of 2.3 x 10* s * at the same temperature.

(a) ‘0 r ek HO

~0 0 ~0
H, (|ZH H \o\ " H, (I:H + OH
| 2 o “CH 2
/O | HzC_CHz 3 O
HO OH
- %
(b) {o) .0
>0 ™ o 190
& (|:H & (|:H : | + OH
H,c” >¢” CH, g H,c H>MC” “CH, T oo Men
5 S Toom
e ~ O
HO HO HO™

Figure 13. Example reaction of 0,QOOH proceeding through (a) a 7-membered TS ring, forming a

carbonyl-hydroperoxide + OH, and (b) a 6-membered TS ring, forming a P(OOH), species.

The main subsequent reaction pathways of the P(OOH), radicals result in chain branching.
Chain branching reactions usually result in an increase in reactivity due to the production of highly
reactive radicals. This is found to be the case for some of the reactions of P(OOH),, but not for all
of them. The reasons for this will be discussed in the subsequent descriptions of the reaction classes

relevant to P(OOH), radicals.
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Figure 14. Effect of “alternative” isomerisations of OZQOOH. — Model before addition of
“alternative” isomerisations. — Model including “alternative” isomerisation reactions. Open
symbols represent ignition delay times for n-pentane, @ = 1.0 in ‘air’, 10 atm, acquired over the

course of this study. (a) c5_49 model.? (b) This work.

2.2.4. P(OOH), = olefin + HO;

These reactions are similar to the B-scission reactions of QOOH radicals which also produce an
olefin and a hydroperoxyl radical, the rate coefficients of which are used for individual analogous
reactions. However, these reactions result in the formation of an olefinic hydroperoxide. Silke®
found that inclusion of this reaction class in an n-heptane mechanism resulted in an increase in
reactivity at temperatures above ~830 K, and a decrease in reactivity at temperatures below this,
Fig. 4(a). Inclusion of this reaction class to the mechanism developed by Healy et al.?° (c5_49)
results in a similar effect for n-pentane, although it is less pronounced, but still significant, Fig.
14(a). However, when this reaction class is added to the n-pentane mechanism developed in this
study, the effect of these alternative isomerisation reactions is minimal, Fig. 14(b). A reduction in
reactivity at lower temperatures (below ~770 K) and an increase at higher (~770-900 K) is seen, but
the changes in equilibria brought about by the thermochemistry updates have caused these pathways
to be virtually insignificant in their contribution to overall reactivity.

The subsequent decomposition of the olefin occurs via fission of the O-O bond in the

hydroperoxide group, resulting in the production of a hydroxyl radical. The reaction sequence
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constitutes chain branching because a hydroxyl and a hydroperoxyl radical are produced from the
original P(OOH), species, along with an olefinic alkoxy radical species. However, before inclusion
of this reaction class, two hydroxyl radicals and a carbonyl alkoxy radical species would have been
produced. Previously, the only pathway considered for O,QOOH radicals were isomerisation
reactions to form a carbonyl-hydroperoxide and a hydroxyl radical, followed by decomposition of
the carbonyl-hydroperoxide, resulting in the production of a second hydroxyl radical. The
production of a hydroperoxyl radical rather than a second hydroxyl radical leads to the reduction in
reactivity at the lower temperature portion of the negative temperature coefficient (NTC) region,
and conversely, the increase in reactivity at higher temperatures. This is because H-atom abstraction
from the parent fuel molecule by hydroxyl radicals is orders of magnitude faster than that by

hydroperoxyl radicals, and is also far more exothermic, with AAHx, = —31.8 kcal mol™ at 750 K,
where AAH, is calculated from AAH.y, = AHy,(H-atom abstraction by OH) — AHn(H-atom

abstraction by HO,). This explains the decrease in reactivity at lower temperatures, as the relative
concentrations of hydroperoxyl to hydroxyl radicals are increased with the inclusion of this reaction
class. However, this shift in the relative concentrations becomes favourable from a reactivity
standpoint at higher temperatures, due to the H,O, produced from H-atom abstraction by
hydroperoxyl radical being able to overcome the relatively high barrier (~48.7 kcal mol™)® for

unimolecular decomposition, to form two highly reactive hydroxyl radicals.

2.2.5. P(OOH), = cyclic ether + OH
These reactions are analogous to those of QOOH radicals which form cyclic ethers and OH radicals.
The decomposition of the hydroperoxyl cyclic ether formed in these reactions results in the
production of a second hydroxyl radical. This chain branching is similar to that of the “traditional”
2" isomerisation reactions which proceed through a carbonyl-hydroperoxide species. This explains
the increase in reactivity observed upon inclusion of this reaction class across the majority of the

temperature range investigated by Silke® in the study of n-heptane, Fig. 4(b).
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Figure 15. Effect of hydroperoxyl cyclic ether formation from P(OOH),. — Model including
“alternative” isomerisation reactions. — Model including “alternative” isomerisation reactions and
hydroperoxyl cyclic ether formation. Open symbols represent ignition delay times for n-pentane, ®

= 1.0 in “air’, 10 atm, acquired over the course of this study. (a) ¢5_49 model.?’ (b) This work.

Figure 15 illustrates the effect of inclusion of the P(OOH), = cyclic ether + OH pathways to

c5_49% and to the mechanism presented in this study. The reactivity promoting effect observed by
Silke upon inclusion of this reaction class to the mechanism of n-heptane® is also observed for n-
pentane for both mechanisms investigated, although the effect is confined to lower temperatures
(below ~1000 K). As is observed with the alternative isomerisation reactions, Fig. 14, the addition
of the hydroperoxyl cyclic ether pathways has a more pronounced effect on the mechanism of
Healy et al.®® than on the mechanism presented herein, Fig 15. Again, this is due to the lower
relative flux to these pathways brought about by equilibrium changes induced by the updated

thermochemical values.

2.2.6. Additional pathways
In addition to the aforementioned pathways, concerted elimination reactions of O,QOOH directly
producing olefinic hydroperoxides and HO, (analogous to the concerted elimination reactions of
RO,) were included in the mechanisms of n- and iso-pentane. As is the case with the concerted

elimination reactions of RO,, this additional pathway is not possible in the neo-pentane reaction
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scheme, as there are no C—H bonds beta- to the peroxyl moiety in either the neo-pentyl peroxyl, or
hydroperoxyl neo-pentyl peroxyl radicals. The inclusion of this class of reactions to the n- and iso-
pentane mechanisms had little effect on IDT simulation results.

1.3 and Pelucchi et al.** have recently investigated the importance of new reaction

Ranzi et a
classes in modelling the low-temperature oxidation of n-alkanes. These investigations were
undertaken in light of recent experimental data detailing several intermediate species produced from
the low-temperature oxidation of propane, n-butane, and n-heptane, using advanced analytical
techniques.®**® These oxygenated intermediates include ketones, diones, and organic acids, and are
formed primarily at quite low temperatures (<650 K). The reaction classes investigated were (1) H-
atom abstractions from alkyl and carbonyl-hydroperoxides, (2) unimolecular reactions of carbonyl-
hydroperoxides  forming organic acids via the Korcek mechanism®* and (3)
recombination/disproportionation reactions of peroxyl radicals. It was found that inclusion of these
reaction classes had minimal effect on model predictions of overall reactivity, but was advantageous
in simulating the concentration-temperature profiles of the aforementioned oxygenated
intermediates. While these pathways have not been included in the mechanisms of the pentane
isomers, the findings of Ranzi et al. and Pelucchi et al. suggest that inclusion of these pathways will
not have a significant effect on current model predictions of reactivity.*** Indeed, Pelucchi et al.
show that, at 650 K, 94% of C; carbonyl-hydroperoxides decompose via simple fission of the O-O
bond in the hydroperoxyl group.®® In light of this, we find it adequate to describe the decomposition
of Cs carbonyl-hydroperoxides via unimolecular decomposition alone, given the temperature range
of experiments (>640 K) over which the mechanisms have been validated.”® However, should

speciation data become available for the pentane isomers in the low-temperature regime, inclusion

of these pathways should not be too strenuous a task.

2.2.7. Pressure dependence
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Unimolecular decomposition reactions of the parent fuel molecule are important at high
temperatures (>1200 K), where deviation by rate coefficients from the high-pressure limit is
expected to be non-negligible. These reactions have been treated as being pressure dependent in this
study for the pentane isomers, even though the effect of this treatment was not found to be
significant in simulating ignition delay times at the temperatures investigated in this study. High-
pressure limit rate coefficients were calculated through microscopic reversibility using estimates for
radical-radical recombination reactions, and utilising the CHEMRev software package.*® Pressure
dependent rate coefficients were calculated using Quantum-Rice-Ramsperger-Kassel/Modified
Strong Collision (QRRK/MSC) theory. Lennard-Jones parameters of 6 =4.23 A and € = 192 cm™*
were used in these calculations for n-pentane in N, bath gas, and are obtained from the work of
Jasper and Miller.** Lennard-Jones parameters for both iso- and neo-pentane were not calculated in
the aforementioned study, and so were assumed to be the same as those for n-pentane. Pelucchi et
al. demonstrate the applicability of the QRRK/MSC method for reactions of this kind through
comparison with the more rigorous Rice-Ramsperger-Kassel-Marcus/Master Equation
(RRKM/ME) approach, and show that there is good agreement between both sets of computations
for the unimolecular decomposition reactions of alkanes.*?

Several shock tube studies**®

were performed at the National Institute of Standards and
Technology (NIST) and the University of Illinois at Chicago (UIC) investigating the decomposition
of pentyl radicals over a wide range of temperatures (833-1130 K) and pressures (0.8-50 bar).
High-pressure rate expressions for H-transfer reactions and [-scissions were derived, and
RRKM/ME analyses were performed and used to extrapolate the data in the temperature range 700—
1900 K, at pressures of 0.1-1000 bar. The effect of using pressure-dependent rate coefficients, as
opposed to the high-pressure limit rate coefficients, was investigated for n-pentane in this study. It
was found that the effect was negligible on ignition delay time simulation results at the pressures,

and over the temperature range investigated here. Although the pressure dependence of pentyl

radical decomposition was found to have a negligible effect on ignition delay simulations, the
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pressure-dependent rate coefficients have been retained in the current mechanism to allow future
development for validation against speciation (more specifically, pyrolysis) data, as the various
studies at NIST and UIC found that major product ratios can vary significantly with pressure.

1.12%3 investigated the effect of pressure for representative small (n-C4Hg), medium

Villano et a
(n-CgH17), and larger (n-C12H,s) alkyl radical plus O, reactions over a wide range of temperatures
and pressures using the QRRK/MSC method. Comparisons of product concentration-time profiles
using two mechanisms (one that used pressure-dependent rate coefficients and one that used the
corresponding high-pressure limit values) were made to observe the effect of pressure. For most of
the conditions investigated, it was found that the predictions with both mechanisms were similar in
terms of the predicted final product distributions, even though in some instances there were
differences in the early time profiles. Small differences in the steady-state product distributions
occurred at high temperatures (1000 K) and low pressures (0.1 atm). The largest differences
occurred for the reaction of n-butyl radical with O,. The predictions of the two mechanisms for all
of the radicals investigated were in good agreement at 10 atm, suggesting that under typical
combustion/ignition conditions high-pressure limit rate coefficients can be used directly to describe
low-temperature oxidation chemistry without any further consideration of pressure effects. Recent
studies by Burke et al.*® and Goldsmith et al.*” on the n-propyl low-temperature oxidation system
also suggest that pressure-dependent effects may become greatly diminished at pressures above 1
atm. With the low-temperature reactions of n-propyl and n-butyl radicals not exhibiting significant
pressure-dependent effects under the conditions investigated by Villano et al.,***® Burke et al.,*®
and Goldsmith et al.,*’ we expect the reactions of the larger alkanes to show even less dependence

to pressure. Due to these findings, we have described the low-temperature oxidation reactions of the

pentane isomers using high-pressure limit rate coefficients.

3. RECOMMENDED RATE RULES
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Recommended rate rules for reaction classes have been developed based on a review of rate
coefficients in the literature. This will offer the broadest possible scope of existing rate coefficients
for reactions relative to the low-temperature oxidation of alkanes that are in the literature and the
level of uncertainty in them, and will provide chemical kinetic modellers with a useful tool in the
development of mechanisms for large hydrocarbons. It should be noted that, where possible, rate
coefficients from the literature that were calculated for the reactions specific to the pentane isomers
have been used in the mechanisms presented in this work. The rate rules discussed herein are not
those used in the mechanisms of the pentanes, but are instead here for use in the mechanisms of
larger alkanes for which calculations do not exist for their specific reactions. Rate rules made for
this purpose have been developed by calculation of high-pressure limit rate coefficients for many
reactions relevant to the low-temperature oxidation of alkanes (straight- and branched-chained) in
several recent studies.** **'®1" However, in this work we aim to develop new rate rules, taking into
account the rate coefficients calculated in all of these studies, as well as from others, which have

used various levels of quantum theory to obtain their respective results.

k (s

— Rate coefficients
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— Limits
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Figure 16. Example of rate rule determination for 1,5s subclass of RO, = QOOH reaction class.
Solid lines correspond to Villano et al.,*? dashed lines correspond to Miyoshi,*® and dotted lines

correspond to Sharma et al.*’
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The rate coefficients considered for development of the rate rules were compared over a
temperature range of 500-1250 K (in 50 K increments). This covers the range over which all of the
rate coefficients have been calculated in their respective studies. In all, 344 rate coefficients were
considered in the development of the 23 rate rules shown in Table 2. In order to remove outliers
(which would otherwise skew rate rule estimations and lead to higher uncertainties) upper and
lower limits were defined. The upper limit was defined as the third quartile plus 1.5 times the
interquartile range of the rate coefficients considered for each reaction class/subclass. The
interquartile range was defined inclusive of the median, where applicable. The lower limit was
defined as the median divided by the factor difference between the upper limit and the median. Any
rate coefficients outside of the defined limits were excluded when developing the rate rule for each
reaction class/subclass. An example of this is illustrated in Fig. 16.

The resulting median was fitted to the following modified Arrhenius expression:

k=AT" exp(-E/RT)

where A is the A-factor, n is the temperature exponent, and E is related to the activation energy (by
Ea = E + nRT). Ay in Table 2 is the A-factor expressed on a per H-atom basis. The stated
uncertainties for each of the rate coefficients in Table 2 represents the largest factor difference
between the rate rule and each individual rate coefficient considered in the rate rule estimation for
that specific reaction class/subclass once outliers are removed. It should be noted that the rate
coefficients utilised in the rate rule estimations each have their own inherent uncertainties arising
from errors within the various ab initio methods used to calculate them.

As an aid to kinetic modellers both upper and lower uncertainties are given, as opposed to a
single uncertainty factor which assumes an even level of upper and lower bounds. These upper and

lower uncertainties are defined according to:

upper uncertainty = Kmax/Krue, lower uncertainty = Kryje/Kmin
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where ke refers to the derived rate rule, kmax the maximum rate coefficient used in the rate rule
estimation, and ki, the minimum rate coefficient used in the rate rule estimation. Here it is assumed
that a rate coefficient is uniformly distributed within its uncertainty bound (i.e. its uncertainty is
assumed to be temperature-independent). The use of other distributions is possible but is beyond the
scope of this study. However, statement of upper and lower uncertainties will allow modellers to
have a more refined scope for reasonable modification of rate coefficients for optimisation towards
experimental targets. As stated in the recent study by Cai and Pitsch,*® when optimising a
mechanism it is not reasonable to modify individual rate coefficients within a reaction class just
because it shows a higher sensitivity than other reactions in the same class, as this leads to
inconsistency within a mechanism, and results in kinetically similar reactions being treated
differently. This is especially true when constructing large mechanisms, for which the
recommended rate rules presented in this work are designed for use. It is recommended that the rate
rules developed here be modified rather than individual reaction rate coefficients, unless
information is otherwise available for a particular reaction from experimental measurements or ab

initio calculations.

Table 2. Recommended rate rules.

R + O, < RO
Addition site A n E Uncertainty References®
(cm® mol™ s™) (cal mol™) | (upper, lower)
Primary 1.301 x 10" 0.230 -1580 1.7,2.2 12,14,15,49-54
Secondary | 1.507 x 10" -0.920  -130 2.1,1.7 12,14,15,49,53
Tertiary 2.464 x 10" 0.400 -800 1.4,1.7 12,14
RO, < olefin + HO,
Ax n E Uncertainty References
(s (cal mol™) | (upper, lower)
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2.885x 10  0.930 29800 2.8,2.2 12,16
RO, = QOOH"
Subclass Ay n E Uncertainty References
s (cal mol™) | (upper, lower)
1,4p 2.563 x 10 -0.130 34360 24,23 12,16,17
1,4s 2.327x10°  1.400 28660 42,31 12,16,17
1,4t 5.629 x 10" 0.330 26700 1.9,2.0 12,16,17
1,5p 5.869 x 10  0.780 21850 2.5,2.7 12,16,17
1,5s 8.204 x 10  0.130 19470 2.2,2.3 12,16,17
1,5t 1.819 x 10 1.190 15000 2.1,2.0 12,16,17
1,6p 2.063x10°  1.000 21070 1.8,1.7 12,16,17
1,6s 7.054 x 10%® 0510 17600 1.6,2.3 12,16,17
1,6t 1.287 x 10 0.960 14290 15,16 12,16,17
1,7p 2.968 x 10 0.800 21400 1.2,1.2 12,16,17
1,7s 1.143x 10"  0.040 19780 1.4,3.6 12,16,17
1,7t 2.956 x 10%°  0.040 16350 1.2,1.3 12,16,17
QOOH > olefin + HO,
A n E Uncertainty References
s (cal mol™) | (upper, lower)
B-QOOH | 1.829x10° 0790 15100 2.4,3.3 13,16
QOOH « cyclic ether + OH
Subclass A n E Uncertainty References
s (cal mol™) | (upper, lower)
B-QOOH | 2.282x10%  1.290 9890 3.4,3.3 13,16
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y-QOOH | 4579 x10® -1.080 18440 35.8,11.1 13,16
5-QOOH | 3.502x 10  0.100 9330 7.4,6.2 13,16
e-QOOH | 3553x10” 0.690 10970 43,40 13,16
QOOH « B-scission products®
Subclass A n E Uncertainty References
s (cal mol™) | (upper, lower)
y-QOOH | 5819x10% 2400 22790 8.5,6.0 13,16
6-QO0H | 2.740 x10®  0.240 29830 27,18 13,16

%rate coefficients from the references listed were considered in deriving the recommended rate rules.
bsubclass nomenclature represents the number of non-hydrogen atoms in the transition state ring
structure, followed by the type of H-atom being abstracted: p, s, and t = primary, secondary and
tertiary, respectively (e.g. 1,4p refers to an isomerisation proceeding through a 5-membered TS ring
(4 non-hydrogen atoms), and breaking a primary C—H bond).

%in this reaction class y-QOOH refers to the reactions of those species which undergo concerted C—

C/O-O bond fission. 6-QOOH refers to the reactions of those species which undergo C—-C bond

fission to produce an olefin and a B-QOOH.

To our knowledge, the studies by Goldsmith et al.”

on the propyl + O, system, and Zador et
al.* on 2-hydroperoxyl-2-methylprop-1-yl + O,, are the only studies which present rate coefficients
for QOOH addition to O, based on experimental or theoretical results. For this reason, rate rules
have not been developed here for this reaction class. It should be noted that (as mentioned

previously) these rate coefficients have not been used in the mechanisms of the pentane isomers in

this work.
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Rate coefficients for the isomerisation reactions of 0,QOOH producing carbonyl-hydroperoxide

1.1 Rate rules have not been derived

+ OH have been calculated by both Miyoshi*® and Sharma et a
for this reaction class for two main reasons: 1) there are a low number of calculated rate coefficients
available for this reaction type, and 2) the groups of rate coefficients which have been calculated in
both studies are systematically different from one another, Fig. 9. In modelling the pentane isomers,

1.1 best reproduce the experimental data

we find that the rate coefficients calculated by Sharma et a
for all of the isomers. Consequently, we recommend the rate coefficients calculated by Sharma et
al. for reactions of this type, which were developed for archetypal reactions and can be used as rate

rules for mechanisms of large hydrocarbons.*’
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Temperature (K)

Figure 17. Rate rule comparison for 1,5s subclass of RO, = QOOH reaction class. Dashed line

corresponds to original rate rule.® Solid line corresponds to new rate rule.

Figure 17 shows a comparison between the original rate rule® for the 1,5s subclass of the RO, =
QOOH reaction class, and the one recommended in this work. There is a difference of
approximately a factor of 40 at 750 K. This magnitude of difference (and sometimes more) is
observed for several of the reaction classes listed in Table 2. This illustrates the significance of the
change brought about by the improvement in, and implementation of, computational methods

employed to the low-temperature oxidation kinetics of alkanes. Yet, there is still a high level of
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uncertainty in many rate coefficients, even when calculated at a similar level of theory by several
research groups. There is need for a more thorough investigation of an individual system (such as n-
pentane) at higher levels of theory in order to refine our understanding of low-temperature oxidation

systems.
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4. RESULTS AND DISCUSSION

RCM experiments were simulated using the closed homogeneous batch reactor module in
CHEMKIN-PRO.*® For the simulation of RCM experiments, the calculations use volume profiles
generated from non-reactive pressure traces. The volume history is used to simulate reaction during

the compression stroke, and the heat losses that occur during the experiments.

Temperature (K)
1000 900 800 700

100 4

=
o
1

Ignition Delay Time (ms)

10°/ T (K™Y

Figure 18. Comparison of mechanisms using rate coefficients for specific pentane reactions versus
mechanisms using the rate rules recommended in this work. Black symbols and lines represent n-
pentane, red represents iso-pentane, and blue represents neo-pentane. Dashed lines correspond to
“rate rule mechanisms”. Solid lines correspond to the mechanisms proposed in this work. All

simulations shown have included facility effects. ® = 1.0 in ‘air’. pc = 10 atm.

Figure 18 shows comparisons of the pentanes model with RCM data for each of the isomers,
alongside mechanisms using the recommended rate rules from Table 2. The rate rules have been
employed to all of the reaction classes listed in Table 2, as well as the alternative pathways, as the
rate coefficients used for these pathways come from analogy to those listed in Table 2. The rate
coefficients for the second additions to O; in the “rate rules mechanisms” have been reduced by a
factor of two relative to their analogous first addition to O, in accordance with what has been done

in the validated mechanisms. Firstly, it is seen that there is excellent agreement between the
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mechanisms which use pentane specific rate coefficients, and the experimental data. And secondly,
it is shown that there is agreement between these mechanisms and the “rate rules mechanisms”
within a factor of two across the temperature range shown. This bodes well for future application of
the rate rules to mechanisms of larger alkanes as they perform well for the straight-chained and
branched-chained fuels. For the cases shown in Fig. 18, optimisation of the mechanisms would
require minimal effort, due to the models’ proximity to the experimental data, and the fact that there
are 23 modifiable rate rules to work with.

However, this further illustrates the level of uncertainty that still exists in the rate coefficients
for the important low-temperature reactions. For a given set of thermochemical values there are still
many ways to achieve good agreement between model simulations and experimental targets, by
modifying either rate coefficients for elementary reaction steps, or rate rules for reaction classes,
within their respective uncertainty bands. Further updates to thermochemical group values pertinent
to species important in the low-temperature regime would likely require re-optimisation of Kinetic
parameters. A semi-automated system, such as that demonstrated by Cai and Pitsch,*® provides an
efficient and sensible approach to mechanism optimisation, by using rate rules as optimisable
parameters within stated uncertainty bounds. Updating of rate rules and their uncertainties based on
emerging literature values and utilising the statistical approach employed in this study, respectively,
coupled with a system such as that used by Cai and Pitsch, may provide a dynamic approach for

future model optimisation.
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Solid lines represent experiments. Dashed lines represent simulations (using volume history from

RCM). 15% error bars are included on both first- and second-stage ignition delay times.
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Figure 19 shows comparisons of model simulations with experimental pressure-time histories
for each of the isomers at 10 and 20 atm, over a similar range of temperatures. The temperatures of
the experiments shown in Fig. 19 were chosen to allow comparison of the model with data that
exhibit two clear ignition events, as low-temperature oxidation chemistry plays a key role in this
two-stage ignition phenomenon. There is very good agreement between the model and experimental
data for these cases, with first and second stage IDTs well predicted. The pressure rise due to first-
stage ignition is slightly over-predicted by the model, as is to be expected when using a zero-
dimensional modelling approach for a multi-stage ignition situation.®®*” Various methods>®>°
beyond the scope of this study could be utilised in order to improve agreement with first-stage
ignition pressure rise, and second-stage ignition delay times, but the benefits, in terms of the aims of
this study, would be minimal considering the relatively minute discrepancies between the model
and the experimental data.

Further validation and analysis of the mechanisms will be presented in an accompanying

paper.*

5. CONCLUSIONS
There have been significant changes to the thermochemical properties values and rate coefficients
for the species and reactions important to low-temperature oxidation, respectively. By using the
most up-to-date thermochemistry group values and rate coefficients from several recent
publications, the current model shows very good agreement with experimental data. We show that
revisions to both the thermochemistry and the kinetics are required in order to replicate experiments
well.

Past models that used the rate rule estimates of Curran et al.>® for reaction classes, replicated
experimental data very well. However, it would seem that this is due to a series of compensating
errors in terms of both thermochemistry and rate coefficient assignments, which may have been

overcome in certain instances by not allowing thermochemical equilibrium to hold (i.e. by
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definition of rate coefficients in both the forward and reverse directions). Previous thermochemistry
generated utilising group additivity rules used by Curran et al. most likely hindered a more accurate
estimation of rate rules for the reaction classes. This work represents a major change in the
understanding of the low-temperature oxidation of alkanes, and shows that careful consideration of
both thermochemistry and rate coefficients is essential in order to accurately replicate experimental
data.

Additional reaction classes have been considered but have not had a large influence on model
predictions, which is in contrast to that observed by Silke.” It is important that these reaction
pathways are included in alkane (and other fuel types) reaction mechanisms, as detailed chemistry
gives a precise picture of all the reactions controlling the various stages of combustion, and is
imperative for a detailed understanding of various fuel behavior and model predictions in a
multitude of combustion systems. The reason for the less significant effect of the additional classes
on model predictions is likely a result of the use of more accurate thermochemistry values and rate
coefficients compared to those used previously. The updated thermochemistry values have changed
equilibria within the low-temperature reaction pathways, such that, dissociation of RO, and of
0,QOO0H back to their respective radicals and O, have become more favourable. This is coupled
with a shift in equilibrium between RO, and QOOH radicals favouring RO, and also between these
species and the products of their respective chain propagating pathways, favouring the products.
These changes, in combination, have led to a decrease in the flux through the “alternative” reaction
pathways, thus reducing their effect on prediction of overall reactivity. With such a complex
interplay between the major low-temperature reaction pathways and the sensitivity of model
predictions to their relative contributions, it is crucial that the thermochemistry is accurate and
consistent throughout, and that thermochemical equilibrium is not restricted by definition of
forward and reverse rate coefficients. Definition of rate coefficients in this manner completely

circumvents the consideration of accurate thermochemistry. This defeats the purpose of
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thermochemistry by not allowing microscopic reversibility to hold, and allows the use of wildly
inaccurate rate coefficients which can still result in a model that can replicate overall reactivity.

An explanation to the discrepancies between rate coefficient assignments for n-heptane and iso-
octane for the isomerisation reactions of RO, and of O,QOOH has been proposed. We find that it is
not suitable to treat the isomerisation reactions of O,QOOH to produce a carbonyl-hydroperoxide
and a hydroxyl radical by analogy to the isomerisation reactions of RO, to produce a hydroperoxyl-
alkyl radical. We find that rate coefficients from the literature are suitable for application to
straight- and branched-chained alkanes."’

With major updates to thermochemical properties values and recommended rate rules, along
with solutions to the long-standing discrepancies in the mechanisms of the PRFs, future work would
entail applying the updated thermochemistry values, rate rules, and pathways used in this work to
larger straight- and branched-chained alkanes. The oxidation of biofuels should also be

reconsidered in light of our results.
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