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Abstract

An existing detailed chemical kinetic reaction mechanism for neopentane oxidation [1] is ap-
plied to new experimental measurements taken in a flow reactor [2] operating at a pressure of
8 atm. The reactor temperature ranged from 620 K to 810 K and flow rates of the reactant
gases neopentane, oxygen, and nitrogen were 0.285, 7.6 and 137.1 standard liter per minute
(SLM), respectively, producing an equivalence ratio of 0.3. Initial simulations identified
some deficiencies in the existing model and the paper presents modifications which included
upgrading the thermodynamic parameters of alkyl radical and alkylperoxy radical species,
adding an alternative isomerization reaction of hydroperoxy-neopentyl-peroxy and a multi-
step reaction sequence for 2-methylpropan-2-yl radical with molecular oxygen. These changes
improved the calculation for the overall reactivity and the concentration profiles of the follow-
ing primary products: formaldehyde, acetone, isobutene, 3,3-dimethyloxetane, methacrolein,
carbon monoxide, carbon dioxide and water. Experiments indicate that neopentane shows
negative temperature coeflicient behavior similar to other alkanes, though it is not as pro-
nounced as that shown by n-pentane for example. Modeling results indicate that this behav-
ior is caused by the (-scission of the neopentyl radical and the chain propagation reactions
of the hydroperoxyl-neopentyl radical.
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Introduction
Preignition of hydrocarbons has been studied in internal combustion engines [3, 4, 5]. How-
ever, the detailed mechanism of preignition chemistry, under relevant conditions (T <<
1000 K, P > 1 atm), is not well understood. In view of this, we have developed a program
to investigate the detailed kinetic mechanism of hydrocarbons under these conditions.

Neopentane, because to its unique molecular structure, i.e. all hydrogen atoms are equiva-
lent with only one parent alkyl radical via H atom abstraction, has been the subject of several
oxidation studies [6, 7, 8, 9, 10]. In addition, neopentane does not form a Cs conjugate olefin
from its hydroperoxy-alkyl radical. Conjugate olefins have been identified as controlling
intermediates in the preignition process of hydrocarbons. Specifically, formation of the con-
jugate olefin is considered the key step in the unique phenomenon of low and intermediate
temperature hydrocarbon oxidation called negative temperature coefficient (NTC) behavior.
During the transition from low to intermediate temperature oxidation, the overall reactiv-
ity of the hydrocarbon oxidation decreases as reaction temperature increases. In previous
neopentane oxidation experiments [6, 11] cool flames of neopentane were observed, implying
that neopentane oxidation should also exhibit NTC behavior. In the recent experimental
study of neopentane oxidation at Drexel University using a pressurized flow reactor [2], NTC
behavior has been confirmed.

In our previous detailed modeling study [1], an intermediate temperature oxidation mech-
anism for the combustion of neopentane was developed and compared to the experimental
results of Baker et al. [9, 10]. The detailed model matched both primary and secondary
products measured in those studies. However, the experiments covered a limited range of
conditions: (1) the reaction temperature was constant at 753 K and (2) the pressure was
subatmospheric at 0.65 atm. In the present work, simulations using the detailed neopen-
tane oxidation mechanism will be compared to new experimental data with the purpose of
extending the range of applicability of the model.

Experimental

The neopentane oxidation experiments were conducted in the Drexel University pressurized
flow reactor. The facility and experimental techniques have been described elsewhere [12, 13].
Neopentane used in the experiments was supplied by Quality Standard and Research Gases
with purity of more than 97%. The two primary impurities are n-butane and iso-pentane.
Since the typical products from n-butane and iso-pentane oxidation, such as 1-butene and
pentene, were not observed in the experiments, the effects of these impurities were assumed
negligible. Liquid nitrogen and gaseous oxygen were from BOC Gases with purity more
than 99.6%. Neopentane was metered in the liquid phase through a calibrated capillary
tube with the flow monitored and controlled using a differential pressure transducer and
computer controlled metering valve, respectively. Before neopentane enters the reactor, it
merges with heated nitrogen and evaporates. The reactor pressure is controlled by a stainless
steel regulating valve near the exhaust and is measured by two pressure transducers at the
entrance and exit of the reactor. Neopentane has a boiling point of 9.5 °C at 1 atm and 86
°C at 8 atm. The flow rate is controlled in the liquid phase. However, neopentane evaporates
before it enters the mixing nozzle, where the temperature is greater than 500 K, and thus
significantly higher than the boiling point of the fuel. The evaporated neopentane is forced
out through six fuel nozzles into the narrow annulus just downstream of the Oy/Ny mixture
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jets. The high level of turbulence, induced by the opposing jets of fuel and Og/Ny mixture
stream, provides a region of rapid mixing and ensures that the fuel is well mixed with the
O2/Ng mixture.

In these experiments, nitrogen and oxygen were mixed together to obtain a synthetic air
mixture free of carbon dioxide and the equivalence ratio was calculated with this synthetic
air. Additional nitrogen was added to dilute the mixture and to minimize the temperature
rise due to exothermicity. The dilution is defined in terms of volumetric flow rates of air
and nitrogen: V(Ny)/(V(air) + V(N3)). The equivalence ratio was maintained at 0.3 in all
experiments while different dilutions can be obtained by changing the N3, Oy and fuel flow
rates. In this study, a dilution of 75% was maintained. The flow rate of neopentane was
calibrated just before running the experiments. To do this, we first substituted the required
flow rate of Oy with Ny, so that there was no reaction during the calibration. Then, we
used a differential pressure transducer and a computer controlled step motor to control the
opening of the needle valve in the flow line. The voltage output from the differential pressure
transducer varies proportionally to the change in liquid fuel flow rate. After the reactor
system was stabilized under the experimental condition, the samples (mixture of Ny and
neopentane vapor) inside the reactor were directed to the FTIR where the concentration of
neopentane was measured. When the concentration of neopentane reached the desired value,
the corresponding voltage output from the differential pressure transducer was sent to the
computer as the baseline. The Labview controlled program then automatically drove the step
motor to control the needle valve and maintain a constant fuel flow rate. The concentration
of the fuel was measured a second time and it was found that the error between the real
concentration and the desired value to be less than 0.5%. (For the 75% N2 dilution case,
the real concentration of neopentane was 1960 ppm while the desired value was 1966 ppm.
For 85% N2 dilution case, they were 1215 ppm and 1220 ppm, respectively.)

A glass-lined hot water cooled gas sampling probe with thermocouple is mounted on
a computer-controlled translating table, which moves the probe along the reactor center-
line to extract gas samples at selected locations. The extracted sample is split with some
sample flowing to an on-line non-dispersive infrared analyzer to measure carbon monoxide
(CO) and the rest directed to an optical cell for Fourier transform infrared (FTIR) species
analysis. FTIR takes the absorbance spectra as a function of wavenumber for samples (ex-
haust mixture from neopentane oxidation) collected in an optical cell. According to Beer’s
law, the absorbance of overall spectra is the linear addition of those of pure species, while
each species also has its own featured spectra, i.e. absorbance at different wavenumbers.
Therefore, the spectra are compared with a built-in standard known infrared spectra library.
The SEARCH software [14]-[17] can identify species in the compound based on Hit Quality
Index (HQI). (note: FTIR does not involve any physical separation, such as occors in the
column of a GC system.) In addition, we have generated a set of standard spectra of pos-
sible species with known concentrations. To quantify the species, we used the subtraction
method of FTIR systems. The library contains spectra of identified pure species in known
concentrations. These spectra are multiplied by a multiplication factor and subtracted in
sequence from the overall spectra. The multiplication factor can be used to calculate the
concentration of specific species in the sample. After subtracting all of the identified species
in the sample spectra, the remaining absorbance spectra becomes a fairly flat line, indicating
we have identified and quantified the species. For example, if the spectra of a species, which



does not exist in the sample, is subtracted from sample spectra, there will be a valley in
the remaining spectra. On the other hand, if the spectra of a species, which does exist in
the compound, is not subtracted from sample spectra, there will be a peak in the remaining
spectra. In addition, many compounds have absorbance peaks at different wavenumbers and
thus can be easily identified using a library. For example, isobutene has a feature absorbance
peak at 890 cm~! while 1-pentene has the feature absorbance at 910 cm~!. Therefore, it is
easy to distinguish them using their FTIR spectra. For the same reason, acetone and 3,3-
dimethyloxetane are positively identified. Acetone and 2-butanone have featured absorbance
peak at 1217 cm~! and 1741 cm™!, respectively and thus one cannot be mistaken for the
other. Amoung the species detected and quantified were neopentane, formaldehyde, acetone,
isobutene, 3,3-dimethyloxetane, methacrolein, formic acid, carbon monoxide, carbon dioxide
and water.

Two sets of experiments were used for the modeling study. All experiments were carried
out at an equivalence ratio of 0.3, pressure of 8 atmospheres and 75% nitrogen dilution [2].
First, we conducted reactivity mapping experiments with a constant residence time (CRT)
of 200 ms, and a nitrogen dilution of 85%. However, in order to facilitate the species
measurements, the reactivity was promoted by reducing the nitrogen dilution to 75%. The
reactor was heated to 810 K and after conditions stabilized, the heaters were turned off
which causes the reactor to cool at a rate of 2-5 °C/min. As the reaction gases cool, the
probe moves towards the inlet to maintain constant residence time at the sampling point. A
series of sample FTIR spectra were taken for species measurement while CO formation was
continuously monitored as an indication of overall reactivity. Figure 1 shows a comparison
of CO production, used to characterize extent of reaction, at 75% and 85% nitrogen dilution
in addition to the comparable reactivity of n-pentane [18]. Note that at 85% dilution,
neopentane is much less reactive than n-pentane. Second, based on the observations from
reactivity mapping experiments, we selected two reactor temperatures, 690 K and 757 K,
for axial profiles at constant inlet temperature. The lower temperature is below the start of
NTC and the higher one is in the NTC regime. Samples were taken at different positions
along the reactor, which correspond to different residence times.

Computational Model

Computer simulations were performed using the HCT code [19], which solves the coupled
chemical kinetic and conservation equations for energy, mass and momentum under a va-
riety of boundary and initial conditions for reactive systems. The high-pressure reactor
experiments were simulated as an adiabatic, isobaric (8 atm) plug flow with negligible axial
diffusion of species and energy. The detailed chemical kinetic reaction mechanism used in
these calculations was based on previous work by the authors [1, 20, 21]. We employ the
hierarchical nature of reacting systems starting with a core mechanism describing Hy/O4 and
CO oxidation. To this is added the progressively larger C;-C, mechanism and ultimately
the Cs neopentane mechanism whereby the complete model consists of approximately 390
different chemical species and 1875 elementary reactions.

In our more recent modeling work of neopentane oxidation [1] we have described the main
reactions associated with the low-temperature portion of the mechanism. That mechanism
has been applied to the current study but a number of changes have been made, and these
are discussed below.



The thermodynamic properties for the relevant radicals and stable parent species were
obtained by group additivity using THERM [22] with updated H/C/O groups and bond
dissociation groups [23]. These thermochemical data allow calculation of reverse reaction rate
constants by microscopic reversibility. We have updated the group values for alkyl-peroxide
species based on the recent study of Lay and Bozzelli [24] and have modified these slightly so
that the thermodynamic functions of R+ Oy = R02 reactions agree with the experimental
and calculated values of Knyazev and Slagle [25], Table 1. A comparison of our current
THERM generated thermochemical values with those recommended by Knyazev and Slagle
for a number of selected species are reported in Table 2. A listing of the thermodynamic
parameters for the important species associated with neopentane oxidation are listed in
Table 3, with the species names defined below. Our number for the heat of formation of the
neopentyl radical is in good agreement with the values recommended by Slagle et al. [26] of
8.735 kcal mol~!. Our entropy value for neopentyl radical is almost four units lower than
83.34 cal mol~! K~! recommended by Slagle et al. but is in good agreement with that
listed in the NIST stuructures and properties database, [27]. A full listing of the reaction
mechanism can be obtained by Internet electronic mail (curran6@llnl.gov) or on disk by
writing to the authors.

Neopentane Oxidation

The overall reaction scheme for neopentane oxidation is depicted in Fig. 2. The species
names are defined as follows: neoCsH;, (neopentane), neoCsH;; (neopentyl radical), iC4Hg
(isobutene), neoCsH;; Oy (neopentyl-peroxy radical), neoCsHyOOH (hydroperoxy-neopentyl
radical), neoCsHy0O (3,3-dimethyloxetane), neoCsH;gOOH-O, (hydroperoxy-neopentylperoxy
radical), iC4H,OOH (isobutenyl-hydroperoxide), neoCsHygqs (dihydro-peroxide-neopentyl rad-
ical), neoCsket (2-methyl isopropanal-2-methylhydroperoxide), neoCsketox (2-methyl isoprop-
anal-2-methyoxy radical), and neoCskejol (3-hydroxy-2,2-dimethyl-propanal radical).

The present study was carried out in the temperature range 620-810 K, the region
in which low temperature kinetics dominate. Low temperature oxidation of hydrocar-
bons has been discussed extensively in the literature [21, 28, 29, 30|, so only the high-
lights relevant to neopentane oxidation will be discussed here. At low temperatures, chain
branching is due primarily to the reaction pathway leading through 2-methyl isopropanal-
2-methylhydroperoxide. From 620-690 K we observe increasing overall reactivity with in-
creasing temperature, as seen from the decreasing neopentane concentrations in Fig. 6. As
the temperature increases above 690 K the chain propagation reactions of the hydroperoxy-
neopentyl species increase in importance, leading to the formation of heterocyclic species,
olefins, and other #-decomposition products, Fig 5, with a corresponding decrease in the
proportion of chain branching reactions. This competition, in addition to the (-scission of
the neopentyl radical results in a gradual decrease in the overall reaction rate with increasing
temperature a phenomenon known as negative temperature coefficient (NTC) behaviour.

In this study, initiation occurs mainly via H-atom abstraction by molecular oxygen with
a small contribution from unimolecular fuel decomposition:

HGOC5H12 + 02 —49—0) HGOC5H11 -+ H02

HGOC5H12 —48—2) tC4H9+CH3



The numbers above the arrows refer to the reaction numbers in the kinetic mechanism.
Initiation is followed by H-atom abstraction from the fuel, primarily by OH radicals and to
a lesser extent by HO2, and O atoms. The neopentyl radical so produced, can either add to
molecular oxygen producing neopentyl-peroxy radicals, neoC5H1102, or undergo (-scission
to give isobutene and methyl radicals. The rate of neopentyl radical addition to O, was
taken from Xi et al. [31] while the rate of neopentyl G-scission, reaction (493), was estimated
in the reverse direction and calculated from miscrosopic reversibility. We choose to use our
own estimate here as it best fits our data and is in good agreement with the value of Slagle
and co-workers [26] in addition to the recommendations by Hughes et al. [32, 33], Baldwin
et al. [34] and Tsang [35], Table 4.

Reactions of the neoCsH;;Os species and the equilibrium of the R+ 0, = RO, reaction
are of great importance in determining both the product species distributions and the overall
rate of fuel oxidation. There are three major types of reactions of the neoCsHi; O, radicals.

1. Decomposition to neoCsHy;, + Oy. This rate constant is calculated from the reverse
rate constant and from the equilibrium constant (thermochemistry). Our equilibrium
constant Keq at 700 K for this reaction is 2.17 X 107¢ cm?® molecule™, in contrast with
3.89 x 10717 ¢cm3 molecule~! recommended by Hughes et al. [32, 33]. This discrepency
of a factor of 5.6 is almost entirely due to the differences in the recommended enthalpies
of reaction. We use -35.50 kcal/mol, while Hughes et al. measure -32.77 kcal/mol. At
700 K this difference is a factor of 7.0 which is very similar to difference in equilibrium
constant expressions.

2. Intermolecular abstraction of hydrogen atoms from other hydrocarbon species to pro-
duce the stable neopentylhydroperoxide species, (neoCsH;102H), which then decom-
poses to neoCsH;;O + OH, reaction (1320). The rate of this reaction is provided
in Table 5 and is similar to that recommended by Sahetchian et al. [36] for vari-
ous molecular hydroperoxide pyrolyses. The neoCsH;; O radical undergoes [F-scission
to yield formaldyhyde and tert-butyl radical. Modeling results show that the reac-
tion of neoCsH;; 0y with HO, radical is of some importance at lower temperatures
(640-700 K). Our chosen rate constant is approximately a factor of two slower than
the recommendation of Rowley et al. [37], reaction (1316), Table 5. The lower rate
constant was chosen to get better agreement with the overall oxidation rate at lower
temperatures. This reaction leads (indirectly) to the formation of significant quantities
of acetone as indicated in our discussion below.

3. Isomerization of the neopentyl-peroxy radical via internal H-atom transfer to form
a hydroperoxy-neopentyl radical, neoCsH;qOOH, reaction (1315). The rate of this
isomerization has been a central issue in two studies; that of Baldwin et al. [34] at 753 K,
and Hughes et al. [32, 33] in a flow system at 700 K. These studies both recognised
the importance of the same isomerization reaction, and combined their experimental
results with kinetic analyses to arrive at rates of this isomerization reaction at their
respective temperatures. These rate expressions are summarized in Table 4 together
with the rate constant we have used in our computations. All three rate expressions
are evaluated at 700 K for the purpose of comparison. Qur current rate expression is



about a factor of two faster than that recommended by Hughes et al. and Baldwin
and co-workers.

In our present analysis of this reaction mechanism we calculate the forward isomeriza-
tion rate constant based on the theoretical methods of Bozzelli [38], which has been
described previously [21], and is based on our analysis of all possible RO, = QOOH
isomerizations presented in our n-heptane study [21]. The .A-factors for isomerization
have been adjusted downwards to agree with a large number of comparisons between
modeling and experimental results. The reverse isomerization rate constant is based on
microscopic reversibility using calculated thermodynamic properties from THERM. Us-
ing these forward and reverse isomerization rate constants, the current model predicts
rapid reaction in both directions with a net forward rate in good agreement with the
rate constants reported by the experimental studies, Table 4. The experimental stud-
ies suggest a direct isomerization of neopentyl-peroxy radical to hydroperoxy-neopentyl
radical with little or no reverse reaction, while reaction rates based on thermochemical
analysis indicate a more rapid forward rate constant with significant reverse reaction.

The hydroperoxy-neopentyl radical formed can react via three major pathways.

1. Following Pollard [39], this species can react via O-O homolysis, producing the cyclic
ether, 3,3-dimethyloxetane, and hydroxy radical. The rate parameters for this reac-
tion (1322) are given in Table 5 and are consistent with those reported in our earlier
publication [1].

2. The neoCsH;oOOH species can undergo (-scission at two different sites, leading to the
formation of two distinct sets of products. The hydroperoxy-neopentyl radical may
scission to yield isobutene, formaldehyde and hydroxyl radical, reaction (1323), but
can also lead to an alternative set of products, isobutenyl-hydroperoxide, iC4H7;OOH,
and methyl radical, reaction (1467). The rate for the formation of both sets of products
was determined as follows. The reverse rate (i.e. either isobutene plus hydroperoxy-
methyl radical or isobutenyl-hydroperoxide plus methyl radical) was likened to a methyl
radical adding across the double bond in isobutene to yield neopentyl radical. The rate
for this reaction was taken to be 1.0 x10'! exp(—11100/RT). Both forward rates, the
(B-scission reactions, were calculated using microscopic reversibility, Table 5.

3. In addition, neoCsH;oOOH radical can add to molecular oxygen to form hydroperoxy-
neopentyl-peroxy (neoCsH;0OOH-O,) radical. The rate of this reaction was taken to
be equal to that used for the addition of O, to neopentyl radical.

In our earlier study [1] we included only H-atom isomerization on the neoCsH;oOOH-
O, radical from the carbon adjacent to the hydroperoxy group to form the stable 2-methyl
isopropanal-2-methylhydroperoxide species and hydroxyl radical. This isomerization is in-
cluded in this study, but we first create the radical precursor (neoCsHgqy-n), reaction (1325),
which decomposes to form 2-methyl isopropanal-2-methylhydroperoxide and hydroxyl radi-
cal, reaction (1852), Fig. 2. Moreover, we also include the possibility of H-atom abstraction
from one of the two methyl groups adjacent to the hydroperoxy group to form the neoCsHgqs
radical, reaction (1849), Fig. 2. The rate expressions for the two isomerizations, reactions



(1325) and (1849) are based on our calculations of all RO, = QOOH isomerization reac-
tions [21]. The neoCsHgq, radical can then decompose to form isobutenyl-hydroperoxide,
formaldehyde and hydroxyl radical, reaction (1850), with the rate of this reaction estimated
in the reverse direction, similar to reaction (1323) as described above.

Once the 2-methyl isopropanal-2-methylhydroperoxide species is formed we no longer
allow it to decompose directly to 2-methylpropanal-2-yl (tC3HgCHO) radical, formalde-
hyde and hydroperoxy radical. (In our previous work [1] 2-methylpropanal-2-yl was named
iC3HgCHO). Currently, 2-methyl isopropanal-2-methylhydroperoxide undergoes O-O ho-
molysis to generate 2-methyl isopropanal-2-methyoxy and hydroxyl radicals, reaction (1434).
The rate of reaction (1434) is based on the recommendations of Sahetchian et al. [36] for
various molecular hydroperoxide pyrolyses. The neoCsketox radical so produced can then
decompose to produce 2-methylpropanal-2-yl radical and formaldehyde, reaction (1846) or
isomerize to generate the neoCskejol radical, reaction (1847), which can then decompose
to form carbon monoxide and 1-propanol-2-methyl-2-yl radical, reaction (1848). The rate
expression for reaction (1846) was estimated in the reverse (exothermic) direction, the addi-
tion of tC3HgCHO to CH,0, with the forward decomposition calculated from thermochem-
istry. This rate constant for the addition reaction was estimated to be 1.0 x 10" exp (—11.9
kcal /RT) cm® mol~! s™! The rate of reaction (1847) is based on our recommendations for all
RO, = QOOH isomerization reactions [21], with the A-factors adjusted downwards. The
rate constant expression for reaction (1848) of 1.5 x 10" exp (—4.8 kcal/RT) c¢cm? mol~! s7,
is similar to that recommended by Tsang and Hampson [40] for ethyl addition to carbon
monoxide.

Finally, the kinetics of the oxidation of the tC3HgsCHO radical have also been updated.
Previously, we included a one-step reaction in which the 2-methylpropanal-2-yl radical re-
acted with molecular oxygen generating acetone, carbon monoxide and hydroxyl radical. We
now include this reaction as a multi-step process in which tC3HgCHO adds to O, creating
the alkyl-peroxy radical, reaction (1484), with the rate of this reaction taken to equal that
for the addition of O, to neopentyl radical. The tC3HgO,CHO radical isomerizes via a H-
atom shift to produce two different hydroperoxy-alkyl radicals reaction (1485) and (1486),
the rates of these reactions are calculated in the same way as all RO, = QOOH iso-
merization reactions [21]. The tC3HgO;HCO radical decomposes to form acetone, carbon
monoxide and hydroxyl radical, reaction (1488). The rate of this reaction was estimated in
the reverse direction, the addition of carbon monoxide to tC3HgOoH. A rate constant of
1.5 x10" exp (—4.8 kcal/RT) cm?® mol™" s™!, similar to that recommended by Tsang and
Hampson [40] for ethyl addition to carbon monoxide was used. The iC3H;O,HCHO radical
produces methacrolein (iC3H;CHO) and hydroperoxy radical, reaction (1487), Fig. 3. The
rate expressions for reaction (1487) was also estimated in the reverse direction, the addi-
tion hydroperoxyl radical to methacrolein with a rate expression of 2.23 x10'" exp (—10.6
kcal /RT) c¢cm® mol~! s™'. The rate expressions for all of the above reactions are provided in
Table 5.

Results and Discussion

In this section, the product species concentrations calculated by the model and measured
in the experiment are discussed and compared. The product species results of the model



and the experiment are shown in Figs. 5-8. The species mole fractions are plotted ver-
sus the temperature at 200 ms which is the residence time at which the temperature and
species mole fractions were measured experimentally. All temperatures below refer to the
temperature at 200 ms residence time. Overall, there is very good agreement with both
the experimental fuel decomposition and product species formation being reproduced by the
model. At lower temperatures (620650 K) formic acid is not predicted to be formed by
the model although it is experimentally observed to peak at 645 K. The model predicts no
reaction until the temperature reaches 630 K. We have included a formic acid production
pathway from formaldehyde but we assume that there must be another formation pathway
that we are unaware of. In addition, we have used the output edits from HCT to analyze
the main flux through neopentane oxidation pathway. In Figs. 2 and 3 we have normalized
the formation of neopentyl radical from neopentane to be 100%. The percentage numbers
associated with each subsequent reaction is its contribution to the overall oxidation pathway
at 757 K, where 27.9% of the fuel has been consumed at a residence time of 200 ms. We
discuss below these main pathways producing the intermediate product species at 690 and
757 K as these are the two temperatures for which there are experimental species profiles
versus time.

At both 690 and 757 K the main intermediate products formed are formaldehyde (CH50),
acetone (CH3COCH;), isobutene (iC4Hg), 3,3-dimethyloxetane (neoCsH;pQ), formic acid
(HCOOH), methacrolein (iC3H;CHO), Fig 5, carbon monoxide and water, Fig. 6.

At 690 K formaldehyde is formed in almost equal quantities from the (-scission of the
neoCsketox radical and the reaction of CH;O radical with O,. About half as much is formed
from the (-scission of neoCsH;;O radical. Both formaldehyde and acetone are formed from
the decomposition of the HOQC4HBO radical, produced from the 1C4H80H radical as part of
the Waddington mechanism [41, 42), Fig. 4.
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neOC5ket0X — tC3H6CHO + CH,O
CH;0,H 2, CH;0 4 OH
CH3O + 02 i) CHQO + H02
HGOC5H1102 + H02 ﬂ) HGOC5H1102H -+ 02
neOC5H1102 + H202 il?) neOC5H1102H + H02

neOC5H1102H 1320 neOC5H110 + OH

J

neOC5H110 ﬂ) CH20+tC4Hg

At 757 K all of the above reactions still contribute to formaldehyde formation but the
relative contribution from methyl-hydroperoxide is half that observed at 690 K.

At both 690 and 757 K about twice as much acetone is formed from the oxidation
the tC3HgCHO radical produced in reaction (1846) shown above than is produced from the
iC4HgOH radical. The tC3HgCHO radical adds to molecular oxygen, and the resultant alkyl-
peroxy radical undergoes internal H-atom isomerization to produce tC3HgO,HCO radical.
This species decomposes to yield acetone, carbon monoxide and hydroxyl radical, Fig. 3.



The tC3HgCHO radical can also form acetone through the following sequence of reactions:

tCsHgCHO + HO, 284 +C3HsOCHO + OH
tCsHOCHO 282, CH,COCH; + HCO

The contribution from this sequence is about a third that produced from the iC,HgOH
radical.

Finally, at 690 K the same quantity of acetone produced from the tC3HgOCHO radical
is also generated from the decomposition of the tert-butyl-alkoxy radical. This species is
formed by the reaction of tert-butylperoxy radical with hydroperoxy radicals by analogy
with the neopentyl-peroxy radical above, (reaction 1316).

tC,HoOp + HOy 225 tC,HgOoH + O,
tC,HoO,H 2% +C,H,O + OH
tC,HoO 22, CH3;COCH; + CHj

At 690 K isobutene is formed mainly through the oxidation of tert-butyl radicals, which
are generated by the (-scission of neopentoxy radicals, reaction (1321). The reaction of
neoC5H1102 radical with H02 and HyO, accounts for 18.7% of the total flux through the
system at 690 K and reduces to 4% at 757 K. The tert-butyl radicals add to molecular
oxygen to form tert-butylperoxy radical which can undergo an internal H-atom isomerization
to generate the tert-hydroperoxy- iso-butyl radical, tC,HgOOH-i. This then undergoes (-
scission to generate isobutene and hydroperoxy radical.

tC4Hg + 0y —225  tC4HyO,

902

tC4H902 S tC4HBOOH—i
tC,HgOOH-1i —22 iC,Hg + HO,

It is interesting that at 690 K the concentrations of isobutene and acetone are sensitive to
the rate of tert-butylperoxy radical isomerization, reaction (902), and to its rate of reaction
with hydroperoxy radical, reaction (855). At 690 K increasing the rate of reaction (902)
produces more isobutene and reduces the concentration of acetone.

At 757 K almost twice as much isobutene is generated from (-scission of the neopentyl
radical than from the oxidation of tert-butyl radical. In addition, 3-scission of hydroperoxy-
neopentyl radical produces almost equal quantities of isobutene as the tert-butyl pathway.

HGOC5H11 —49—3) iC4H8 + CH3
neoCsH;OOH 222 iC,Hg + CH,O + OH

The formation of 3,3-dimethyloxetane can be explained exclusively by the reaction:

HGOC5H1000H —lﬁ) HGOC5H1()O + OH

10



Included in the mechanism are the consumption reactions of neoCsH(O:
neoCsHy o0 22 iC,Hg + CH,0
neoCsH;00 + X —— tC4HgCHO + HX
neoCsH,;00 + X —— iC4Hy + CH,0 + HX

1544

tC,HgCHO =% iC3H;CHO + CH;
tC,HCHO 2225 iC,Hg + HCO

Radical species, OH and HO, can abstract a H atom from either of two sites on neoCsH;(O:;
from a secondary H atom bonded to the carbon which is part of the ring or from a primary
H atom bonded to a methyl group. The more easily abstracted H atom is that bonded to
the carbon in the ring structure, as this carbon atom is bonded to an oxygen atom which is
electron withdrawing, and thus lowers the strength of the C—H bond. H atom abstraction
is followed by ring opening yielding the tC,HsCHO radical. This tC,HsCHO radical sub-
sequently undergoes (-scission leading to the formation of isobutene and formyl radical or
methacrolein and methyl radical.

As stated earlier, formic acid is not well predicted in the temperature range 620650 K.
Above 650 K formic acid is predicted to be formed by hydroxyl radical addition to formalde-
hyde.

CH,O0 + OH =% HOCH,0
HOCH,O 225 HCOOH+H

At both 690 and 757 K, methacrolein is mainly formed from the decomposition of the
iC3H50,HCHO radical, reaction (1487). The oxidation and S-scission of methallyl-oxy rad-
ical, reacions (1717) and (1546) respectively, also produce methacrolein but are of relatively
minor importance.

iCsHsO,HCHO 2% iC3H;CHO + HO,
iC,H,0 + 0, 2% iC3H5CHO + HO,
iC,H,O0 2228 C;H,CHO +H

Carbon monoxide is formed {from many reaction channels but mainly through the reaction
of formyl radicals with molecular oxygen and the (-scission of the tCsHzO,HCO radical.

Water is formed mainly by reaction of hydroxyl radicals with the fuel and with formaldehyde.
HCO+0, — CO+HO,
tC3HeO,HCO —=% CHzCOCH; + CO + OH
86
2

neoC5H11 + HQO

14
HGOC5H12 + OH 4—)
3

CH,O0 +OH —25 HCO + H,0
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Sensitivity Analysis

A detailed analysis was carried out to investigate the sensitivity of various reactions to the
oxidation of neopentane. We used the flux diagram analysis in Fig. 2 as a basis in identifying
the major oxidation pathways and thus the reactions responsible for neopentane oxidation.
In addition, we also included sensitivity to other reactions such as HoOo+M = OH+OH+M.

Sensitivity analyses were performed by multiplying the rate constant of a reaction by
a factor of two (both forward and reverse rates) and then calculating the percent change
in neopentane conversion. Analyses were performed using a residence time of 200 ms at
two initial reaction temperatures of 675 K and 748 K, which resulted in outlet sampling
temperatures of 690 K and 757 K, with respective fuel conversion of 32.0% and 26.9%. We
define the sensitivity coefficient as the change in fuel conversion compared with the baseline
simulation and express this as a percentage. Fuel conversion is a good measure of overall
reactivity. A positive percent change indicates an increased level of fuel conversion while a
negative change indicates a decreased level of fuel conversion. The reaction rate constants
that exhibited the highest sensitivity are shown in Fig. 9. Reactions in which we multiplied
both forward and reverse rate constants by a factor of two are denoted with an equal to “="
sign between reactants and products and reactions in which we multiplied only the forward
rate constant (i.e. effected a change in the equilibrium constant) are denoted with an arrow
“=" between reactants and products.

The reaction with the highest positive sensitivity, and is therefore the most effective in
promoting the overall rate of oxidation is reaction (486), H atom abstraction from neopentane
by hydroxyl radical:

neOC5H12 + OH ﬂ) neOC5H11 + HQO
Conversely, the reaction with the highest negative sensitivity is H atom abstraction from
formaldehyde by hydroxyl radical, reaction (32).

CH,0 + OH —25 HCO +H,0

At both 690 and 757 K hydroxyl radicals react with neopentane and formaldehyde at
much the same rate. Reaction (486) is the controlling step, producing neopentyl radicals
which can add to molecular oxygen and proceed to branching as outlined in Fig. 2. The
competing reaction with formaldehyde inhibits the production of neopentyl radicals and
ultimately the amount of chain branching.

The second and third highest positive sensitivity coefficients are exhibited by the equilib-
rium constants associated with the neopentyl-peroxy radical isomerization, reaction (1315),
and the addition of the subsequent hydroperoxy-neopentyl radical to molecular oxygen, re-
action (1324).

HGOC5H1102 \g HGOC5H1000H

neOC5H1()OOH+OQ :% neOC5H1000H—OQ

Multiplying both forward and reverse rate constants of reactions (1315) and (1324) by a
factor of two also results in high positive sensitivity coeflicients. Increasing the rates of these
reactions increases the rate of hydroxyl radical production from chain branching, Fig. 2.

12



Other reactions showing positive sensitivity coefficients were H atom abstraction from
the fuel by hydroperoxyl radical, reaction (488), the abstraction the isomerization of the
hydroperoxy-neopentylperoxy radical, reaction (1325), the addition of neopentyl radical to
molecular oxygen, reaction (1313), and isomerization of the 2-methyl isopropanal-2-methyoxy
radical to 3-hydroxy-2,2-dimethyl-propanal radical, reaction (1847).

HGOC5H12 + H02 &) HGOC5H11 -+ H202
neOC5H1()OOH— 02 \ﬁ neOC5H9q2—n
HGOC5H11 + 02 ﬂ HGOC5H1102

184§

neoCsketox = neoCskejol

Increasing the rates of reactions (1325), (1313) and (1847) promotes chain branch-
ing and so leads to the observed positive sensitivity coefficient. The [(-scission of the
hydroperoxy-neopentyl radical, reactions (1323) and (1467), and its rearrangement to form
3,3-dimethyloxetane and hydroxyl radical, reaction (1322), all show negative sensitivity co-
efficients as they compete with the above chain branching pathways. The (-scission of
neopentyl radical, reaction (493), results in a negative sensitivity coefficient as this reac-
tion competes with addition to molecular oxygen producing stable isobutene and relatively
unreactive methyl radical.

HGOC5H11 —49—3) IC4H8+CH3

HGOC5H1()OOH —lﬁ) neOC5H100 + OH
neoCsH,,O0H -2, iC,Hg + CH,O + OH
neoCsH,,O0H %% iC,H,00H + CH,

The retarding influence of the last four aforementioned reactions slows the oxidation rate
of neopentane and produces its observed NTC behavior. This explaination contrasts with
other hydrocarbons where the formation of a conjugate olefin is the key retarding step that
slows the oxidation rate of the hydrocarbon and produces its NTC behavior. Due to the
molecular structure of neopentane, it does not produce a conjugate olefin, and its NTC
behavior is due to the alternative four reactions above.

Another example of this competing positive/negative sensitivity coefficient is the iso-
merization of the tC3HgO»CHO which can form tCsHgOoHCO radical, reaction (1486), with
subsequent decomposition forming a reactive hydroxyl radical resulting in a positive sensitiv-
ity coefficient. Alternatively, isomerization to form iC3H5O,HCHO radical, reaction (1485),
leads to less reactive hydroperoxyl radical and thus a negative sensitivity coefficient, Fig. 3.

The self reactions of hydroperoxyl radicals, reactions (50) and (518), and the reaction
of hydrogen peroxide with hydroxyl radical, reaction (13), show negative sensitivity coeffi-
cients as hydroxyl radical reacts with hydrogen peroxide rather than with the fuel, creating
hydroperoxyl radical and water. These two sets of reactions also have the same absolute
values because doubling the rates of reactions (50) and (518) doubles the concentration of
hydrogen peroxide and effectively doubles the rate of reaction (13).
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Finally, the decomposition of hydrogen peroxide to form two reactive hydroxyl radicals,
reaction (51), shows no sensitivity at 690 K but significant positive sensitivity at 757 K. Koert
et al. [43] have observed a high sensitivity to this reaction. They found that this reaction
is important in controlling the overall reaction rate at the end of the NTC region, and has
comparatively little effect at the onset of the NTC region, which is exactly the behavior we
observe in this study. It is also interesting to note that we observed no sensitivity to the
reaction of fuel with molecular oxygen, the initiation reaction, at either 690 or 757 K.

Conclusions

A detailed chemical kinetic model, which was developed previously [1], has been used as a
basis for the current modeling of lean neopentane oxidation in a flow reactor. The earlier
mechanism has been modified to include thermodynamic parameters of alkyl radical and
alkyl-peroxy radical species based on the recent publications of Lay and Bozzelli [24] and
Knyazev and Slagle [25]. In addition, an alternative isomerization reaction of the hydro-
peroxy neopentyl-peroxy (neoCsH;gOOH-0,) radical has been added as has a two-step de-
composition of the resultant dihydroperoxy-neopentyl-radical to form 2-methyl isopropanal-
9-methylhydroperoxide. Moreover, the addition of 2-methylpropanal-2-yl (tCsHgCHO) rad-
ical to molecular oxygen, with subsequent isomerization and decomposition to yield acetone,
carbon monoxide and hydroxy radical is no longer treated as a one-step process. We have
added a multi-step reaction sequence consistent with our current understanding of this type
of reaction process.

Calculations on a limited set of experimental results have shown that the model can pre-
dict product formation with a high degree of accuracy. The overall reactivity of neopentane
oxidation is reproduced very well by the model. Experiments indicate that neopentane does
show negative temperature coefficient behavior similar to other alkanes, though it is not as
pronounced as that shown by n-pentane for example. Since neopentane does not have a con-
jugate olefin, alternative explainations of it observed NTC behavior were sought. Modeling
results indicate that this NTC behavior is caused by the 3-scission of the neopentyl radical,
reaction (493) and the chain propagation reactions of the hydroperoxyl-neopentyl radical,
reactions (1322), (1323) and (1467).
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“AH°_ @298 K | -AS°_ @ 298 K
(kcal/mol) (cal/mol-K)

R [25] | this study | [25] | this study
CH; [3274] 3282 [31.05] 31.20
C,Hs [3547| 3550 |33.58| 33.61
iC;H, |37.14| 3722 |37.26| 37.44
tC,Hy |[36.52| 36.50 |[39.51| 39.50

neoCsHyp | — 35.50 — 34.03

Table 1: Thermodynamic functions of R+ O, = R02 reactions.

H? @ 298 K (kcal/mol)

R RO, ROOH
R | [25] [thisstudy | [25] [ thisstudy | [24] | [25] [ this study
CH; [3489| 34.82 2.15 2.00 [ -31.80 [ -33.22 | -31.80
CoHs | 28.92 |  28.60 -6.55 -6.90 | -39.90 | -41.92 | -40.70
iCsH; | 21.51 |  21.02 | -15.60 -16.20 | -49.00 | -51.00 |  -50.00
tC4Hy | 12.26 | 11.90 | -25.26 -24.60 | -58.40 | -59.63 | -58.40

Table 2: Enthalpies of formation for selected species.
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H; @298 K| S @298 K | C, @300 K
Species (kcal/mol) | (cal/mol-K) | (cal/mol-K)
HGOC5H12 -40.30 72.87 29.13
neoCsH,; 8.70 79.46 28.54
HGOC5H1102H -60.60 95.56 37.46
neoCsH;; O ~26.80 94.43 35.41
neoCsH,,O0OH ~11.60 101.16 36.69
neoCsH,,OH _76.10 86.27 32.23
neoCsH;; O -924.14 84.81 31.25
neoCsH,;,O -33.33 77.84 26.40
neoCsOOH-O,H ~80.90 117.67 45.79
neoCsOOH-O, -47.10 116.54 43.74
neoCsket _78.60 104.79 37.92
neoCsHgq, -31.90 121.09 45.02
neoCsHggo-n -37.00 121.49 45.93
neoCsketol -94.10 95.50 32.69
neoCsketox 42.14 94.04 31.71
neoCjskejol -57.20 96.62 31.86
iC3HgO,HCHO ~74.90 94.37 32.51
iC3HsO,CHO -41.10 93.24 30.46
iC;H5;0,HCHO -25.90 97.94 31.86
tC3HgOoHCO ~38.00 95.49 31.68

Table 3: Thermodynamic properties for selected species

‘ T =700 K k493 (S_l) k1315 (S_l) ‘
This work ~ 9.75 x107%  2.71 x10*%
This work 9.43 x10%02*
Ref. [1] 8.92 x10%%  7.66 x1070
Ref. [26] 1.78 x10+% —

Ref. [32, 33] 1.56 x107* 1.24 x10+%
Ref. [34] 1.39 10t 9.65 x10702"
Ref. [35] 5.27 x10%% —

Table 4: Comparison of current model rates with literature recommendations. # Overall net
rate. ® Rate constant corrected using currently accepted values of K_;33
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Reaction A n &, Reference

486 neoCsH;s + OH = neoCsHy; + HyO 3.16E07 1.80  298. [44]
493 neoCsH;; = iC4Hg + CH; 3.06E17 —1.20 32290. T
-1313 neoCsH;; + Os = neoCsH;; O, 1.99E17 —2.10 0. 31]
1315 neoCsH;;Os = neoCsH;oOOH 1.13E11  0.00  24400. T
1322 neoCsH;0OOH = neoCsH;,0 + OH 2.50E10  0.00 15250. [1]
1323 neoCsH;OOH = iC,Hg + CH,O + OH 3.01E17 —1.17 29950. T
1467 neoCsH;oOOH = iC,H,O0H + CHj 2.79E17 —1.19 30610. T
1316 neoCsH;; O + HO5 = neoCsH1O.H+ 0, 1.75E10  0.00 —3275. T
1317 neoCsHy; 05 + Hy0, = neoCsH;; O,H + HO,  2.40E12  0.00  10000. [1]
1320 neoCsH;;OoH = neoCsH;; O + OH 1.50E16  0.00 42500. T

1324 1eoCsH;,00H + 05 = neoCsH;iOOH-O, 1.99E17 —2.10 0. T
1325 neoCsH;gOOH-O, = neoCsHgge-n 2.50E10  0.00  21400. T
1849 1eoCsH;gOOH-O, = neoCsHgqs 7.50E10  0.00  24400. +
1850 mneoCsHgqe = iC4H;OOH + CH,O + OH 3.42E14  0.37  30920. T
1851 neoCsHoqe = iC4Heqe-ii+CHs 2.19E16 —0.71  32650. T
1852 neoCsHgqe-n=neoCszket+OH 4.38E15 —2.10  5480. T
1434 mneoCsket = neoCsketox + OH 1.50E16 0.00  42000. 1
1846 neoCsketox = tC3HgCHO + CH,O 8.57E17 —1.59 11300. T
1847 neoCsketox = neoCskejol 2.00E11 0.00  7600. 1
1848 neoCskejol = iC4HsOH + CO 2.27E21 —2.34  11020. T
1484 tC3HgO,CHO = tC3HgCHO + O, 2.79E25 —4.07 28450. T
1485 tC3HgO,CHO = iC3H;0,HCHO 6.00E11  0.00 29880. T
1486  tC3HgO2CHO = tC3HgO-HCO 1.00E11  0.00 25750. T
1487 iC3H;0,HCHO = iC3H;CHO + HO, 8.94E20 —2.44 15030. T

1488 tC3HzO,HCO = CH;COCH; 4+ CO + OH 4.24E18 —1.43  4800.

—

Table 5: Rate expressions for critical reactions in neopentane oxidation; cm?®/mol/sec/cal
units. {: this study, see text.
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Figure Captions

Figure 1: Reactivity mapping for neopentane at two different nitrogen dilutions and
comparison with n-pentane reactivity, P = 8 atm, ¢ = 0.3. e n-pentane 85% Ny
dilution, o neopentane 75% N, dilution, x neopentane 85% Ny dilution. Lines are
model predicted CO concentrations.

Figure 2: Kinetic scheme for neopentane oxidation. Percentiles are the fraction of
neopentane that proceeds through the relevant path based on the modeling results at
757 K and 8 atm. Numbers in parenthesis refer to the reaction number in the kinetic
mechanism.

Figure 3: Oxidation of 2-methylpropanal-2-yl radical. Percentiles are the fraction of
neopentane that proceeds through the relevant path based on the modeling results at
757 K and 8 atm. Numbers in parenthesis refer to the reaction number in the kinetic
mechanism.

Figure 4: Formation of acetone and formaldehyde via the Waddington mechanism.

Figure 5: Neopentane Oxidation: T = 620-820 K, P = 8 atm, ¢ = 0.3. e CH,0,
o CH3COCH3, * iC4H8, < neoC5H100, X HCOOH, and A IC3H5CHO Dotted lines
correspond to open symbols. Species and temperatures reported at 200 ms.

Figure 6: Neopentane Oxidation: T = 620-820 K, P = 8 atm, ¢ = 0.3. e neoCsH;5,,
o HyO, and x CO. Dotted lines correspond to open symbols. Species and
temperatures reported at 200 ms.

Figure 7: Neopentane Oxidation: T = 690 K, P = 8 atm, ¢ = 0.3. e CO, o CH;0,
*x CH3COCH3, ¢ iC4Hg, x HCOOH, O neoCsH,,0 and + iCsH5;CHO. Dotted lines
correspond to open symbols.

Figure 8: Neopentane Oxidation: T = 757 K, P = 8 atm, ¢ = 0.3. e CO, o CH;0,
*x CH3COCH3, ¢ iC4Hg, X neoCsH(O, O HCOOH and + iCsH;CHO. Dotted lines
correspond to open symbols.

Figure 9: Sensitivity coefficients for neopentane oxidation. 0.197% neoCsH;5 and 94.5%
N2 at 8 atm, (}5 = 03, 7 = 200 ms. (Q = HGOC5H10, R = HGOC5H11).
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Figure 1: Reactivity mapping for neopentane at two different nitrogen dilutions and com-
parison with n-pentane reactivity, P = 8 atm, ¢ = 0.3. e n-pentane 85% N, dilution,
o neopentane 75% N, dilution, * neopentane 85% N, dilution. Lines are model predicted
CO concentrations.
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Figure 2: Kinetic scheme for neopentane oxidation. Percentiles are the fraction of neopentane
that proceeds through the relevant path based on the modeling results at 757 K and 8 atm.
Numbers in parenthesis refer to the reaction number in the kinetic mechanism.
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Figure 3: Oxidation of 2-methylpropanal-2-yl radical. Percentiles are the fraction of neopen-
tane that proceeds through the relevant path based on the modeling results at 757 K and 8
atm. Numbers in parenthesis refer to the reaction number in the kinetic mechanism.
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Figure 4: Formation of acetone and formaldehyde via the Waddington mechanism.
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Figure 5: Neopentane Oxidation: T = 620820 K, P = 8 atm, ¢ = 0.3. e CH,O,
o CH3COCHj;, % iC4Hg, ¢ neoCsH,;,0, x HCOOH, and A iC3H;CHO. Dotted lines cor-
respond to open symbols. Species and temperatures reported at 200 ms.
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Figure 6: Neopentane Oxidation: T = 620-820 K, P = 8 atm, ¢ = 0.3. ® neoCs;H;5, o HyO,
and x CO. Dotted lines correspond to open symbols. Species and temperatures reported at
200 ms.
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Figure 7: Neopentane Oxidation: T = 690 K, P = 8 atm, ¢ = 0.3. e CO, o CH;0,
*x CH3COCHj;, ¢ iC4Hg, x HCOOH, O neoCsH;(O and + iCsH5CHO. Dotted lines corre-
spond to open symbols.
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Figure 8: Neopentane Oxidation: T = 757 K, P = 8 atm, ¢ = 0.3. e CO, o CH;0,
*x CH3COCHj;, ¢ iC4Hg, X neoCsH;,0, O HCOOH and + iCsH5CHO. Dotted lines corre-
spond to open symbols.
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Figure 9: Sensitivity coefficients for neopentane oxidation: 0.197% neoCsH;» and 94.5% N
at 8 atm, ¢ = 0.3, 7 = 200 ms. (Q = neoCsHyp, R = neoCsHy,).
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