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Iso-octane is frequently used as a surrogate fuel or as a component in primary reference
fuel blends when low-temperature combustion strategies in engines are investigated. To
develop control strategies for these engines, the reaction kinetics of iso-octane must be
known starting from the low temperatures and intermediate pressures before ignition to
the high temperatures and pressures of combustion. This work adds new experimental
data sets to the validation data for reaction mechanism development by investigating the
oxidation of iso-octane in stoichiometric mixtures in a flow reactor at pressures of p = 1, 10,
and 20 barand 473K < T < 973 K. The experimental data are compared to simulations with
recent reaction mechanisms [Atef et al., Combustion and Flame 178, (2017), Bagheri et al.,
Combustion and Flame 212, (2020), Cai et al., Proceedings of the Combustion Institute 37,
(2018), Fang et al., Combustion and Flame 214, (2020)]. The comparison between
experimental and simulated mole fractions as function of temperature show reasonable
agreement for all investigated pressures. In particular, the experimentally observed onset
of low-temperature reactivity above a certain pressure, the shift of the negative
temperature coefficient (NTC) regime with increasing pressure to higher temperatures,
and the acceleration of the high-temperature chemistry are captured well in the
simulations. Deviations between experimental and simulated results are discussed in
detail for the reactivity of iso-octane and some key intermediates such as 2,2,4,4-
tetramethyl-tetrahydrofuran, iso-butene and acetone at low temperatures.

Keywords: iso-octane, reaction kinetics, flow reactor, mechanism, validation

1 INTRODUCTION

Despite the growing share of renewables, advanced combustion strategies present a good bridging
technology in the transformation of the transportation sector for those areas in which rapid
electrification appears difficult, e.g., in heavy duty, ship, or air traffic. These strategies typically
run the combustion process at low temperatures and with fuel-lean mixtures. Under these
conditions, complete fuel conversion can be achieved and the formation of soot and nitrogen
oxides is avoided (Musculus et al., 2013). Low-temperature combustion (LTC) is used in engines, e.g.,
in the form of Gasoline-Controlled Auto-Ignition (GCAI) (Nuss et al., 2019) or Premixed Charge
Compression Ignition (PCCI) (Korkmaz et al., 2018). In both combustion processes a homogeneous
fuel-air mixture is generated, which then burns after auto-ignition. A particular problem in the
control of LTC processes are the large fluctuations of temperature, mixture composition, and
pressure that can occur in each cycle on a very short time scale due to the superposition of reaction
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kinetic and fluid mechanical effects. These fluctuations make it
difficult to operate the engine stably in a large parameter field and
present a particular challenge for control of transient operation
(Nuss et al., 2019). Ignition and pollutant formation processes are
determined by the kinetics of the substances and reactions
involved in the process. Hence, a detailed understanding of
the chemical kinetics is essential for control strategies and
improvement of the process.

Gasoline and diesel fuel are complex mixtures consisting of
numerous species with different molecular structures, e.g.,
n-alkanes, iso-alkanes, cycloalkanes, and aromatics. Surrogate
fuels have similar characteristics as the real fuels but are
composed of only a limited number of representative
components so that the reaction kinetics are considerably
simplified compared to real fuels. Iso-octane is used frequently
as a neat surrogate fuel or as a component in a primary reference
fuel (PRF) blend (Tanaka, 2003; Lii et al., 2005; Jia and Xie, 2006;
Yao et al, 2009; Masurier et al., 2015) to model knocking
propensities of engine processes and to determine the octane
number of gasoline. Consequently, reliable reaction mechanisms
for iso-octane are needed to advance the investigation of LTC in
engines. Previous experimental studies of iso-octane oxidation
have focused primarily on stoichiometric, high-temperature and
moderate-pressure conditions. They include the investigation of
auto-ignition in shock tubes (Vermeer et al., 1972; Fieweger et al.,
1997; Davidson et al., 2002; Davidson et al., 2005; Shen et al.,
2008; Hartmann et al.,, 2011) and rapid compression machines
(Griffiths et al., 1993; Cox et al., 1996; Minetti et al., 1996; He
et al., 2005; He et al., 2007; Mittal and Sung, 2007; Kukkadapu
et al, 2012; Kukkadapu et al., 2013; Masurier et al.,, 2015),
identification and determination of concentration profiles in
jet-stirred (Lignola et al., 1989; D’Anna et al, 1992; Dagaut
et al., 1994; Ciajolo et al., 1993; Dagaut et al., 1993) and flow
reactors (Dryer and Brezinsky, 1986; Callahan et al., 1996; Chen
etal., 2000; Lu et al., 2019), as well as studies in engines (Maynard
et al., 1967; Leppard, 1992; Li et al., 1994). Experiments in shock
tubes and rapid compression machines typically address
conditions relevant for LTC combustion in engines but they
often lack information on the concentration histories of species
formed at various temperatures and pressures. Speciation
measurements are particularly valuable for the development of
reaction mechanisms. Corresponding speciation studies at
various conditions are summarized in more detail below.

One of the first efforts to identify intermediate species in
motored engines has been undertaken by Maynard et al. (1967).
Twenty-one intermediate species were identified including
2,2,4,4-tetramethyl-tetrahydrofuran (TMTHF) and iso-butene.
Leppard (1992) and Li et al. (1994) performed experiments in
a motored engine to identify additional intermediate species and
characterize the auto-ignition chemistry. In both studies inlet
pressures and temperatures as well as engine speeds were varied.

Jet-stirred and flow reactor studies of the oxidation of iso-
octane are mostly focused on the determination of concentration
time histories in small pressure and temperature ranges providing
valuable data for reaction mechanism development. Dryer and
Brezinsky (1986) investigated the oxidation of iso-octane in a flow
reactor at 1080 K, atmospheric pressure, and a stoichiometric
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equivalence ratio (¢$). Contrary to the studies in engines,
dimethyl-pentenes were not detectable. D’Anna et al. (1992)
studied the stoichiometric oxidation of iso-octane in a jet
stirred reactor at 7 and 9 bar with fixed residence time in a
temperature range of 600-760 K. In this work, the formation of
dimethyl-pentenes was detected, which are expected to be
formed by 8-scission of iso-octyl radicals. Dagaut et al.
(1993) and Dagaut et al. (1994)) investigated the oxidation
of n-heptane and iso-octane at 10atm, 550-1150K, and
equivalence ratios of 0.3, 0.5, 1, and 1.5. Various species
including all dimethyl-pentenes, Cs-olefins, and oxygenated
compounds could be identified. Callahan et al. (1996)
presented experimental data in a pressurized flow reactor at
12.5atm in a temperature range of 550-900K under
stoichiometric conditions. Only major products were
evaluated. Chen et al. (2000) investigated the lean oxidation
of iso-octane at ¢ = 0.005 in a flow reactor at 3, 6, and 9 atm in
a small temperature range of 915-950 K. 23 intermediate
species have been evaluated as a function of time. Lu et al.
(2019) investigated the oxidation of n-heptane, iso-octane,
ethanol, and their mixtures in a flow reactor at an
equivalence ratio of 0.058, 550-900 K, and 10bar. The
concentration of CO was measured as a function of initial
reactor temperature as an indicator of global reactivity and was
compared to various PRF mixtures. Wang et al. (2019)
evaluated the important pyrolysis pathways of iso-octane
from 848 to 1123 K at 30 Torr and from 723 to 998K at
760 Torr.

Several reaction mechanisms (Halstead et al., 1977; Cox and
Cole, 1985; Hu and Keck, 1987; Callahan et al., 1996; Ranzi et al.,
1997; Davis and Law, 1998; Ogink and Golovitchev, 2001;
Curran, 2002; Glaude et al., 2002; Zheng et al., 2002; Tanaka
et al,, 2003; Buda et al, 2005) have been developed for the
description of iso-octane combustion based on the
experimental results. These mechanism developments until
2006 including the temperature, pressure, and equivalence
range of the validation data have been summarized by Jia and
Xie (2006). In 2011, an additional detailed chemical kinetic
mechanism for the simulation of gasoline surrogate
components was published by Mehl et al. (2011). The
mechanism is based on the previously developed mechanism
of Curran (2002). It includes 1550 species and 6000 reactions and
was validated by comparison to experimental data obtained in
shock tubes and rapid compression machines. An updated iso-
octane mechanism was published in 2017 by Atef et al. (2017).
This mechanism is mainly based on the mechanism of Mehl et al.
(2011), with the addition of a diisobutylene sub-mechanism
published by Metcalfe et al. (2007) and also found in
AramcoMech 2.0 (Li et al, 2017). More importantly, the
thermochemistry data were updated in this mechanism based
on new group values of Burke et al. (2015), while the low-
temperature kinetics were updated following suggestions of
Bugler et al. (2015), including the addition of new alternative
isomerization pathways for peroxy hydroperoxide radicals.
Furthermore, Cai et al. (2019) presented a skeletal kinetic
mechanism for iso-octane using rate rules, which were
optimized (Cai et al., 2016) based on the updated rate rules of

Frontiers in Energy Research | www.frontiersin.org

May 2022 | Volume 10 | Article 859112


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Shagqjiri et al.

Bugler et al. (2015), and also using the updated group values
(Burke et al., 2015) for thermochemistry estimation.

Even though flow reactor experiments do not reach the same
high temperatures and pressures as the LTC combustion
processes in engines, they provide relevant kinetic information
in a temperature and pressure range that occurs in these engines
just before the main ignition. To control the ignition behavior and
heat release rates during that phase model-based control
strategies as presented by Nuss et al. (2019) for gasoline type
controlled auto-igniton (GCAI) and by Korkmaz et al. (2018) for
partially premixed compressed ignition (PCCI) rely on that data.

The work presented here extends the data base for model
validation in this temperature and pressure regime by
investigating the oxidation of iso-octane in a flow reactor
473-973 K, an ¢ = 1 and at 1-20 bar, which is at significantly
higher pressure than the flow reactor studies in literature. It
focuses on the influence of pressure on the occurrence of the NTC
region.

2 EXPERIMENTAL SETUP

The oxidation of iso-octane is investigated in a flow reactor with
gas-chromatographic analysis of the composition of the mixture
at the reactor outlet. The original reactor design was described by
Sen et al. (2015), and modifications to the design are summarized
in recent papers by Kaczmarek et al. (2019a, 2019b). The reactor
was operated in a temperature range of 473K < T < 973 K. For the
experiments in this work, the reactor has been modified to
withstand higher pressures of up to 20 bar. A brief description
of the reactor and the experimental conditions are
provided below.

The reactor consists of an inner quartz tube with a length of
65 cm and an internal diameter of 6 mm that is enclosed in an
outer tube of Inconel. Compared to the total flow rate a negligible
amount of gas permeates into a small gap between the two tubes
so that the pressure gradient between atmosphere and reactor
pressure is applied to the Inconel and not the quartz tube. To
prevent composition changes by contact of gas with the Inconel
tube, it is coated by SiO,. The reactor is uniformly heated by
external heating tapes and has an isothermal zone of 40 cm. At
the inlet and outlet steep temperature gradients occur. Before the
measurements at elevated pressure, the temperature profiles for
each externally set temperature are measured inside of the reactor
and used in the simulation of the experiment. They are provided
in the Supplementary Material.

Gas samples are taken from the reactor after expansion of the
reacting mixture to 1bar through a needle valve, which is also
used to regulate the pressure in the reactor. Sampling and sample
transfer to the gas chromatograph (GC) is performed using a
syringe driven by an autosampler. All relevant lines are heated to
prevent condensation. The GC uses a MSieve 5A column to
separate permanent gases before detection by a thermal
conductivity detector, and a RTX 5 fused silica column to
separate CO,, H,O, as well as hydrocarbons before detection
by a mass spectrometer, flame ionization detector, and thermal
conductivity detector. Neat He is used as carrier gas.

Pressure Dependence of Iso-Octane Combustion

Gas flows are metered by Coriolis flow controllers. A
controlled flow of liquid iso-octane is provided by a Coriolis
flow controller and enters a home-built vaporizer, where it is
mixed with one half of the total nitrogen flow to prevent
condensation when the iso-octane/nitrogen flows are
combined with the other half of the nitrogen and the oxygen
flow at the inlet of the reactor. Liquid iso-octane is fed by a
pressurized vessel. The total gas flow in all experiments was
1000 sccm. The inlet mole fractions were: x(C8H18) = 0.00148,
x(0,) =0.01852, x(N,) = 0.98. In the temperature range 473 < T
< 973K this flow rate results in variable residence times of
0.31-0.18 s at 1bar and 6.19-3.57 s at 20 bar. Measurements
were performed with stoichiometric mixtures at 1, 10, and
20 bar.

Gases were calibrated using certified calibration mixtures, and
home-made binary calibration mixtures for as many compounds
as possible. For species not directly calibrated from standards, the
effective carbon number method was used to calculate the
calibration coefficient (Scanlon and Willis, 1985). In general,
uncertainties below 10% could be achieved for calculated mole
fractions.

3 MODELING

Simulations were performed using the plug-flow module of
(CHEMKIN-PRO 19.2, Reaction Design San Diego, 2017). The
measured temperature profiles between inlet and outlet were used
for all simulations and are provided in the Supplementary
Material. For simulations the reaction mechanism of Atef
et al. (2017) was employed because it reproduces the NTC
behavior of iso-octane combustion well. In addition,
simulations were performed with the mechanisms of Bagheri
et al. (2020), Cai et al. (2019), and Fang et al. (2020) to compare
reaction pathways for species that could not be predicted well
with the reaction mechanism of Atef et al. (2017).

Aramco 2.0 (Zhou et al.,, 2016) was used for the Cy,—C, base
chemistry in the kinetic mechanism of Atef et al. (2017), whereas
the chemistry of Cs—C; species was taken from LLNL’s gasoline
surrogate mechanism (Mehl et al., 2011), with the addition of the
sub-mechanism for the diisobutylene isomers by Metcalfe et al.
(2007) that are produced during the oxidation of iso-octane.
More importantly, the thermochemistry data were updated in the
mechanism of Atef et al. (2017) based on new group values of
Burke et al. (2015), while the low-temperature kinetics were
updated following suggestions of Bugler et al. (2015),
including the addition of new alternative isomerization
pathways for peroxy hydroperoxide radicals. The detailed
chemical kinetic model of Fang et al. (2020) contains species
up to Cy, and is mainly based on the model of Zhang et al. (2019)
for alkanes and the Cy-C, base chemistry of Aramco 2.0. The
high temperature chemistry has largely been taken from the work
of Mehl et al. (2011). The skeletal kinetic model for PRF mixtures
proposed by Cai et al. (2019) was developed using rate rules,
which were optimized (Cai et al., 2016) based on the updated rate
rules of Bugler et al. (2015), and also using the updated group
values (Burke et al., 2015) for thermochemistry estimation.
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FIGURE 2 | Mole fractions of CO vs. reactor-temperature at 1, 10, and 20 bar. Dashed lines with symbols and solid lines correspond to experimental and modeling

Nitrogen was used as dilution gas. It serves two purposes:
First, it is used as standard for the quantification of the
measurements. Second, the high dilution reduces the
impact of temperature changes in the reaction zone caused
by heat release from exothermic reactions. Simulations using
a shear-flow model that also takes the heat release by
reactions into account have been performed for selected
reaction conditions of this work. The mole fractions found
in the simulations at the outlet of the reactor do not differ
significantly from results of simulations performed using a
plug-flow model of the reactor. Consequently, the less time-
consuming plug-flow model was used for all further
simulations in this work.

4 RESULTS AND DISSCUSION

4.1 General Overview

Beside the main species of the reaction (iso-octane, O,, H,O,
CO, CO,), several oxidation products of the fuel were
identified and quantified as a function of temperature and
pressure. The products can be classified into cyclic ethers,
olefins, and carbonyls. 2,2,4,4-tetramethyl-tetrahydrofuran
(TMTHEF) could be clearly identified among the cyclic

ethers. Olefinic hydrocarbons include iso-butene and 2,4-
dimethyl-2-pentene, 4,4-dimethyl-2-pentene, 2,4-dimethyl-
1-pentene, 4,4-dimethyl-1-pentene as well as 2,4,4-
trimethyl-1-pentene and 2,4,4-trimethyl-2-pentene. Acetone
and small amounts of acetaldehyde are among the identifiable
carbonyls. In general, the lower the pressure, the lower are the
observed concentrations of intermediate species due to the
decrease in the consumption of iso-octane. For some
intermediates, the mole fractions may even fall below the
detection limit of the GC at lower pressures. Mole fraction
profiles are reported for all measured and identified species in
the Supplementary Material together with the simulation
results. To show major aspects of the influence of pressure
on the oxidation of iso-octane, results at 1, 10, and 20 bar are
shown in the following.

4.2 Overall Pressure-Dependence of the

NTC Behavior of Iso-Octane

The temperature dependence of the iso-octane consumption
changes markedly with pressure, as can be seen from
Figure 1. Considering the experimental results, iso-octane
starts to react at approximately 898 K at 1bar. At a pressure
of 10 and 20 bar the iso-octane mole fractions start to decrease
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near 573 and 548K, respectively, indicating initial fuel
consumption reactions.

The mole fractions decrease until temperatures of 623 and 648 K
are reached at 20 and 10 bar, respectively. The subsequent increase in
mole fractions indicates a reduction of reactivity of the mixtures with a
minimal fuel conversion at 698 K (20 bar) and 748 K (10 bar). At
higher temperatures, the mole fractions decrease again. As a result, the
curves at higher pressure display a temperature range of 50-100 K

with a negative temperature coefficient (NTC). This NTC region shifts
to higher temperatures with increasing pressure, as can be seen from
Figure 1. All mechanisms used in this work, beside the mechanism of
Atef et al. (2017), predict initial fuel consumption in a similar
temperature range. The mechanism of Atef et al. (2017) predicts
too low reactivity at 10 bar, as indicated by the absence of the NTC
region and the start of initial fuel consumption at significantly higher
temperatures compared to experimental results and the other
mechanisms used in this work. The temperature range of the
NTC region is predicted well by the mechanisms of Atef et al
(2017) (at 20bar), Cai et al. (2019), and Fang et al. (2020). An
exception is the mechanism of Bagheri et al. (2020), which predicts the
NTC region at slightly higher temperatures. Also, the decrease of
reactivity after initial fuel consumption is predicted to be not as
pronounced by this mechanism as by the mechanisms of Atef et al.
(2017), and Fang et al. (2020).

Figure 2 shows the mole fractions of CO compared to the
model predictions. The temperature-dependent changes of
the mole fraction of CO are roughly inverse to the mole
fraction changes of the fuel. As one of the main stable
products in these measurements it is mainly produced at
temperatures of 798 and 723K at 10 and 20bar,
respectively, and the formation is reduced in the NTC
region. From Figure 2 it can be seen that even though the
NTC region shifts to higher temperatures as pressure increases, the
reactivity of the mixture at low temperatures increases at higher
pressures, effectively broadening the region of low-temperature
reactivity (called LTC region in the following).

In the following discussions all temperatures below the upper end
of the NTC region (in the LTC region) will be referred to as “low
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temperatures” and the rest will be called “intermediate
temperatures”.

Figure 3 shows the mole fraction profiles as function of
temperature of diisobutylene isomers (DIB) as one important
intermediate. As expected, it is mainly formed in the LTC region
and at intermediate temperatures above 748 K, where the second
peak at intermediate temperatures at 20 bar is significantly smaller.
The deviations to the predicted mole fractions are acceptable, besides
the prediction of 2,4,4-trimethyl-1-pentene with the model of Cai
et al. (2019) at 20 bar. The best prediction is by the Cai et al. (2019)
mechanism at 10 bar. The formation pathways are discussed in
Section 4.4 using the reaction pathway analyses with the
mechanisms of Atef et al. (2017) and Cai et al. (2019).

As the residence time increases in the experiments when the

pressure increases, the more pronounced LTC region could also be

caused by this change. To verify that the observed NTC effect can be
attributed to a kinetic effect of pressure, simulations with constant
residence times for all pressures were performed using the
mechanism of Atef et al. (2017). Intermediate residence times
corresponding to a total gas flow of 1000 sccm at 10 bar were
chosen for this study. Figure 4 displays the temperature-
dependent fuel mole fraction curves generated in these simulations.

At 1 bar, no NTC behavior can be observed, while at all higher
pressures a distinct NTC region appears in the simulated curves
that becomes more pronounced as pressure increases.
Consequently, the reactions leading to the NTC region must
be more dependent on pressure than on residence time. The
reactions that are important for this pronounced pressure
dependence are discussed in the following section.

4.3 Overview of the LTC Reaction Pathways

of Iso-Octane

Figure 5 shows an overview of expected low-temperature reaction
pathways of hydrocarbon fuels from reference (Atef et al., 2017). The
fuel is consumed by sequential hydrogen abstractions and oxygen
addition to the resulting radical. The peroxides isomerize and form
hydroperoxides, which can undergo the same reaction sequence
again leading to ketohydroperoxides and their decomposition
products. At each stage the intermediates can also decompose
and form mainly olefins and cyclic ethers as intermediates. For a
large fuel like iso-octane the simple sketch in Figure 5 becomes
substantially more complicated.

Following Westbrook et al. (1991) the hydrogen atoms of iso-
octane can be divided into four groups a, b, ¢, and d depending on
their carbon sites, as depicted in Figure 6.

According to this structure, every abstraction of hydrogen
within a group forms the same radical and each group forms a
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IXC,H,+HO,=>IXC4H,0+OH
IXCgH,g+OH=>DXCH,,+H,0
CH;0,+H0O,=>CH,0+0OH+0,
CCgH;s00HXA+0,<=>CCqH,;O0OHXAO,
IXCgHg+OH=>BXCgH,;+H,0
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FIGURE 7 | Sensitivity analysis of CgHyg on reaction rate coefficients performed with the model of Cai et al. at 10 and 20 bar, 623 K.
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FIGURE 8 | Sensitivity analysis of CgH+g on reaction rate coefficients performed with the model of Atef et al. at 10 (sensitivity coefficients = 0) and 20 bar, 623 K.
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different radical. Each possible iso-octyl (CgH, ) radical will lead
to a different set of products. The different reaction mechanisms
already yield different predictions for the mainly formed iso-octyl
radical in the very first reaction step of the reaction scheme shown
in Figures 7, 8. To analyze the main formation pathways of the
experimentally observed intermediates in our experiment, we
performed a sensitivity and reaction pathway analysis with
respect to fuel conversion.

4.4 Sensitivity -and Reaction Path Analyses
To shed more light on the underlying kinetics governing the low-
temperature oxidation of iso-octane, sensitivity analyses of the
fuel mole fraction with respect to elementary reaction rate

coefficients were performed using the mechanisms of Atef
et al. (2017) and Cai et al. (2019) at a temperature of 623 K
(corresponding to the region of low-temperature reactivity in the
flow reactor measurements) and pressures of 10 and 20 bar. The
results are shown in Figures 7, 8. The kinetic models of Atef et al.
(2017) and Cai et al. (2019) are used. The model of Atef et al.
(2017) contains new reaction rates related to the C8-
submechanism and it is comparatively detailed for Csg-
combustion since it has the third O, addition pathway
considered. The mechanism of Cai et al. (2019) has been
developed in a very systematic manner. The mechanism of Cai
et al. (2019) relies on rate rules optimized based on experimental
ignition data (Cai et al., 2016), while the mechanism of Atef et al.
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FIGURE 9 | Species dictionary of QOOH radicals.

(2017) uses rate rules from Sivaramakrishnan and Michael (2009)
and Badra and Farooq (2015) for the H-atom abstraction
reactions. The percentage in the reaction flux analysis refers to
the relative rates of production (ROP), which shows the main

Pressure Dependence of Iso-Octane Combustion

consumption path of a certain species. The reaction flux analysis
corresponds to a reactor position, where around 25% of the
maximum conversion of the fuel for the specific condition is
reached. The influence of increasing pressure on the reaction
configuration is evaluated and an initial oxidation scheme is
presented.

The consumption of iso-octane is initiated by H-abstraction
primarily by OH radicals. At temperatures higher than in the
NTC region, reactivity is more controlled by high-temperature
chemistry and the fuel consumption by HO, radicals increases.
With increasing pressure the contributions of H-abstraction
reactions become higher. Considering the reaction flux
analysis derived by the mechanism of Atef et al. (2017), the
highest fluxes are observed for the primary-site radicals.
However, abstraction from primary carbons is energetically
more difficult than abstraction from secondary and tertiary
carbons. The fact that 9 times more H-atoms are avaliable at
the primary carbon site, compared to the tertiary carbon site, lead
to the dominant route at the primary carbon site with the model
of Atef et al. (2017). A comparison with the reaction fluxes
derived by the model of Cai et al. (2019) indicates the highest
flux in forming iso-octyl radicals by abstraction from secondary
and tertiary carbons. Ning et al. (2015) calculated the C-C and
C-H bond dissociation energies (BDE) within the iso-octane
structure. It has been shown that the C-H BDE:s for the primary
carbons (101.3 and 100.4 kcal/mol) are higher than those for the
secondary (96.0 kcal/mol) and tertiary carbons (92.9 kcal/mol).
Increasing the pressure does not noticeably change the
distribution in forming iso-octyl radicals. The sensitivity
analysis shows that fuel H-abstraction reactions by OH
radicals are the most sensitive reactions, as can be seen in
Figure 7.

The first addition of alkyl radicals (R + O, = RO,) to O,
initiates the low-temperature oxidation mechanism and the
second addition of QOOH to O, initiates low-temperature
chain branching. Wang et al. (2016) and Wang et al. (2019)
proposed additionally a third O, addition and an alternative
isomerization reaction path, where peroxy-hydroperoxy alkyls
(OOQOOH) with a tertiary hydroperoxy group form alkyl-
dihydroperoxides isomerization. After the first addition of iso-
octyl radicals to O,, the formed alkylperoxy radicals can build
diisobutylene isomers (2,4,4-trimethyl-1-pentene and 2,4,4-
trimethyl-2-pentene) by concerted HO, radical elimination
reactions. The reaction flux analysis (Figure 10) reveals a large
pressure dependence of the unimolecular decomposition reaction
of alkylperoxy radicals to diisobutylene (DIB) isomers. While the
formation of DIB isomers at 10 bar is negligible, the flux at 20 bar
of this reaction channel is high.

DIB isomers are important intermediates in the oxidation of
iso-octane, but pressure dependent reactions are missing in
current DIB sub-mechanisms. Further kinetic investigations of
diisobutylene will improve the model predictions and benefit the
understanding of iso-octane kinetics.

The most sensitive reactions differ significantly between the
two mechanisms. Especially striking is the difference between the
sensitivities for the H-atom abstraction reactions by OH radicals
from the different carbon sites of the fuel. The mechanism of Atef
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et al. (2017) shows a strongly positive sensitivity for abstraction
from the tertiary site of the fuel, while negative sensitivities are
observed for the abstractions from other carbon sites. Conversely,
the sensitivities on the rate coefficients of all H-atom abstraction
reactions from the fuel by OH, including that on the tertiary site,
are negative in the case of the mechanism of Cai et al. (2019).
These differences are rooted in different rate coefficients
assigned to these and subsequent reactions in the two
mechanisms (as outlined earlier). In the mechanism of Atef
et al. (2017), the H-abstraction reaction by OH from the fuel
a-site exhibits the largest branching ratio at 623 K, while the
H-abstractions from the other carbon sites show relatively
similar rate coefficients at this condition, which is also
manifested in the corresponding reaction fluxes shown in
Figure 11. Since the produced radicals derived from the
tertiary carbon site almost entirely add with O, to form
tertiary-peroxy radicals, which then largely undergo
concerted HO, elimination to form diisobutylene isomers,
the tertiary-channel is by far the least reactive one in case
of the mechanism of Atef et al. (2017).

This observation explains the strongly negative sensitivity
of the corresponding H-abstraction reaction by OH. On the
other hand, in the mechanism of Cai et al. (2019), the
H-abstraction reaction from the tertiary site of the fuel
exhibits the highest rate coefficient at 623 K among all
H-abstraction reactions by OH, which explains the high

reaction flux through the tertiary-channel predicted by this
mechanism (see Figure 11). The subsequently produced
peroxy radicals derived from the tertiary carbon site
mostly undergo isomerization to hydroperoxide radicals,
which partly react into peroxy hydroperoxide radicals
through the second O, addition. While no
ketohydroperoxides can ultimately be formed through this
channel as the hydroperoxide moiety is attached to a tertiary
carbon site, this reaction sequence can still lead to chain
branching through the alternative isomerization channel
(Bugler et al, 2015) which was considered in the
mechanism (Cai et al., 2019). This higher importance of
the chain branching pathway relative to the concerted HO,
elimination pathway of the peroxy radicals derived from the
tertiary carbon site in the mechanism of Cai et al. (2019)
explains the moderately negative sensitivities of the H-atom
abstraction reaction by OH on the tertiary carbon site, in
contrast to the strongly positive corresponding sensitivity
predicted by the mechanism of Atef et al. (2017). The
importance of the chain branching also explains the
strongly negative sensitivity of the corresponding second
O, addition reaction CCgH;OOHXA + O, =
CCgH;sOOHXAO, (where the hydroperoxide radical
originates from the tertiary carbon site channel) in the
mechanism of Cai et al. (2019), which competes here with
the less reactive formation of cyclic ethers. In contrast, the
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FIGURE 11 | Flux analysis performed with the model of Atef et al. (2017) at 10 (blue) and 20 bar (red), 623 K at 25% of the maximum achieved conversion of
iso-octane at the specific condition.

negligible reaction fluxes through the isomerization channels
of the peroxy radical of the tertiary carbon site in the
mechanism of Atef et al. (2017) enforce that only the
second addition of hydroperoxide radicals to O,
originating from the a-, b-, and d-channels, as well as their
competing cyclic ether formation reactions, show significant
negative and positive sensitivities, respectively, in the model
of Atef et al. (2017).

Besides, high sensitivities in the model of Cai et al. (2019) are
also observed for the concerted HO, elimination reactions of b-
and c-peroxy radicals. These peroxy radicals are predicted to be
the two most abundant isomers by this mechanism. As
mentioned earlier, the peroxide formation serves as main
competing pathway to the isomerization reactions. Other
reactions involving HO, radicals are observed to be sensitive
in the mechanism of Cai et al. (2019) as well, due to the relative
importance of these HO,-producing reactions. In contrast, the
concerted elimination reactions are not particularly sensitive in
the mechanism of Atef et al. (2017), where their competition with
the O, addition reactions is significantly less pronounced.

These results demonstrate that the results from the two
mechanisms assessed here can lead to partly different
conclusions regarding the underlying kinetics. In particular,
the varying importance of the different fuel radicals due to
different branching ratios in the two mechanisms deserves
further investigations for a more consistent treatment. While

the high rate coefficient for H-atom abstraction from the fuel
a-site in the mechanism of Atefet al. (2017) is partly supported by
the fact that nine H-atoms are available on this site compared to
fewer H-atoms on other sites (despite the fact that primary
radicals exhibit the highest C-H bond dissociation energies),
the large rate coefficient for H-abstraction from the c-site in
the mechanism of Cai et al. (2019) is partly supported by the
significantly lower C-H bond dissociation energy at tertiary
carbon sites (despite the fact that only one H-atom is available
here for abstraction).

Finally, it can be noted that the main effect of pressure on the
low-temperature reactivity results largely from the competition
between the second O, addition reactions of hydroperoxide
radicals and their less reactive reactions into cyclic ethers and
OH. While the forward rates of the unimolecular reactions into
cyclic ethers and OH scale linearly with pressure, the forward
rates of the bimolecular O, addition reactions scale
quadratically. Consequently, the relative importance of the
latter increases with pressure, as seen in the reaction flux
analysis in Figure 11, and so does thus the fuel consumption
at low temperatures, as seen in Figure 1. The model of Atef et al.
(2017) tends to overpredict fuel mole fractions at low
temperatures regardless of pressure, while the model of Cai
et al. (2019) rather tends to predict lower fuel mole fractions
than experimentally observed (see Figure 1). More refined rate
coefficients for these reactions as well as for those discussed
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illustrates the experimental and modeled results, respectively.

< % -- Experiment Bagheri et al. Atef et al. Caietal. Fang et al.
=)

= : : : : : : : : : : :

*. 8F 1bar T 10 bar T 20 bar )
o o

i hilles

o 4 T T . S 1
[S)

£ ,H| 1 1 ,
o

3

jgo or . . . P . . A . . L]
) 400 600 800 1000 400 600 800 1000 400 600 800 1000

temperature / K

FIGURE 12 | Mole fractions of 2,2,4,4-tetramethyl-tetrahydrofuran vs. reactor-temperature at 1, 10, and 20 bar. Dashed lines with symbols and solid lines

\

50.0% 20.8% 123%  {
;2‘ o o —~
U ]

FIGURE 13 | Reaction pathway of b-iso-octyl-radical to iso-butene derived by the mechanism of Atef et al. (2017) at 623 K and 20 bar.

313% /

e —

44.9%

T

33.6%

S

50.0%

earlier may further improve the model predictions for the
present experimental data.

4.41 TMTHF

2,2,4,4-tetramethyl-tetrahydrofuran (TMTHF, CgH,60) is the
most abundant species among the cyclic ethers and could be
unambiguously identified in this work. It can be formed as a
cyclic ether from either a- or c-iso-octyl radicals. Figure 12
compares the temperature dependence of the TMTHF mole
fractions at different pressures to the mole fractions from the
simulations.

TMTHEF was not detected at 1 bar because here the iso-octane
consumption only starts at temperatures above 898 K and low-
temperature reactions leading to CgH;4sO are not expected to
contribute significantly to the fuel consumption. In agreement
with the low signal intensities in the experiment, the absolute
mole fraction of TMTHF in the simulation was very small. At
20 bar, 3times more TMTHF was detected experimentally
compared to the measurement at 10 bar. The model of Atef
et al. (2017) predicts mole fractions of TMTHEF of x(CgH;c0) =
1.3610™" and x(CgH;s0) = 2.29-107* at 10 and 20 bar,
respectively, and does not capture the experimentally observed
mole fraction ratio of 3.5 (xEXP,max (CgH;40) = 2.19-10™* at
10 bar and xEXP,max (CgH;40) = 7.58-10~* at 20 bar).

Differences can also be observed in the simulated and
measured profile shapes of the curves at 10 and 20 bar. The
experimental curve at 20 bar displays two peaks at 598 and 748 K,
respectively. The temperature of the larger peak at 598 K matches
the temperature of maximum mole fraction predicted by all
models, but the second peak is not predicted well by any
model, beside the model of Bagheri et al. (2020). Instead,
formation of TMTHF over a temperature range of 523-773 K
is predicted by all models except by the model of Atef et al. (2017),

which predicts two pronounced peaks. At 10 bar the CgH,;c0
curve reaches a peak at 623 and 823 K in the experiment, while
the model of Atef et al. predicts only one peak at 798 K. The
model of Cai et al. (2019) predicts a small peak at 773 K and the
mole fraction maximum at 623K, which both match the
prediction of Fang et al. (2020). The model of Bagheri et al.
(2020) predicts formation of CgH;¢0 over a temperature range of
523-798 K.

Rate-of-production analyses performed with the model of Atef
etal. (2017) at 623, 673, and 773 K for pressures of 10 and 20 bar
at a position in the reactor where 25% of the maximum
conversion of the fuel for the specific condition is reached
show that for all these conditions, TMTHE is produced via the
a-iso-octyl radical, which is formed in almost constant fraction
from the fuel. Two of the main decomposition reactions of
TMTHEF are:

C3HsO + OH = iC4H+tCsH¢CHO + H,0
CsH,6O + HO, = iC4H+tC;HCHO + H,0,

In the mechanism, the rate constants of these reactions are
barrierless and only depend on the A-factor. An explicit pressure
dependence of the rate constants is not included in the reaction
mechanism. Potentially, the missing pressure dependence of the
decomposition/formation reactions leads to the deviations
between simulation and experiment, especially since
bimolecular reactions are favored with increasing pressure,
which would lead to more a-iso-octyl radicals. Another reason
for this discrepancy could be a poor description of the production
of TMTHF via the decomposition of iso-octylhydroperoxy
radicals. Unfortunately, radicals cannot be detected in our
experiment. Nevertheless, the uncertainty in rate constants for
the formation of cyclic ethers and their consumption chemistry
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need to be considered as well to further optimize reaction models
of iso-octane combustion.

4.4.2 Formation of iso-C4Hg and C3HgO

The branched structure of iso-octane easily enables the formation
pathway to iso-butene. Iso-octane decomposes to iso-butyl radicals
and other branched alkyl radicals, whose decomposition reactions to
iso-butene and iso-butyl radicals lead to high formation of iso-
butene. Figure 14 displays the measured and simulated mole
fraction profiles of iso-C,Hg for 1, 10, and 20 bar and compares
the measured and simulated profiles of acetone. The simulations
underpredict the absolute mole fractions of iso-butene for all
conditions. Rate-of-production analyses have been performed at
specific temperatures to identify important reaction pathways which
lead to the formation of iso-butene and acetone. At 1 bar, almost
quantitative agreement is observed. With increasing pressure, the
deviations between experimental values and simulations increase.
Higher pressure favors the formation of acetone, which can be seen
in the decreasing and increasing mole fractions of iso-butene and
acetone, respectively. At 1 bar, iso-butene is only formed at high
temperatures. According to a reaction path analysis performed with
the model of Atef et al. (2017), f3-scission reactions of the a- and
c-iso-octyl radicals as well as C;H;s are responsible for the iso-
butene formation.

At 10 bar, the iso-butene formation has two maxima. One occurs
in the LTC region and the other at 798 K for the measurements. At
20 bar the highest concentration is reached at 748 K. In the LTC
region at 10 bar the iso-butene is formed by 3-scission reactions of
the c-iso-octyl radical, which is predominately formed at these low
temperatures. At 20 bar, iso-butene formation is dominated by

decomposition of the dihydroperoxide formed from the b-iso-
octyl radical.

At 798K at 10bar and 748K at 20 bar, the same reaction
pathways are active as at 1bar at high temperatures.
Consequently, the higher pressure leads to a shift of the high-
temperature chemistry to lower temperatures.

Acetone was detected in the experiments with a maximum mole
fraction of x(C5HgO) = 8-10™* at both 10 and 20 bar. At 1 bar, it was
below the detection limit in agreement with very small mole
fractions predicted in the simulations. Acetone is mainly formed
from iso-butene according to the Waddington mechanism shown in
Figure 15 reaction that is implemented in all mechanisms used for
the simulations shown here, beside the mechanism of Cai et al.
(2019). Regarding the models of Cai et al. (2019), Bagheri et al.
(2020), and Fang et al. (2020) a comparison of the experimental and
simulated mole fraction profiles of acetone at 10 and 20 bar shown in
Figure 14 reveals high deviations at all temperatures. Better
agreement can be achieved with the models of Atef et al. (2017)
and Fang et al. (2020). In the experiments acetone is formed in
detectable quantities only at high temperatures at 10 bar. At 20 bar it
is formed in the LTC region and at high temperatures. The
appearance in the LTC region at 598 and 748 K at 20 bar and at
823 K at 10 bar is qualitatively captured by the model of Atef et al.
(2017) with quantitative deviations. The formation can be traced in a
reaction path analysis to the same route that leads to the formation of
iso-butene from the b-iso-octyl radical.

At these temperatures acetone is not formed from iso-butene
according to the Waddington mechanism but from oxidation of
tert-butyl radicals that are produced in the oxidation of the b-iso-
octyl radical. The same pathway is active at 10 bar in the simulation with
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(HO,C,HgO)
FIGURE 15 | Formation of acetone via the Waddington mechanism (Chen et al., 2000).

the model of Atef et al. (2017). The fact that no acetone was found in the
experiment at 10 bar at low temperature indicates that the reaction rates
within this pathway are overestimated at lower pressure. At higher
temperatures (>700 K) the Waddington mechanism contributes to the
acetone formation and converts iso-butene to acetone. As a result, the
acetone mole fractions peak at 25 K larger temperatures than the iso-
butene mole fractions at 10 and 20 bar. This observation corroborates
the conclusion that higher pressures shift the occurrence of high-
temperature reaction pathways to lower temperature. Also, addition
of OH to a double bond could become less important. Thus, reactions
with HO, become more important with increasing temperature.

5 CONCLUSION

The oxidation of iso-octane is investigated in a flow reactor at 1, 10,
and 20 bar, 473 < T <973 K, and ¢ = 1. These conditions include the
region of low- and intermediate-temperatures including the NTC
region in a wide pressure range. Previous studies mostly focused
either on the low- or high-temperature oxidation at atmospheric
pressure. The mole fraction profiles of reactants, products, and
several intermediates as function of temperature have been
determined with GC analysis and the data sets are provided for
reaction mechanism development. The concentration profiles at
each pressure have been compared to simulation results obtained
with the recent mechanisms of Atef et al. (2017), Cai et al. (2019),
Bagheri et al. (2020), and Fang et al. (2020). In general, a shift of the
NTC region to higher temperatures is seen with increasing pressure.
While appreciable reactivity is only observed at higher temperature
at atmospheric pressure, low-temperature reactivity starts being
observed with higher pressures. The pressure-dependent mole
fraction changes of important experimentally detected
intermediates, e.g., 2,2,4,4-tetramethyl-tetrahydrofuran, iso-butene,
and acetone, are discussed in detail with respect to the formation
pathways implemented in the reaction mechanisms.

The new data set complements existing validation data for
reaction mechanism development in a pressure and temperature
range that is of particular interest to control strategies of low-
temperature combustion in engines.
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