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Abstract 

Both spark-ignition and compression-ignition engines burn large molecular-weight blended 
fuels, a class to which the primary reference fuels (PRF), n-heptane and iso-octane belong. 
In this study experiments were performed using iso-octane in a high pressure flow reactor 
at a temperature of 925 K, at 3, 6 and 9 atm pressure and with a fuel/air equivalence ratio 
of approximately 0.05. Many hydrocarbon and oxygenated hydrocarbon intermediates were 
identified and quantified as a function of time. These experimental results provide a strin- 
gent test of the low temperature chemistry portion of a kinetic model as they emphasise the 
importance of alkyl radical addition to molecular oxygen and internal H-atom isomerization 
reactions relative to alkyl radical decomposition reactions. A detailed chemical kinetic mech- 
anism is used to simulate these experiments. We provide comparisons of model predictions 
with experimentally measured species profiles and describe how each species is formed as 
predicted by the detailed model. 
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Introduction 

Iso-octane is a primary reference fuel (octane number = 100) and is used together with n- 
heptane (octane number = 0) to determine the octane number of a gasoline fuel. Iso-octane 
is a branched paraffin hydrocarbon, which represents one of the major chemical classes in 
gasoline fuels. The molecular weight of iso-octane is about the average molecular weight of 
current gasoline fuels. All of these characteristics make the study of iso-octane oxidation 
significant for researchers who seek to improve the efficiency of the spark-ignited engines, to 
reformulate gasoline fuels, and to build a detailed chemical mechanism for hydrocarbons. 

The oxidation of iso-octane is affected by several parameters, i.e. pressure, temperature, 
and initial concentrations of reactants. Many studies of iso-octane have been performed at 
stoichiometric conditions while pressure and temperature were varied. However, because 
of the possibility of explosion, the fuel and oxygen were diluted with large quantities of 
nitrogen to ensure the safe operation of the experimental reactors. Previously, Dryer and 
Brezinsky [l] performed experiments using iso-octane at stoichiometric but highly dilute 
conditions, in which the mole fraction of iso-octane, oxygen, and nitrogen were 0.14%, 1.78%, 
and 98.08% respectively. Although the concentrations of all three species have been altered 
significantly, the diluted stoichiometric condition is still a valuable technique in studying and 
understanding the oxidation mechanism of hydrocarbons. Lean oxidation experiments are 
unique in analysing the kinetic processes responsible for the oxidation of iso-octane. In lean 
oxidation experiments, by contrast to dilute stoichiometric conditions, the concentration of 
oxygen and nitrogen are almost the same as those in an actual stoichiometric oxidation with 
only the concentration of iso-octane reduced significantly. For example, at an equivalence 
ratio of 0.05, the mole fraction of iso-octane, oxygen, and nitrogen are O.OS%, 20.99%, and 
78.92%, respectively. It is the objective of this study to investigate the oxidation of iso- 
octane at lean conditions, with an equivalence ratio of 0.05, as pressure increases from 3 to 
9 atm while the average temperature is fixed at 926 K. 

Experimental 

The oxidation of iso-octane was performed in a plug-flow reactor at elevated pressures. The 
details of the experimental setup can be found in the thesis of Hunter [2]. The pressure was 
set at 3, 6, and 9 atm. The operating temperature inside the flow reactor was controlled 
at about 926 K. Iso-octane was vaporized by injecting heated iso-octane liquid into a hot 
nitrogen crossflow in a fuel vaporizer. The mixture of iso-octane vapor and nitrogen was 
then injected into the mixer inside the flow reactor to mix with the heated compressed air 
crossflow. The mixture of reactants flowed through a diffuser and then entered the test 
section. The equivalence ratio was approximately 0.05. The temperatures were measured 
and samples taken at pre-determined locations inside the test section. Based on the flow 
rate, an equivalent residence time could be determined from the point of fuel injection to each 
sample point. In this way, the temporal evolution of species can be studied. The collected 
samples were analyzed by an HP 5880A GC equipped with an HP-1 column (60m x 0.53mm 
x 5.5m) and a FID detector at 523 K. The oven temperature was started at 233 K to separate 
methane and lighter species and increased to a maximum temperature of 418 K. The species 
were then identified by comparing the calculated retention index with references [3, 41. A 
GC/MS was utilized to facilitate the verification of some species, 

2 



Chemical Kinetic Model 

Modeling computations were performed using the HCT modeling code [5]. This code permits 
the use of a variety of boundary and initial conditions for reactive systems. The flow reactor 
is simulated as an isobaric plug flow with negligible axial diffusion of species and energy. 
The detailed chemical kinetic reaction mechanism used in these calculations is based on our 
previous studies [6]-[ll], and on the hierarchical nature of reacting systems starting with 
a core mechanism describing Hz/02 and CO oxidation. To this is added the progressively 
larger Ci-Cs mechanism with the complete model consisting of approximately 850 different 
chemical species and 3570 elementary reactions. 

In our more recent modeling work we have described the way in which we estimate 
rate constant expressions associated with the low temperature oxidation mechanism for n- 
heptane [ll]. By analogy, these rate constants have been applied to the iso-octane mechanism 
and relevant sub-mechanisms, although we have used experimentally determined rate con- 
stants wherever possible. In addition, the thermodynamic properties of the relevant stable 
parent and radical species were obtained by group additivity using THERM [12] with up- 
dated H/C/O groups and bond dissociation groups [13]. The thermochemical data allow 
calculation of reverse reaction rate constants by microscopic reversibility. A full listing of 
the reaction mechanism can be obtained by Internet electronic mail (curran6@llnLgov) or 
on disk by writing to the authors. 
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Figure 1: Simplified kinetic scheme for iso-octane oxidation. 

3 



Iso-octane Oxidation: Results and Discussion 

The overall reaction scheme included in this study for iso-octane oxidation is depicted in 
Fig. 1. The naming conventions used are l% and k,, denoting alkyl radicals; in x&HrsOCH- 
y, x denotes the site of the hydroperoxyl group and y the radical site for two of the four 
distinct sites on the iso-octane molecule shown in Fig. 2, and iCsket refers to iso-octyl 
ketohydroperoxide species. 

ZbZd 
aC- -C- -C 

t k 
c c 
a 

Figure 2: Iso-octane with its four distinct sites for H-atom abstraction. 

Iso-octane has four distinct sites for H-atom abstraction, Fig. 2. Each of the iso-octyl 
radicals formed will lead to a different set of products. For example, abstraction from site ‘a’ 
followed by ,&scission will lead to isobutene and an iso-butyl radical, while abstraction of a 
secondary H-atom (site ‘b’) will produce a methyl radical and both 2,4-dimethyl-pent-2-ene 
and 4,4-dimethyl-pent-2-ene. 

Initiation of fuel oxidation occurs via the following two reactions: 

iCsHr8 + 02 + xCeHr7 + H& 

iCsHrs ------+ decomposition products. 

At low and intermediate temperatures, the overall reaction pathway proceeds via H-atom 
abstraction from the fuel primarily by CH and H6z atoms and to a lesser extent by CHs, 
I$ 6, CHsCz and Oz. At high temperatures iso-octane decomposition, in addition to H- 
atom abstraction, also contributes to initiation of fuel oxidation producing relatively small 
alkyl radical species. At low temperatures iso-octyl radicals undergo addition to molecular 
oxygen to produce iso-octylperoxyl radicals, XC&H&, followed by an internal H-atom iso- 
merization, a second addition to molecular oxygen and a subsequent isomerization and then 
a decomposition of a stable ketohydroperoxide species which results in chain branching. At 
intermediate temperatures the iso-octyl radical can also undergo @scission creating a smaller 
olefin and alkyl radical species. Chain branching at intermediate temperatures occurs pri- 
marily through the sequence, fuel + H& = l% + Hz02 and HsOz + M = CH + 6H + M, and 
at high temperatures through the reaction fi + O2 = 6 + 6H. Under the conditions of this 
study both low and high temperature chemistry contribute to fuel oxidation. 

There are 25 measured intermediate hydrocarbon species identified from samples collected 
at 9 atm. The species can be divided into four groups; cyclic ethers, olefins and acetylene, car- 
bonyls, and paraffins. Cyclic ether species include 2,2,4,4-tetramethyl-tetrahydro-furan, 2- 
isopropyl-3,3-dimethyl-oxetane, 2-tert-butyl-3-methyl-oxetane, and iso-butene oxide. Olefins 
include 2,4,4-trimethyl-1-pentene, 2,4,4-trimethyl-2-pentene, 4,4-dimethyl-1-pentene, trans- 
4,4-dimethyl-2-pentene, 2,4-dimethyl-1-pentene, 2,4-dimethyl-2-pentene, 2-methyl-l-butene, 
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2-methyl-1,3-butadiene, iso-butene, propene, propadiene, and ethene. Carbonyl species 
include 2,2-dimethyl-propanal, iso-butyraldehyde, methacrolein, propionaldehyde, acetone, 
acrolein, and acetaldehyde. Paraffinic species are just ethane and methane. These products 
are similar to those reported in previous studies [14, 151. As pressure decreased, the con- 
sumption rate of iso-octane decreases which lowers the concentration of some species below 
the limit of detection by the GC. Therefore, the number of measured intermediate species 
decreased at lower pressure. 

The comparison of product species measured in the experiment and predicted by the 
model are shown in Figs. 5-22 at 3, 6 and 9 atm pressure. In all figures, the points are the 
experimental measurements and the lines the model predictions while solid lines correspond 
to solid symbols and dashed lines to open symbols. The model does tend to underpredict 
the overall reactivity at 3 atm but overall, there is good agreement between the model 
and experiment. Not only does the model predict quantitative agreement with the major 
measured products but the shape of the profiles also match very well. Therefore, we are 
confident that our interpretation of the important pathways leading to their formation is 
correct. In the following section we explain how we believe all of the major products are 
generated in the oxidation process. 

Under all conditions of this study, fuel oxidation occurs via H-atom abstraction by hy- 
droxyl radicals and to a much lesser extent by hydroperoxyl radicals. 

iCsHre + CH ----+ x&HI7 + Hz0 

In x&HIT, x refers to site a, b, c or d in Fig. 2. Because rates of abstraction of H atoms by 
hydroxyl radicals are not very site dependent (i.e. primary, secondary etc.) the formation 
of alkyl radicals occurs in the order a, d, b, c with a ratio of 2.74:1.85:1.56:1 at 9 atm and 
919 K. Under these conditions, about four out of every five iso-octyl radicals decompose via 
P-scission to form an olefin and another smaller alkyl radical while the remaining one radical 
in every five adds to molecular oxygen to form octyl-peroxyl radicals. As described below, 
the products of @-scission mainly lead to isobutene, propene, and CT olefins which compose 
a large fraction of the major products quantified experimentally. 

Hydrocarbon Product Formation 

Figs. 6-14 show the experimentally measured olefins formed together with the model pre- 
dictions. It is reasonable to assume by the good agreement between model and experiment 
that the mechanism is predicting the major olefinic production routes correctly. Olefins are 
the main products formed in the oxidation process, of which isobutene (iC4Hs) is formed 
in highest concentrations followed by propene, (CsHg). Figs. 6-8 indicate that the experi- 
mentally measured isobutene and propene profiles are well reproduced by the model. In the 
equation array below, we list the reactions responsible for isobutene and propene formation 
in order of decreasing importance. 

aCsHr7 + iC*Hs + i&H9 
. 

cCsHr7 --+ i&He + t&H9 
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i, tC,H, + 02 ---+ i&He + Hi):! 

iCdHg ----+ C3H6 + CHB 

dCeHi7 ---+ CsH6 + neo&,Hii 

i&HeOOH - i ----+- C&H6 + CHzO + CH 

In i&HeOOH-i the hydroperoxyl group is attached to one of the substituted methyl groups 
while there is a radical site on one of the other two methyl groups. 

Methane (CH,) is generated by the reaction of methyl radicals with hydroperoxyl radical 
and with the fuel, Figs 6-8. 

The agreement between the predicted and measured concentrations is very good at all 
pressures. - 

Significant quantities of the CT olefins are also formed including 4,4-dimethyl-pent-2- 
ene (oC+Hib), 2,4-dimethyl-pent-2-ene, (yC7Hi4), 2,4-dimethyl-pent-1-ene (xC7Hr4) and 4,4- 
dimethyl-pent-l-ene (pC7Hr4), Figs. 9-11. 

The model indicates that the C7 olefins are formed almost exclusively by ,&scission of 
iso-octyl radicals under the conditions of this study. Note that the decomposition of 2,4,4- 
trimethyl-pent-3-yl radical, (b&HIT), leads to the formation of almost equal quantities of 
2,4- and 4,4-dimethyl-pent-2-ene. CT olefins can also be formed through low temperature 
reaction paths. The model indicates that very small amounts (M 5%) are generated from 
octyl-hydroperoxide radical p-scission. 

d&HreOOH - b + oC7Hr4 + CH20 + CH 

aCaHre00H - b ---+ y&H14 + CHSO + CH 

aCsHr600H - a ---+ xC+Hr* + CHsO + CH 

dCsHre00H - d --+ p&HI4 + CHzO + CH 

In dCsHr600H - b, ‘d’ refers to the site at which the hydroperoxyl group is attached and 
‘b’ to the radical site on iso-octane. Under all conditions the model predictions match the 
experimental profiles very well. At 9 atm and 919 K, Fig. 11, both oC7Hr4 and yCTHIC are 
slightly overpredicted late in the experiment. However, early decline in the y&Hi4 profile 
compared to the oC7Hr4 profile is reproduced by the model. 
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There are various other hydrocarbon species produced, including allene (CzHd-a), ethy- 
lene (C2H4), ethane (CZHG), 2,4,4-trimethyl-pent-l-ene (jC8Hi6), and 2-methyl-but-1-ene, 
(aC&Hie), Figs. 12-14. Allene is formed in appreciable concentrations and is predicted to 
be generated from the reaction of methyl-ally1 radical with molecular oxygen via the overall 
reaction: 

i&H7 + 02 ------+ C&H4 - a + CHZO + CH 

Small concentrations of 2,4,4-trimethyl-pent-I-ene (jC8Hi6) were measured and this olefin 
is predicted to be formed from the p-scission of a hydroperoxy-octyl radical: 

dCaHr600H - c + j&Hi6 + H& 

bCaHre00H - c + jCsHi6 + Ho, 

In addition, 2,4,4-trimethyl-pent-2-ene (iCsHi6) was identified at 9 atm and 919 K. Under 
these conditions, both i- and j&Hi6 are slightly overpredicted by the model, Fig. 14. iC&HrG 
was not quantified at 3 and 6 atm but its predicted profile is provided in Fig. 13. 

2-methyl-but-l-ene (a&Hre) is predicted to be formed by the reaction of methyl-ally1 with 
methyl radicals, although it is always very much underpredicted by the model indicating that 
there may be an alternative route to its formation. 

In Figs. 12-14 the lowest solid line correcsponds to the model predicted 2-methyl-but-1-ene 
concentrations. 

Oxygenated Product Formation 

Of the oxygenates, acetone (CHsCOCHs), methacrolein (iCaHsCH0) and isobuteralde- 
hyde (iC$H&HO) are formed in relatively high concentrations, Figs. 15-17. Acetone is 
predicted to be formed through the Waddington mechanism [16, 171 mainly from isobutene, 
Fig. 3 with a small quantity formed from the CT olefins at high fuel conversion. 

Methallyl radicals can react with hydroperoxyl radicals creating methallyl-oxyl radicals 
which decompose to yield methacrolein and hydrogen atom. As these experiments were 
performed under very lean conditions some methallyl-oxyl radicals also react with molecular 
oxygen to produce methacrolein and hydroperoxyl radicals. 

i&H70 + iCsH5CHO + l!l 

i&H& + 02 -+ iC3H5CHO + H& 

bCsHi600H - a ----+ iC$H&HO + i&Ha + j>H 

i&Ha0 + iC&H#ZHO 

zC+Hi40 - yOzH ---+ iCaH&HO +.CHsCOCH3 + CH 

yC7Hi40 - zOgH + iC&H&HO + CHaCOCH3 + CH 
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Figure 3: Formation of acetone via the Waddington mechanism. 

Isobuteraldehyde is. mainly produced from the p-scission of 2,4,4-trimethyl-3-hydroperoxy- 
pent-l-y1 radical (bCsHi600H-a) and also from the decomposition of isobutene oxide [18]. 
At higher fuel conversion some isobuteraldehyde (and acetone) is also produced from 2,4- 
dimethyl-pent-Zene via the waddington mechanism. 

Other various aldehydes were quantified including, acetaldehyde (CHsCHO), acrolein 
(CaHaCHO), and 2,2-dimethyl-propanal (tCJHgCHO), Figs. 18-19. Acetaldehyde is formed 
from the oxidation of propene through the Waddington mechanism by analogy to the for- 
mation of acetone from isobutene as described above. 

Acrolein is produced by analogy with methacrolein from the allyl-oxy radical. 

C&H& + C$H&HO +ti 

C3H50 + O2 + CBHSCHO + H& 

2,2-dimethyl-propanal is predicted to be formed directly from the iso-octane low temperature 
mechanism mainly from 2,4,4-trimethyl-3-hydroperoxyl-pent-l-y1 radical (bCaHrGO0H - 
d), with a smaller quantity being produced from 2,4,4-trimethyl-3-hydroperoxyl-I-pentanal 
(icsketdb). In addition, a small quantity is also produced via the waddington mechanism 
from oC~Hr4. 

b&Hi600H - d -----+ tC,H,CHO + CsHs + b>H 

iC&ketdb + tCJHgCH0 + CHsCHCHO + b)H 

p&Hi40 - oOzH + t&H&HO + CH&HO + b)H 

o&H140 - pOzH ----+ t&H&HO + CH&HO + b)H 

Relatively high concentrations of cyclic ethers are measured including 2,2,4,4-tetramethyl- 
tetrahydro-furan (TMTHF, icseterac), isobutene oxide (iC*HaO), 2-isopropyl-3,3-dimethyl 
oxetane (icaeterab) and 2-tert-butyl-3-methyl oxetane (icgeterbd), Figs. 20-22. In Figs. 21 
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and 22 the lower dotted line corresponds to icseterbd. At 3 atm the model underpredicts 
the measured Cs cyclic ether profiles, (Fig. 20), but very low concentrations of these species 
are measured under these conditions. Very good agreement is observed between measured 
and predicted profiles at 6 and 9 atm, Figs. 21 and 22. 

In addition to the experimentally measured cyclic ethers, the mechanism also predicts 
detectible concentrations of 2,3-epoxy-2,4,4-trimethyl-pentane (icseterbc) which is included 
as the lower dotted line in Fig. 20 and the lowest solid line in Figs. 20-22. This product was 
also reported by Leppard [15] in his motored engine study. The Cs cyclic ether species are 
predicted to be formed from the corresponding hydroperoxy-octyl radical, see for example 
Fig. 4. 

7H3 7H3 

H3C- 
‘i 

--CH-CH-CH3 - 
<iH3 (73 ‘iH3 7H3 

CH200H 
H3C-F-FH-CH-CH, 

H2C-4, 

- H3C-F--yH-CH-CH3 + 6H 

H2C-0 
bH 

. - 
(aCBH&OH-b) ( iC*eterab ) 

Figure 4: Formation of 2-isopropyl-3,3-dimethyl oxetane. 
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Figure 11: 0.0825% iCsH18, 4 = 0.05, Nz diluent at 9 atm and 919 K: l oC7H14, o yC7H14, 
* xC7H14, o pC 7 H 14. Dashed lines correspond to open symbols. 
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‘Figure 12: 0.083% iCsH18, $ = 0.05, Ns diluent at 3 atm and 930 K: l C3H4-a, o CsH4, * 
aCsHl0, o CzH6. Dashed lines correspond to open symbols. 
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Figure 13: 0.083% iC8H18, qS = 0.05, N2 diluent at 6 atm and 925 K: l C&H4-a, o CzH4, * 
GB10, 0 jCdl6, - iCgH16 (prediction only). Dashed lines correspond to open symbols. 
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Figure 14: 0.0825% iCsH18, 4 = 0.05, N2 diluent at 9 atm and 919 K: l C3H4-a, o CsH4, * 
aWho, 0 K&H 16, + iCsH16. Dashed lines correspond to open symbols. 
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Figure 15: 0.083% iCsH18, 4 = 0.05, Nz diluent at 3 atm and 930 K: l CH3COCH3, o 
iC3H5CH0, 3r i&H&HO. Dashed lines correspond to open symbols. 
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Figure 16: 0.083% iC&Hlg, 4 = 0.05, Nz diluent at 6 atm and 925 K: l CHsCOCHs, o 
iC3H5CH0, -k iC&H&HO. Dashed lines correspond to open symbols. 
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Figure 17: 0.0825% iCsH18, 4 = 0.05, Nz diluent at 9 atm and 919 K: l CH3COCH3, o 
iC3H5CH0, * iC&H$HO. Dashed lines correspond to open symbols. 
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Figure 18: 0.083% iC8H18, 4 = 0.05, N2 diluent at 6 atm and 925 K: l CHsCHO, 0 C&H&HO, 
* tC4HgCHO. Dashed lines correspond to open symbols. 
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Figure 19: 0.0825% iCaH18, # = 0.05, N2 diluent at 9 atm and 919 K: l CHSCHO, o 
C2H3CH0, * tC4HgCHO. Dashed lines correspond to open symbols. 
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Figure 20: 0.083% iCgH18, qS = 0.05, N2 diluent at 3 atm and 930 K: l icseterac, o iC4H80, 
* icseterab, - - . icseterbc (prediction only). Dashed lines correspond to open symbols. 
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Figure 21: 0.083% iC$Hrs, 4 = 0.05, N2 diluent at 6 atm and 925 K: l icseterac, o iC4Ha0, 
* iC8eterab, o iC$eterbd, - icgeterbc (prediction only). Dashed lines correspond to open 
symbols. 
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Figure 22: 0.0825% iCsHrs, 4 = 0.05, N2 diluent at 9 atm and 919 K: l icseterac, o iC$HsO, 
* iCBeterab, o iCBeterbd, - icseterbc (prediction only). Dashed lines correspond to open 
symbols. 
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