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Abstract

Ignition delay times for 1,3-butadiene oxidation were measured in five different shock tubes
as well as a rapid compression machine (RCM) at thermodynamic conditions relevant to practical
combustors. The ignition delay times were measured at equivalence ratios of 0.5, 1.0, and 2.0 in ‘air’
at pressures of 10, 20 and 40 atm in both the shock tubes and the RCM. Additional measurements
were made at equivalence ratios of 0.3, 0.5, 1.0 and 2.0 in argon, at pressures of 1, 2 and 4 atm in a
number of different shock tubes. Laminar flame speeds were measured at unburnt temperatures of
295 K, 359 K and 399 K at atmospheric pressure in the equivalence ratio range of 0.6-1.7, and at a
pressure of 5 atm at equivalence ratios in the range 0.6—1.4. These experimental data were then used
as validation targets for a newly developed detailed chemical kinetic mechanism for 1,3-butadiene
oxidation.

A detailed chemical kinetic mechanism (AramcoMech 3.0) has been developed to describe
the combustion of 1,3-butadiene and is validated by a comparison of simulation results to the new
experimental measurements. Important reaction classes highlighted via sensitivity analyses at
different temperatures include: (a) OH radical addition to the double bonds on 1,3-butadiene and
their subsequent reactions. The branching ratio for addition to the terminal and central double bonds
is important in determining the low-temperature reactivity. The alcohol-alkene radical adducts that
are subsequently formed can either react with HO, radicals in the case of the resonantly stabilized
radicals or O for other radicals. (b) HO. radical addition to the double bonds in 1,3-butadiene and
their subsequent reactions. This reaction class is very important in determining the fuel reactivity at
low and intermediate temperatures (600-900 K). Four possible addition reactions have been
considered. (c) 30 atom addition to the double bonds in 1,3-butadiene is very important in
determining fuel reactivity at intermediate to high temperatures (> 800 K). In this reaction class, the
formation of two stable molecules, namely CH,O + allene, inhibits reactivity whereas the formation
of two radicals, namely C2H3; and CH2CHO, promotes reactivity. (d) H atom addition to the double
bonds in 1,3-butadiene is very important in the prediction of laminar flame speeds. The formation
of ethylene and a vinyl radical promotes reactivity and it is competitive with H-atom abstraction by
H atoms from 1,3-butadiene to form the resonantly stabilized C4Hs-i radical and Hz which inhibits
reactivity. Ab initio chemical Kkinetics calculations were carried out to determine the
thermochemistry properties and rate constants for some of the important species and reactions
involved in the model development. The present model is a decent first model that captures most of
the high-temperature IDTs and flame speeds quite well, but there is room for considerable
improvement especially for the lower temperature chemistry before a robust model is developed.
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1 Introduction

1,3-Butadiene is an important intermediate towards the formation of soot and poly-aromatic
hydrocarbons (PAH) through the proposed “Cz + C4” benzene formation pathways. Therefore, an
accurate knowledge of 1,3-butadiene oxidation chemistry is essential to the further development of
models for PAH and soot formation. Moreover, 1,3-butadiene is also an important intermediate in
the pyrolysis and oxidation of higher-order hydrocarbons, and its oxidation kinetics are important to
the hierarchical development of the kinetic mechanisms of hydrocarbon combustion. Thus, the
development and validation of combustion models for 1,3-butadiene will help improve our
knowledge of detailed C4 combustion chemistry and is an extension of our previous studies of the
butene isomers[1-3].

Ignition delay times for 1,3-butadiene oxidation were previously measured by Fournet et al. [4]
and Libby et al. [5]. Fournet et al. [4] measured ignition delay times for 1,3-butadiene/Oz/argon
mixtures containing 85-95% argon diluent in the temperature range 1200-1700 K, at pressures of
8.5-10 atm. Libby et al. [5] measured ignition delay times in the temperature range 1390-1810 K
at pressures in the range 1.5-3.8 atm at equivalence ratios from 0.25-1.0. Davis and Law [6]
measured the laminar flame speeds for 1,3-butadiene/air mixtures by using the counter-flow twin
flame configuration over an extensive range of equivalence ratios at standard conditions of
temperature and pressure. Hansen et al. [7] used molecular-beam flame-sampling and time-of-flight
mass spectrometry to measure the intermediate species to unravel important pathways leading to the
formation of benzene in a premixed, laminar, low-pressure 1,3-butadiene flame. They concluded
that the reactions CsHs + CsHs «<» CeHs and C4Hs-i+ CoH2 «» CgHs + H are roughly of equal
importance in benzene formation.

There is a dearth of experimental ignition delay time data available in the literature for 1,3-
butadiene at lower temperatures (650-1200 K) and at higher pressures (> 10 atm), which are
conditions of direct relevance to gasoline, diesel and low-temperature combustion engine
technologies. Moreover, further measurements of flame speeds and species concentration profiles in
reactors will also contribute to an improved understanding of 1,3-butadiene pyrolysis and oxidation.
In this work, ignition delay time measurements of 1,3-butadiene oxidation under engine conditions
including both low (600-1000 K) and high temperatures (1000-1600 K) have been measured.
Additionally, flame speed measurements at 1 and 5 atm at temperatures of 295 K, 359 K and 399 K
and over a wide range of equivalence ratios have also been taken.

2 Experimental Methods

In this study, ignition delay times for the oxidation of 1,3-butadiene were measured at lean,
stoichiometric and rich equivalence ratios with various levels of argon dilution, or in air, as was the
case for one of the mixtures. Additionally, pressure ranges examined in the study spanned the range
of Ps = 1-40 atm, where Ps is the reflected-shock pressure. The mixture compositions as well as the
facility used for each mixture are shown in Table 1. ‘Air’ in the case of the experiments presented
in this study refers to nitrogen and oxygen in a 79/21 ratio. The shock tube (ST) experiments were
carried out in the shock tubes at Texas A&M University (TAMU), King Abdullah University of
Science and Technology (KAUST), Xi’an Jiaotong University (XJTU), University of Central
Florida (UCF), and NUI Galway (NUIG). All RCM experiments were carried out in the twin-
opposed piston RCM at NUIG. Mixture compositions (mole %) investigated in this study from
different groups are shown in Table 2. The ignition delay times reported in this study along with
associated pressure and temperature conditions are available as Supplementary Material.
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Table 1. Ignition delay time, flame speed, and speciation measurements for 1,3-butadiene

oxidation used in model validation.

Initial Conditions

Reactant Composition %

Experiment T/K P /atm ) 1,3-CsHs 02 Bath Gas Reference
Shock Tube IDT 990-1781 1-40 0.5-2.0 1-71 2.8-27.5 Ar, N2 This work
RCM IDT 645-961 10-40 0.5-2.0 19-7.1 20 N2 This work
Flame Speed 295-399 1-5 0.6-1.7 22-6.1 19.7-20.5 N2 This work
Single-pulse
shock tube 1200-1800 6.5 0 0.175 - 99.83(Ar) Colket [8]
Single-pulse
shock tube 1200-1800 1.4-2.2 0 0.5 - 99.5(Ar) Hidaka [9]
Shock Tube IDT  1390-1810 1.5-3.8 0.25-1.0 Libby [5]
Shock Tube IDT  1200-1700 8.5-10 0.69-1.38 1.0-3.0 4.0-12.0 85-95(Ar) Fournet [4]
Flow Reactor 1100-1185 1 0 0.3 - 99.7(N2) Laskin [10]
Flow Reactor 1035-1125 1 0.55-1.65 0.14 0.12-1.4  98.5-99.4(N2) Laskin [10]
Flow Reactor 1125 1 1.18-1.65 0.143 0.48-0.63 99.2-99.4(N;) Brezinsky [11]
Jet-Stirred reactor ~ 750-1250 1.0-10.0 0.25-2.0 0.15 0.41-3.3 96.6-99.4(Ny) Dagaut [12]
Flame Speed - - 0.6-1.8 - - - Davis [6]
Flame Speciation 30 Torr 1.8 7.6 231 69.3(Ar) Hansen [7]
Flame Speciation 20 Torr 2.4 29.5 67.5 3.0(Ar) Cole [13]
Table 2. Mixture compositions (mole %) investigated in this study.
) 1,3 Butadiene 0 Diluent P (atm) Facilities
0.3 1.13 20.70 77.88 (Ny) 10, 20, 40 ST (NUIG)
RCM, ST
0.5 1.87 20.57 77.34 (N2) 10, 20, 40 (NUIG)
RCM, ST
1.0 3.68 20.24 76.10 (N2) 10, 20, 40 (NUIG)
RCM, ST
2.0 7.10 19.53 73.414 (N) 10, 20, 40 (NUIG)
0.3 1.00 18.30 80.7 (Ar) 1 ST (UCF)
ST
0.5 1.00 11.00 88 (Ar) 1,2, 4 (TAMU&UCF)
ST
1.0 1.00 5.50 93.5 (Ar) 1,2,4 (TAMU&KAUST)
1.0 5.00 27.50 67.5 (Ar) 1 ST (KAUST)
2.0 1.00 275 96.25 (Ar) 1,2,4 ST (KAUST&XITU)

2.1 Ignition delay time measurements

Table 3. lists details of each shock tube and measurement techniques described in this work.
Even though the measurement technique or exact definition of ignition delay time adopted by each
experimental group is slightly different, the simulation results for ignition delay time are consistent
with the experimental definition. This similarity is primarily due to the fact that most markers for
ignition delay time are similar when the mixtures are at least reasonably exothermic (< 96%

dilution).
Table 3. Facility information summary for different group used in this study.

Diameter Side-wall End-wall dP/Pdt  1,3- Ref.
ST (cm) Diaphragm ignition ignition  (%/ms)  butadiene




purity

Pressure,
KAUST 14 Polycarbonate OH* N/A 3.5% >99% [14]
NUIG 6.35 Aluminum N/A Pressure  3-10% >99% [15]
Pressure, Pressure,
TAMU  15.24 Polycarbonate OH* OH* 1-2% 99.50% [16]
Polyethylene Pressure
XJTU 115 terephthalate  N/A and OH* 4% 99.50% [17]
Pressure,
Polycarbonate OH*,
UCF 1417 Iexan X]_, 3-butadiene N/A 0'9% 299%) [18]

2.1.1 NUI Galway rapid compression machine

Ignition delay times for 1,3-butadiene/‘air’ mixtures at ¢ = 0.5, 1.0 and 2.0 at pressures of
approximately 10, 20 and 40 atm were measured at NUIG in the rapid compression machine which
was described in the recent propene study by Burke et al. [15]. Here the ‘air’ used in these
experiments is a mixture of O2 and Nz in the molar ratio of 1:3.76. The ignition delay time
definition in this work is shown in Figure 1 and is taken from the time of peak pressure at the end of
compression to the time of maximum rate of pressure rise due to ignition.

It is well known that the heat loss profiles generally garnered from experimental, nonreactive
pressure profiles must be included to simulate rapid compression machine data accurately. To this
end, the nonreactive profile, for which an experiment is performed by replacing oxygen with
nitrogen in the fuel—“air” charge, has been measured for each mixture and compared with the
reactive profile shown in Figure 1. The volume history used for the simulation includes the heat loss
during the compression stroke by adding an empirically determined additional volume, and the heat
loss after the end of compression was accounted for by the “adiabatic core expansion” approach.
The volume history is then used as an input in the Chemkin input file. Detailed discussion about the
heat loss and its simulation can be found in the previous studies [19, 20].
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Figure 1. Sample pressure trace from the NUI Galway RCM for 1,3-butadiene oxidation. (pink
line: nonreactive trace, black line: reactive trace)

2.1.2 NUI Galway (NUIG) high-pressure shock tube



Ignition delay times for 1,3-butadiene oxidation were measured in the high-pressure shock tube
at NUIG, which has already been described in detail by Burke ez al. [15]. Ignition delay times were
recorded for 1,3-butadiene/‘air’ mixtures at ¢ = 0.5, 1.0 and 2.0 at pressures of approximately 10,
20 and 40 atm in the temperature range of approximately 950—1350 K. The ignition delay time was
defined as the time interval between the rise in pressure due to the arrival of the reflected shock
wave at the endwall and the maximum rate of rise of the pressure signal, as shown in Figure 2.
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Figure 2. Sample pressure trace from NUI Galway ST for 1,3-butadiene oxidation.

2.1.3 Texas A&M University (TAMU) shock tube

The shock-tube facility used in this work is described in Aul et al. [16]. Gas mixtures were
made using the partial pressure method, where the mole fractions of each species were known
within £1% uncertainty. The mixtures used in this study were considered somewhat dilute but were
not what is traditionally considered to be dilute (98% Ar and above, by volume). Thus, both
endwall and sidewall diagnostics were of use in verifying accurate interpretations of ignition delay
times, with the endwall diagnostics being the primary data collection methods. An example time-
history plot of pressure and emission traces for an ignition delay time experiment in this study is
shown in Figure 3. When non-dilute mixtures are investigated, the endwall pressure trace is an
acceptable means of determining both time zero and the onset of ignition and is aided by the use of
an endwall emission diagnostic. This use of pressure rise for ignition was shown to be a good
assumption while conducting this study. However, sidewall pressure and emission diagnostics,
respectively, were also used to aid in verifying ignition delay time and the detection of OH* in the
case of a weaker pressure rise at ignition due to Ar dilution.
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Figure 3. Sample time history traces of experimental data from endwall and sidewall pressure
transducers from the TAMU shock tube, as well as endwall and sidewall emission diagnostics for
OH* chemiluminescence. Experimental conditions 1.0% 1,3-C4Hs, ¢ = 1, 93.5% Ar, 1.16 atm, 1476
K.

2.1.4 King Abdullah University of Science and Technology (KAUST) shock tube

The low-pressure shock tube (LPST) at KAUST (details in [14]) was used to measure the
ignition delay times of 1,3-butadiene/O2/Ar mixtures at pressures of 1, 2 and 4 bar, equivalence
ratios of 1 and 2, and temperatures ranging from 1060 to 1675 K. The ignition delay time is defined
as the period of time from the arrival of the reflected shock wave to the onset of ignition. The
pressure trace and the OH* emission, detected at the sidewall, were used to determine the onset of
ignition. Figure 4 shows an example of ignition delay time measurement from the OH* and pressure
profiles.
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Figure 4. A representative ignition delay time measurement from OH* and pressure profiles from
the KAUST shock tube. Test mixture composition: 1% 1,3-CsHe / 5.5% O2/ 93.5 % Ar.

2.1.5 Xi’an Jiaotong University (XJTU) shock tube



Measurements of ignition delay times for 1, 3 butadiene/O2/Ar mixtures at 1.0, 2.0 and 4.0 atm
at ¢ = 2.0, and at 1.0 atm at ¢ = 0.3 were performed in the XJTU stainless-steel shock tube (details
in [17]). The mixture components used in this study were 1, 3 butadiene (99.5%), O> (> 99.99%),
Ar (> 99.99%) and He (99.999%). Ignition delay time determination was made behind reflected
shock waves by measuring the pressure and OH” emission at the endwall of the driven section (see
Figure 5). During the measurements, an obvious pressure rise (dP/Pdt = 4%/ms) resulting from non-
ideal facility effects was observed before the main ignition event, and this effect has been taken into
consideration for the simulation when ignition delay time is longer than 1.5 ms.
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Figure 5. Example 1,3-butadiene ignition delay time measurement from XJTU shock tube.

2.0 - _ 4 0.030
Pressure (Kistler) P, =1.451 atm
—— Normalized OH* Emissions _
—— 1,3-Butadiene (laser) T, =1232K
= 0.024
1.5 1
- 0
g C4H6 1.0% c
= {0.018 2
8 O2 -18.3% ’ 3]
o 1.0- o
5 7 Ar - 80.7% L
)
7 40012 5
< =
o
0.54
- 0.006
0.0 ! : } : 0.000
0 300 600 900
Time (us)

Figure 6. Pressure time-history in the test section 2 cm from the endwall of UCF shock tube for
an experiment using 1% 1,3-CsHs in Arat 9 = 0.3, Ts= 1232 K, Ps=1.451 atm.

2.1.6  University of Central Florida (UCF) shock tube

Experiments were performed in a stainless-steel shock tube of 14.17 c¢cm inner diameter
located at UCF as described in Loparo et al. [18]. The data presented were taken at a sidewall
location 2 cm away from the endwall of the driven section using pressure and OH* emission.
Research grade (from Praxair Inc.) argon (99.999%), oxygen (99.999%) nitrogen (99.999%), and
1,3-Butadiene (>99%) (from Fisher Sci.) were used to prepare mixtures of 1,3-butadiene/oxygen
diluted in Ar/N2 at equivalence ratios (¢) ranging between 0.3 to 0.5 and initial 1,3-butadiene mole
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fractions between 0.01 and 0.0113. In addition, a tunable CO gas laser (Access Laser L4GS), tuned
to the P14 line at 10.532um, was used for measuring 1,3-butadiene time-histories via a direct
absorption spectroscopy scheme (details of the laser measurements in [18]). Example pressure, OH*
and 1,3-butadiene time-histories from the reflected shock is shown in Figure 6. The onset of
ignition was determined by four methods: finding the time of steepest rise of the OH* emission and
pressure, then linearly extrapolating back in time to the pre-ignition baseline, time for 1/3" decay of
initial butadiene concentration, and from the time of maximum OH* emission.

The ignition delay times measured via the end-wall and side-wall can be different from each
other. However, these differences are usually found to be quite small (~ 10%) when the mixtures
are at least reasonably exothermic (dilution < 96%). At very high temperatures and for exothermic
mixtures, ignition occurs very close to the end-wall and can send a detonation-like strong ignition
wave towards the side-wall and thus artificially expediting the observed ignition at the side-wall. If
the side-wall is located very close to the end-wall, the difference between the two measurements
will be small, such that the whole region near the endwall of the shock tube will seemingly ignite at
the same time within the resolution of the diagnostics. Therefore, in such situations, an end-wall
diagnostic is more reliable. At conditions that are highly diluted (i.e., little to no energy release),
side-wall ignition diagnostic is better due to a more-resolved temporal/spatial resolution. The
temperature behind reflected shock waves was calculated using measured shock velocity and shock-
jump relations. Generally, the uncertainty in T5 is < 1% and comes primarily from the uncertainty
in measured shock velocity and thermodynamic parameters. The uncertainty in T5 is included in the
estimation of the overall uncertainty in ignition delay time measurements, which is generally
between 20 — 25%.

2.2 Laminar Flame Speed measurements (TAMU)

Laminar flame speed experiments were performed at Texas A&M University in the high-
temperature, high-pressure (HTHP) laminar flame speed vessel. This vessel is a spherically
expanding flame experiment capable of initial pressures of up to 10 atm and temperatures ranging
from room temperature to 475 K. For initial temperatures above room temperature, the vessel is
heated using a heating jacket. The fill and exhaust lines are heated by using heating tape, controlled
to within 1 °C, and insulation. The vessel has been previously checked for temperature uniformity
with an array of thermocouples, which also agreed to within 1 °C. Mixtures were made inside the
HTHP vessel using the partial pressure method. When appropriate, the components were measured
either using a 0 — 1000 Torr (0 — 133 kPa) or 0 — 500 psi (0 — 3.45 MPa) pressure transducer with
uncertainties of £ 0.1 Torr (13 Pa) and + 0.1 psi (0.69 kPa), respectively. The ignition event was
initiated with a spark between two sharpened steel rods, and the high voltages required were
generated by an automotive ignition coil. Finally, images of the propagating flame were obtained
using a Z-type schlieren setup to enhance the density gradients for capture with a high-speed
camera. This Z-type setup has been modified with flat mirrors to minimize angles that might cause
image aberrations. Example images from this study are shown in Figure 7. These images were then
used as the basis for the analysis procedure. For more details on the experimental setup, see de
Vries et al. [21] and Lowry et al. [22].

(b)



Figure 7. Sample flame speed images of 1,3-butadiene-air at (a) 358 K, 1 atm and (b) 358 K, 5
atm.

The data processing takes the digital flame propagation frames and uses a custom MATLAB
routine to best fit a circle to the flame edge of each frame to determine its radius. With the flame
radii and the frame rate of the camera, another MATLAB routine uses established nonlinear stretch
correction techniques [23-27] to extrapolate the burned, stretched flame speed data to the burned,
un-stretched flame speed, S7,,. For these experiments, special care was taken to ensure the data used
for the fit were unaffected by ignition, confinement, and instability acceleration. The resulting Sﬂb
is converted to its unburned, un-stretched flame speed value by multiplying it by the appropriate
density ratio, S? = (p,/py) SLp- The burned- and unburned-gas densities used for the density ratio
are obtained using thermochemistry at experimental conditions using an adiabatic flame calculation.

3 Computational method

In this work, rate constants for important reactions and the thermochemistry of important
species have been assigned based on electronic structure calculations for reactions combined with
statistical rate theory. The compound electronic structure methods CBS-QB3 [28, 29], G3 [30], and
G4 [31] have also been used to calculate the thermochemistry of important species for comparison.
The heat of formation of 1,3-butadiene at 298 K used in this study was calculated to be 26.68 kcal
mol! (quantum chemistry calculations) and 26.0 kcal mol™ (group additivity [32]) which are both
similar to the experimental result of 26.01 kcal mol™ from Prosen et al. [33] and the calculated
result of 26.5 kcal mol™ from Goldsmith et al. [34]. The entropy of 1,3-butadiene at 298 K used
here is 66.60 cal K™t mol™ (ab initio calculations in this work) and 66.56 cal K1 mol™ (group
additivity in this work) which are close to the calculation result of 65.8 cal Kt mol? from
Goldsmith et al. [34]. The heat of formation of 1,3-cyclopentadiene at 298 K used here was
calculated to be 32.1 kcal mol (group additivity) which is similar to the experimental result of 31.9
kcal mol~ from Furuyama et al. [35]. The group additivity method has been used to calculate the
thermochemistry properties for all of the other species relevant to the 1,3-butadiene sub-mechanism.

Oxygen atom addition to 1,3-butadiene is crucially important in predicting 1,3-butadiene
reactivity at temperatures of 1000 K and above. A comprehensive analysis of the detailed
mechanism of O + 1,3-butadiene is complicated by the existence of many possible channels and
inter-system crossing between triplet and singlet potential energy surfaces. Comprehensive potential
energy surfaces for both 30 and O reacting with 1,3-butadiene have been investigated in this work
along with the inter-system crossing reactions between these two potentials, however the rate
constants for these reaction channels are still under investigation. The details of this computational
method will be discussed in a separate theoretical paper for this reaction system, however a
summary of these computational methods is provided here. Geometry and frequency calculations
for reactants, transition states, intermediates and products were carried out at the UWB97XD [36]
level of theory using the aug-cc-pVTZ [37] basis set. Single point energy calculations were carried
out at the UCCSD(T)/aug-cc-pVTZ level of theory with basis set corrections from MP2/aug-cc-
pVQZ and MP2/aug-cc-pVTZ. For species containing a highly multi-reference character, the single
point energy was obtained at the CASPT2 [38, 39] level using the aug-cc-pVTZ basis set with six
active electrons and six active spaces. The kinetics over the reaction potential energy surface was
studied by integrating the master equation using RRKM micro-canonical rate constants. RRKM
rates k(E,J) were determined as a function of energy E and angular momentum J using density of
states convoluted over all external rotational and vibrational degrees of freedom.

Hydrogen atom addition to 1,3-butadiene and its subsequent decomposition reactions are also
very important in determining the reactivity of 1,3-butadiene at 1000 K and higher temperatures.
We have carried out the ab initio calculations to describe the detailed reaction kinetics of hydrogen
addition [40]. Rate constants from the computation have been adopted in this model.
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4 Model development

The current mechanism development is based on a series of previous studies which include
the H2/O2 sub-mechanism of Kéromnes et al. [41], the C1-C2 sub-mechanism from Metcalfe and
co-workers [42], the propene/allene/propyne sub-mechanism from Burke et al.[15, 43], the
CH4/DME sub-mechanism from Burke et al. [44], the isobutene sub-mechanism development by
Zhou et al. [1] and the 1- and 2-butene sub-mechanism developed by Li et al.[2, 45]. Key reactions
for 1,3-butadiene oxidation at different temperature and pressure conditions were highlighted by
performing brute force sensitivity analyses of ignition delay times, flux analyses and flame speed
sensitivity analyses and a detailed chemical kinetic mechanism (AramcoMech 3.0) has been
developed. The 1,3-butadiene combustion chemistry model developed in this work has improved
the predictions against a variety of experimental results. The important reactions identified by
performing these kinetic analyses are discussed below.

In addition to the updates described above, updates arising from the recent publication of
Goldsmith et al. [46] have been included in our model. The ongoing and simultaneous development
of the overall AramcoMech model within Galway have meant that the incorporation of the
theoretical calculations for the reactions described in full in [46] have been adopted without
alteration as part of this release of the model. The reactions updated are all part of the generally well
known low-temperature reaction scheme describing the oxidation of alkanes. In order to further
improve predictions of the current model and propane ignition delay times the H-atom abstraction
from propane by hydroxyl radicals have also been updated to the values measured by
Sivaramakrishnan and Michael [47]. A minor increase of 30% to the rate constant for abstraction
from the secondary site has been applied in order to optimize the model predictions. These changes
do not represent the focus of the current work but are a result of the continual development of the
overall AramcoMech model, in order to reflect the most up to date kinetic data where possible.

4.1 Geometry of 1,3-butadiene and important radicals

Bond dissociation energies (BDESs) for different bonds in 1,3-butadiene are shown in Figure 8.
It can be seen the vinylic-allylic-C2—H bond has a lower BDE (100.1 kcal mol™) than the secondary
vinylic C-H bond in propene which is 106.33 kcal mol?, and which is also much higher than the
BDE for the allylic C—H bond (86.4 kcal mol™) in propene [1]. This interesting comparison shows
that the property of the vinylic-allylic C-H bond in 1,3-butadiene lies between the secondary
vinylic C—H bond and the allylic C—H bond.

H H
100.1 | |
H c2 ca
= =
Nc1Fa0cs H
111.6
H H

Figure 8. Bond dissociation energy (in kcal mol™?) for different bonds in 1,3-butadiene obtained
at QCISD(T)/CBS//M062x/6-311++G(d,p) level of theory at 0 K.

One important radical formed during the pyrolysis/oxidation of 1,3-butadiene is CsHs-i, which
has two resonantly stabilized vinylic and allenic structures, Figure 9. Heat of formation calculations
show that the allenic structure is about 7.92 kcal mol™ lower than the vinylic one and thus the
allenic structure is predicted to be the dominant one.

/c\ 2 /CH2
H,C g H,C=—=C——CcH

H 22— —

(@) AHF(298 K) = 83.4 kcal/mol (b) AHf(298 K) = 75.4 kcal/mol
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Figure 9. (a) Vinylic and (b) allenic resonance structures of the C4Hs-i radical obtained at
the G4 level of theory.

4.2 Sensitivity analyses highlighting important reaction classes

Brute force sensitivity analyses were carried out in order to identify the key reactions which control
the fuel’s reactivity. The analyses were performed by increasing and decreasing each reaction rate
expression by a factor of two and calculating the effect on the predicted ignition delay time.
In(ty/t-) _ In(z4/7-)
In(ky/k_)  In(2.0/0.5)’
time calculated with the increased rate constant and 1 is the ignition delay time calculated using the
decreased rate constant. A positive sensitivity coefficient indicates an inhibiting reactivity while a
negative sensitivity coefficient indicates a reaction promoting reactivity. Brute-force sensitivity
analyses for ignition delay time were performed for 1,3-butadiene oxidation at pressure of 20 atm,
and at ¢ = 0.5 in air at temperatures ranging from 770 — 1500 K, Figure 10. Detailed discussions of
the important reactions at different temperatures are provided in the next section together with the
model development to identify the important reaction classes at different temperatures.

The sensitivity coefficient is defined as: S = where, -+ is the ignition delay
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Figure 10. Brute-force sensitivity analysis of 1,3-butadiene ignition delay times at 20 atm, ¢ = 0.5 for
temperatures from 770 K to 1500 K.

4.3 Important reactions at low temperature

In this study, we consider low temperatures to range from 600 — 1000 K and high temperatures to
range from 1000 K and higher.

4.3.1 1,3-C4He+OH addition reaction and their subsequent reactions

At the lower temperature of 770 K, OH radical addition to the C=C double bonds and the
subsequent reactions of the radicals formed play a very important role in predicting fuel reactivity,
Figure 10. Figure 11 shows the important reaction pathways below 870 K, with the reactions
highlighted in red promoting reactivity and those in blue inhibiting reactivity. Two main products
can be formed through terminal and central addition of OH radicals to the double bond. No
experimental or theoretical investigations are available in the literature for these reactions. In our
model we use rate constants analogous to OH radical additions to propene from Zador et al. [48].
We realize that this analogy may introduce a large uncertainty as the carbon type in 1,3-butadiene
and also the product property is quite different from that of the propene system. Future experimental
measurements and/or theoretical calculations for this reaction would be helpful in determining the
low temperature chemistry of 1,3-butadiene. We also find that the reaction involving OH radical
terminal additions forming the resonantly-stabilized alcohol radicals (CsHe4,2-10H) inhibit
reactivity, while OH radical additions to the central carbon atom forming the alcoholic alkene
radical (Co.HsCHOHCH:2) promotes reactivity.

The resonantly stabilized alcohol radicals (C4Hs4,2-10H) formed mainly react with HO, radicals
through radical-radical recombination reactions. Two products are obtained through terminal and
central additions to form C3zH4sCH>OH-100H (inhibiting) and C4HsOHOOH1-4-3 (promoting),
Figure 11. Both of these species decompose through O-O bond breaking followed by B-scission
reactions which are not discussed in detail here. Rate constants for the recombination reactions are
taken by analogy with the calculations provided by Goldsmith et al. [49] for allyl + HO- radicals.
This treatment also introduces an uncertainty for the model because there is no alcohol group
influence in the allyl + HO; reaction system while in this system the influence of the alcohol group
should have an impact on the rate constant. Future theoretical investigations on this reaction class
will also be very important in producing accurate predictions of the low temperature oxidation of
1,3-butadiene.

The products of OH radical addition to the central carbon atom in 1,3-butadiene can react with
molecular oxygen to form alcohol RO, species such as C2H3CHOHCH.00 radicals, Figure 11.
Rate constants for these reactions are also based on analogy with alkyl radical addition to O
calculated by Miyoshi [50]. This treatment also introduces uncertainty to our model because there is
no alcohol group influence in allyl radicals while the influence of the alcohol group should
influence the rate constant. Five isomerization reaction pathways have been taken into consideration
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for the formed alcoholic RO, radical of CszCHOHCHzO_O and only two of the reaction channels
show sensitivity to the fuel reactivity. Namely, the HO> elimination reaction inhibits the fuel
reactivity along with the six membered-ring isomerization reaction that forms CsHeO1-300H4,
Figure 11.

\/\ + HO,
+ OH F
C,Hs1,30H2
1
P |
HO ’ - +0, OH
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+ C,H;CHOHCH, F
HO,
| 00’
OOH
HO/\/\/ HO \ o l
C;H,CH,0H-100H
OOH /
l C,H,O0HOOH1-4-3
P 1 OOH
HO y
. Y C,H,01-300H4
+ OH .
Sub mechanism / \
Yy o .
Sub mechanism C,H;CHO + CH,0 + OH

C,H; + HO,CH,CHO
Figure 11. Important reaction channels for 1,3-C4Hs + OH addition reaction and their subsequent
reactions. Formation of the species highlighted in red: promote reactivity, in blue: inhibit reactivity.

4.3.2 1,3-C4Hs+HO- addition reaction

Four reaction channels have been considered for the addition of HO; radicals with 1,3-butadiene,
Figure 12. HO; radicals can add directly to the terminal (channel 1) or central (channel 3) carbon
atom in 1,3-butadiene, leading to the first two channels. Moreover, the O—H bond in the HO radical
can also break when the O-O in the HO radical adds to the terminal carbon (channel 2) and/or the
central carbon atom (channel 4). Rate constants for these reactions have not been either
experimentally or theoretically investigated, and here we use the rate constants calculated by
Villano et al. [51] for the addition of HO- radicals to butene molecules by analogy. This also
introduces uncertainty for the model predictions as the carbon type in olefins and dienes are
somewhat different.

For channel 1, the HO, radical adds to the terminal carbon of 1,3-CsHs directly to form a
resonantly stabilized hydroperoxyl-alkyl (QOOH) radical (CsHs1-300H4). For this type of radical,
its recombination reaction with HO; radical is dominant at low and intermediate temperatures. Two
products are formed through recombination with the terminal carbon atom (CsHs2-OOH14) or
central carbon atom (CsHs1-OOH34). Both of these species can decompose through O—O bond
cleavage followed by B-scission reactions, Figure 12. The decomposition of the terminal carbon
adducts CsHe2-OOH14 does not influence the fuel reactivity, whereas decomposition of the central
carbon adducts CsHe1-OOH34 has a significant influence on the fuel reactivity, Figure 10. The
formation of vinyl radicals and the HO2CH>CHO species significantly promotes reactivity while the
formation of C;HsCHO + CH,0 + OH inhibits reactivity. The branching ratio between these two
reaction channels is also important in determining the final reactivity of 1,3-butadiene oxidation at
low temperatures. Rate constants for those reaction channels are also taken by analogy with the
reaction of allyl with HO; radicals as calculated by Goldsmith et al. [49].

For channel 2, where the HO» radical adds to the terminal carbon, the O—H bond breaks and the
OO group adds to the terminal carbon and the H atom adds to the central carbon. A five-membered
13



ring structure is formed in the transition state. The adduct will mainly isomerize to C4He1-300H4
through a five-membered transition state involving a H-atom transfer.

For channel 3, HO; radical adds to the central carbon of 1,3-CsHg directly to form an alkenyl
QOOH radical (CsHs1-400H3). This adduct can form a cyclic ether + OH radical or it can add to
molecular oxygen to form an alkenyl O,QOOH radical. This O.QOOH radical can be consumed
through isomerization and subsequent g-scission reactions, Figure 12. Rate constants for these
reaction processes are taken by analogy with alkyl radical reactions calculated by Miyoshi [50] and
Sharma [52]. Channel 4 is similar to channel 3 in which the OO group adds to the central carbon
and the H atom adds to the terminal carbon. The adduct mainly isomerizes to CsHgl-400H3
through a five-membered transition state involving a H-atom transfer.

4.3.3 C4Hs-i radical chemistry

Considering the bond dissociation energies in 1,3-butadiene, Figure 8, it can be observed that the
vinylic-allylic hydrogen bond is 11.5 kcal mol™ lower than the vinylic hydrogen bond. Hydrogen-
atom abstraction reactions by OH radical from C; or Cs are the main abstraction channels leading to
the formation of the resonantly stabilized allenic C4Hs-i radical, Figure 9. The rate constants for
these reactions are taken from the experimental measurements carried out by Vasu et al. [53]. The
C4Hs-i radical so formed can either add to HO, radicals or with molecular oxygen. Sensitivity
analyses and flux analyses show that the CsHs-i radicals are consumed mainly by reacting with
molecular oxygen. Theoretical calculations for this reaction carried out by Rutz et al. [54] have
been used in this work. The formation of vinyl radical, formaldehyde and CO is the main product
channel that promotes fuel reactivity and becomes increasingly important with increasing
temperature, Figure 10.

14



\/\ Addition . HOO/\/\/ 00—H> HOO/\/\/ °

. OOH
+ H C
s b channel 1 \/\/ 0, C,H42-O0H14 + OH
2 CH(1-300H4 CH02-100H4
= OOH l
2CH,0+C,H,+OH

OOH
C,H41-OOH34

!

isomerization

= OOH .
. / ] — C,H;CHO + CH,0+OH
Addition + OH i
\/\ channel 2 00 o
. —_— \/\/ C,H,01-300H4
+ HO,
C,H;+HO,CH,CHO = | oon
+H
0
\/\ Addition
h 1
L 1o channel 3 . —»\/A -» Sub-
2 mechanis

C,H41-400H3 C,H,CHOCH,

isomerization
00" —>»
-» Sub-mechanism

C4H61 00H3 00,

C,H,1-003 <=3 Sub-

mechanism

\ Addition
channel 4
" HOz \)\/
C,H41-200H34

Figure 12. Important reaction channels for the addition reaction1,3-CsHs + HO and the subsequent
reactions. Formation of the species highlighted in red: promote reactivity, in blue: inhibit reactivity.

4.4 Important reactions at high temperature
4.4.1 1,3-C4He+0 addition reactions

This reaction class is also important at low temperatures and becomes increasingly significant with
increasing temperature. At 1200 K, the branching ratio between the two main product channels,
namely C2Hs + CH2CHO or CH,0 + CsHs-a determines the fuel’s reactivity. The important reaction
pathways for this reaction are shown below. The reaction leading to the formation of the two
reactive radicals C.Hs and CH,CHO is the most promoting while that leading to the formation of
the two stable molecules CH20 and CzHs-a is the most inhibiting reaction channel at a temperature
of 1000 K and higher, Figure 10.

e 1,3-C4He+O—~CH20+C3Hs-a
e 1 3-C4He+OCoH3+CH,CHO
e 1,3-C4He+O—~CHCHCHO+H

Rate constants for this reaction are taken by analogy with those for propene + O calculated by
Cavallotti [55]. Theoretical calculations on the kinetics of this reaction are underway by our
research group. High-level ab initio electronic structure calculations of underlying triplet/singlet
potential energy surface and statistical (RRKM/Master Equation) computations of branching ratios
including inter-system crossing calculations are being performed.
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4.4.2 1,3-C4He+ H addition reactions

Hydrogen atom addition to 1,3-butadiene is very important in the accurate prediction of ignition
delay times at high temperatures (> 1000 K) and also the flame speeds. The important reaction
channels are shown below. Rate constants for these reaction channels were calculated using RRKM
theory based on the potential energy surface obtained at the ROCCSD(T)/cc-pVeoZ//M062X/6-
311++G(d,p) level of theory [40].

e 1,3-CsHe+tHoCyqH71-3

e 1,3-C4He+HCoHa+CoH3
e 1,3-C4Hs+HC3Hg-a+CHs
e 1,3-C4Hs+HC3Ha-p+CHs
e 1,3-CsHstHe1,2-CoHe+H
e 1,3-CsHs+He1-CoHe+H

The first two channels are the most important and are competitive; where forming the resonantly
stabilized radical C4H71-3 inhibits reactivity while that forming reactive vinyl radicals and ethylene
promotes reactivity.

4.4.3 1,3-C4Hs unimolecular decomposition reactions
1,3-C4He+M«—CH3z+C3H3+M
1,3-CsHe+Mo2CoH3+M
1,3-C4He+M—CoHo+CoHs+M
1,3-C4Hs+M2-CsHe+M
1,3-CsHg+M o CoHo+CoHsz+H+M
1,3-CsHe+MoCaHa+ H+H+M

Tranter and co-workers [56] have measured the rate constants for the thermal decomposition of 1,3-
butadiene in a diaphragm-less shock tube at post shock total pressures of 26-261 Torr and
temperatures ranging from 1428-2354 K, using laser schlieren densitometry. Their experimental
work was complemented by high-level ab initio calculations, which shows that the formally direct
dissociation pathway to CHs + C3Hs is the dominant product channel at temperatures ranging from
1739-2354 K, with branching fractions ranging from 0.62-0.78 with greatest yields at the lowest
temperatures, independent of pressure. Molecular fragmentation of 1,3-butadiene to CoHz + CaHa is
a relatively minor loss channel with branching ratios ranging from 0.04-0.15, independent of
pressure. The isomerization from 1,3-butadiene to 2-butyne is the most significant isomerization
channel with a branching ratio of 0.12 independent of temperature and pressure. Moreover, the
channels leading to direct H-atom eliminations and the formation of vinyl radicals are negligible.

5 Model validation

The developed model has been validated against a wide range of experimental measurements
that have been taken during the course of this work which cover low- and high-temperature ignition
delay times (Figure 13 — Figure 18) and laminar flame speeds (Figure 20) at 1 and 5 atm. The
developed model has also been validated against the literature data which is provided as
Supplementary Material. CHEMKIN-PRO [57] was used to carry out the simulations of both
ignition delay time and flame speed.

5.1 Shock Tube Measurements
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The ignition delay times measured using five shock tubes and one rapid compression machine are
presented here (points in the graphs), together with the model predictions (lines). Ignition delay
time definition in the simulations is consistent with that from different facilities. The current
mechanism can capture the fuel’s reactivity at high temperature (> 1000 K), but at low temperatures
the model fails to capture the ignition behavior. As mentioned previously in our discussion of the
important reaction classes involved in 1,3-butadiene oxidation, no reliable theoretical or
experimental results have been published for the important reactions such as OH and HO: radical
addition reactions and their subsequent complicated reaction channels. The rate constants in the
current version of the model were determined directly from ab initio calculations without
optimization attempted. Further theoretical or experimental studies on the important reaction classes
of OH and HO radicals adding to 1,3-butadiene and their subsequent first and second O, addition
reactions will be important to improve the model behavior at low- to intermediate- temperatures.
Moreover, reliable reaction rate constants calculations on the CsHs-i reacts with O, and the addition
reaction of 1,3-C4He+O will be important in the high temperature chemistry.

Figure 13 shows the effect of pressure on ignition delay times measured in shock tubes and the
RCM for fuel in ‘air’ mixtures at ¢ = 0.5, 1.0 and 2.0. The experimental results show that the high-
pressure results are correlated with shortened ignition delay times at all equivalence ratios which
can be explained with increased reactant concentrations as the pressure goes up. The RCM facility
effect from the heat loss after the compression has been taken into consideration in the ignition
delay time simulation. The pre-ignition appears to prefer happening on less-reactive fuels which
remains a controversy for the cause in the community. It readily contaminates the wall of the shock
due to the precursor generation caused by the unsaturated double bond. As a result, the precursor
accelerates ignition and results in shorter ignition delay times. To avoid this influence, we have
cleaned the shock tube before each shot but the undesired phenomenon still occurs. We thus believe
that the physical boundary layer should mainly contribute the pre-ignition of 1,3-butadiene while it
appears to happen with ignition delay time of 1-2 ms.

10 atm Q P - i 10 atm ’
® NUIG RCM , e = ® NUIG RCM L 'y
1E2-2(|):laml:lU|GST .- ; (] A A o] 2(1): NUIG ST 'Y /,, o ® =

1) 7 7 A = : atm s !
£ ® NUIGRCM s aroa & 2 2} ® NUIGRCM [ 9'9 4
S O NUIG ST : Ve © E O NUIGST 47 L at
£ 1£1 440am j"/‘ h ) 40 atm !Q/ A A=
= A NUIGRCM Ko - £ 0014 "4  \uiGRCM vo at
P A NUIG ST i 2 A NUIG ST N
° @ Pre-ignition = ®©
kel [
S 14 26 atm T 0.001 4
o <
£ #* TAMU ST S
= =
9} c

[=2

= 0.0001 4

0.1
T T T T T T T 1E-5 34— T T T T T T T T
7 8 9 10 1m 12 3 14 15 7 8 9 10 11 12 13 14 15 16
10°K/T 10°K /T

(@ ¢ =0.5, fuel/air’, P = 10, 20 and 40 atm. (b) ¢ = 1.0 fuel/“air’, P = 10, 20 and 40 atm.

17



10 atm L
® NUIG RCM :! L. -
O NUIG ST [ ] /0 -7 _ @ 'y
0 YE2920 atm . e ® ® 5
= ® NUIG RCM R x4 a A
3 o NUIG ST j.’,/ aa’
£ 1E1 440 atm /,/é/;é =
= A NUIG RCM L
E A NUIG ST
7] & Pre-ignition
T 14
c
o
c
2 0.1 4
001 T T T T T T T

T T
7 8 9 10 11 12 13 14 15 16
10°K /T

(c) ¢ = 2.0 fuel/“air’, P = 10, 20 and 40 atm.

Figure 13. Influence of pressure on 1,3-butadiene ignition delay times from shock tube and
RCMs for fuel/“air’ mixtures. Symbols: experimental data; solid lines: constant volume simulation,
dashed lines: heat loss facilities effect.
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Figure 14. Brute-force sensitivity analysis of 1,3-butadiene ignition delay times at 10 atm, ¢ = 0.5 and 2.0 for
temperatures of 870 K and 1200 K.

Figure 13 shows that the timescale of 1,3-butadiene ignition delay changes dramatically as the
equivalence ratio changes from 0.5 to 2.0. Brute force sensitivity for IDTs has been carried out for
¢= 0.5 and 2.0 at temperatures of 870 K and 1200 K, shown in Figure 14. As seen, at 870 K, the
addition reactions of OH and HO; radicals to 1,3-butadiene and their subsequent reactions play
important roles in determining the reactivity of the fuel oxidation. These two reactions are pressure
dependent, and sensitivity coefficient changes along with the equivalence ratio. When temperature
goes up to 1200 K, the formed important vinyl radical reacts with O, play an important role in
promoting the reactivity. Not surprisingly, the O atom adds to 1,3-butadiene is one of the important
reactions in determining the fuel reactivity. Branching ratios between the two channels of C4Hs+ O
<>CH20 + CsHa-A (inhibiting reactivity) and C4Hs + O <>C2H3+CH2CHO (promoting reactivity)
along with temperature and pressure changes are important in predicting the fuel reactivity. Further
investigations of those important reaction classes are important in determining the final chemistry
and the model behavior at different temperature, pressure and equivalence ratio.

Figure 15 — Figure 18 show the effect of pressure on ignition delay times measured in four
different shock tubes for fuel/Ar mixtures at ¢ = 0.3, 0.5, 1.0 and 2.0 against the predictions from
the current mechanism. The fuel reactivity at high temperatures and low pressures is predicted well
by the model. We also found, under the same conditions, that there is a discrepancy between two
different facilities. Taking ¢ = 0.5 and fuel/Ar mixture as an example, as shown in Figure 15 (a) the
black, open squares and the solid squares are at the same equivalence ratio and pressure condition
taken by TAMU and UCF separately. The UCF results are consistently faster than those from
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TAMU but both are within the reported experimental uncertainties. A likely reason for this is the
presence of dp/dt and, hence, temperature increases which could make the longer ignition delay
times appear accelerated when plotted in a graph such as that in Figure 15a. For ¢ = 1.0 and
fuel/O2/Ar mixture, TAMU and XJTU have measured the IDT at the same condition and their
experimental results are in very good agreement with each other, Figure 16 (a). The model also
gave a relatively good prediction of the experimental results. A comparison of the dp/dt effect on
the constant volume ignition delay time simulations of the XJTU data is shown in Figure 17, where
ignition delay times become shorter (solid lines) including this effect compared to those without
(dashed lines). The performance of the current mechanism against data shown in Figure 15 — Figure
18 can be considered reasonable.
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Figure 15. Ignition delay time measurements and constant volume simulations (solid lines) for ¢
=0.5and ¢ = 1.0, fuel/O2/Ar mixtures at different pressures. Experimental measurements from
TAMU (solid symbols) and UCF (open symbols).
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Figure 16. Ignition delay time measurements and constant volume simulations (solid lines) for ¢
= 1.0, fuel/O2/Ar mixtures at different pressures. Experimental measurements from KAUST,
TAMU and XJTU.
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Figure 18. Ignition delay time measurements and constant volume simulations (solid lines) of
the UCF data at ¢ = 0.3, fuel/‘air’ and fuel/O2/Ar mixtures at 1 atm.

Mole fraction time-histories of 1,3-butadiene measured at UCF are compared against the model
simulation at 1.61 atm and 1091 K for ¢ = 0.5 and shown in Figure 19. At the wavelength used
(10.537um), the main interfering species are alkenes with C=C bonds. A chemical kinetic
simulation was performed to estimate the interfering species and it was determined that interference
from other alkenes is minimal based on their relative concentrations and absorption cross sections.
Regarding line broadening, the absorption cross section at time-zero was characterized for this
wavelength for the range of Ts and Ps studied. This characterization accounts for the changes in the
absorption cross section at the probed wavelength with temperature and pressure, hence broadening
is not an issue. As we can see, the model consumes the fuel faster than the experimental
measurements after 3 ms which is consistent with the ignition delay time prediction that the model
predicts shorter ignition delay time than the experimental results. The model is in good agreement
with the measured data for this particular experiment but not for all of the experimental conditions
shown in the Supplementary Material which is consistent with the ignition delay time prediction.
Detailed sensitivity analysis and important reaction classes discussion for the discrepancy is shown
in Figure 10.
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Figure 19. Mole fraction changes of 1,3-butadiene against time at 1.61 atm and 1091 K for ¢ =
0.5 in Ar mixture from UCF measurements. (solid line: experiment, dashed line: simulation)

5.2 Laminar flame speed validation

Figure 20 shows the predicted laminar burning velocities against those measured experimentally
for 1,3-butadiene in air at 1 and 5 atm obtained from TAMU. The peak in flame speed is predicted
at ¢ =1.1 which is independent of changing temperature and pressure, while the experimentally
measured peak changes slightly with temperature at both pressures. At 295 K, the peak in flame
speed is located at ¢ =1.2 at both 1 and 5 atm and then changes to ¢ =1.1 at 359 K and 399 K.
Overall, there is good agreement between the model prediction and the experimental measurements.
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Figure 20. Laminar flame speed for 1,3-butadiene in air at 1 and 5 atm. Experimental
measurements are from TAMU.

Sensitivity analyses of reaction rate constants to flame speeds for 1,3-butadiene oxidation were
performed at 1 and 5 atm at different temperatures and equivalence ratios. Figure 21 shows the
results obtained at 5 atm at equivalence ratios of 0.9 and 1.1 at 295 K and 399 K, respectively. Not
surprisingly, as for our sensitivity analyses to flame speeds for the butene isomers [1, 2, 45], many
of the important reactions highlighted there are from the H»/CO sub-mechanism. Competition
between the chain branching reaction of H + 02 <> O + OH and the chain propagation reaction of H
+ 02 (+M) < HO» (+M) largely determines the flame speed predictions. The reaction of carbon
monoxide with hydroxyl radical is the second most reactivity promoting reaction. These reactions
are extremely important in the oxidation of all fuels under different temperatures and pressures.
Rate constants for these reactions have been discussed extensively in the previous work by
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Kéromnes et al. [41]. The highlighted 1,3-butadiene reactions include 1,3-CsHe + H <> CoH4 +
CoH3, C4Hs-i + Oz <> CoH3CO + CH20. Competition between the chain branching reaction of 1,3-
CsHs + O - CH; + CH,CHO and the chain termination reaction of 1,3-C4Hs + O «» CH,O +
CsHy-a is also important in the flame speed predictions and highlighted here.
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Figure 21. Flame speed sensitivity analysis at 5 atm for (a) ¢ = 0.9, T = 295 K, and (b) ¢ = 1.1,
T =399 K.

6 Conclusions

This paper presents ignition delay time and flame speed measurements of 1,3-butadiene oxidation.
The ignition delay times were measured at equivalence ratios of 0.5, 1.0, and 2.0 in ‘air’ at
pressures of 10, 20 and 40 atm in five shock tubes and a rapid compression machine, as well as data
at equivalence ratios of 0.3, 0.5, 1.0 and 2.0 in argon, at pressures of 1, 2 and 4 atm in the shock
tubes. Laminar flame speeds were measured at 295 K, 359 K and 399 K for 1 and 5 atm over a wide
range of equivalence ratios.

A detailed chemical kinetic mechanism has also been developed based on the combination of
related literature experimental and theoretical studies, estimates by analogy with alkenes and ab
initio calculations carried out in this work. The kinetic model includes comprehensive low- and
high-temperature reaction mechanisms specific to diene chemistry. The mechanism is validated
against our new experimental data with sensitivity analyses used to identify important reaction
pathways and Kinetic parameters. The current mechanism captures the laminar flame speed
measurements quite well and also is in reasonable agreement with high-temperature ignition delay
time measurements.

The analogous rate constants from alkenes are used for the important reaction classes involved in
1,3-butadiene low temperature oxidation. These reaction classes are OH and HO; radicals and 30
atom addition to the double bonds in 1,3-butadiene and their subsequent reactions. More studies of
these reactions both theoretically and experimentally are important in furthering the understanding
of low-temperature oxidation of 1,3-butadiene, and a more concerted effort is required if further
strides are to be made in the future.
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