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Abstract

The goal of this work is to give some kinetic insight on the autoignition and combustion behaviour of full boiling range

hydrocarbon fuels. The initial attention is devoted to the selection of possible components of a surrogate that reproduces the

reaction behaviour of typical real fuels. n-Dodecane and iso-cetane are the reference components for the different alkane classes,
while methylcyclohexane and decalin represented naphthenes and alphamethylnaphthalene represented aromatics. Several oxidation

results have been obtained in a pressurized flow reactor both for neat components and selected mixtures. The reactivity maps of the

different experiments are reported in terms of CO production. The experimental results clearly confirm that autoignition properties

of the mixture cannot be simply reproduced by linear blending rules. Semi-detailed or lumped kinetic models for the oxidation and

combustion of pure components are briefly discussed and model predictions are compared with the overall set of experimental

measurements. The general agreement with the experimental data, including the mixtures, indicates the viability and interest of the

proposed approach.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The next generation of civilian and military vehicles
will demand higher performance propulsion systems

that deliver increased power and fuel efficiency, while

producing lower observable emissions. There is strong

evidence that low and intermediate temperature hydro-

carbon fuel chemistry controls the important preignition

processes through heat release and formation of reactive

species [1–3]. The elucidation of the hydrocarbon

chemistry during these phases of operations remains an
important goal of combustion as it applies to engine and

propulsion systems. This study is an effort to expand the

actual knowledge of the autoignition behavior of single

and multi-component mixtures of full boiling range

distillate hydrocarbon fuels, chosen as representative

components of diesel and jet fuels.
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As a rule, there are large temperature gradients in

combustion devices during operation, and the fuel can

spend considerable time in one or both of the low and
intermediate temperature regimes. Thus, the oxidation

chemistry in the lower temperature regimes can have a

significant role in the overall combustion process, in

some cases accounting for substantial heat release and

grossly changing the input conditions to the high tem-

perature zone. Further, combustion devices in common

use within the transportation sector (diesel, spark igni-

tion, and gas turbine engines) operate exclusively at
elevated pressures. Consequently, fundamental research

on low and intermediate temperature oxidation chem-

istry and at pressures above one atmosphere is impor-

tant to understanding many practical combustion

phenomena including: cold-start, preignition fuel

decomposition, pollutant formation, and general au-

toignition processes.

Over the years, a considerable amount of research has
addressed the chemistry of the small hydrocarbons [4],

particularly in the cool flame and two-stage ignition
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regions. Typical studies in the low and intermediate

temperature regions were conducted using the gasoline

reference fuels, n-heptane and iso-octane, and their

blends. As noted by Edwards [5], the fundamental

combustion behavior of the high-order hydrocarbons,
mainly compounds with more than 8 carbon atoms, has

received comparatively little study. Only recently did

studies start examining larger hydrocarbons [6,7], but

are still limited in scope and focused on a few major

components of distillate fuels. Moreover, since com-

plexity increases with the number of constituents, only a

few studies have focused on the combustion aspects of

complex mixtures of hydrocarbons.
Our initial attention was devoted to the selection of

possible reference components in order to experimen-

tally reproduce the interesting properties of real distil-

late fuels, such as the widely used JP-8 aviation fuel or

other diesel and aviation fuels. These fuels are mixtures

of several hundred different compounds, whose indi-

vidual volumetric concentrations are often lower than

1% and, most of all, vary significantly from batch to
batch, depending upon several factors including the

parent crude oil used and the refinery processes in-

volved.

First considering the alkanes group, which is the

prevalent functional group in distillate fuels (i.e. alk-

anes represent approximately 60% of JP-8 entire vol-

ume), two components have been selected: a normal

alkane, n-dodecane, and a branched alkane, isocetane
(2,2,4,4,6,8,8-heptamethyl-nonane), the low-end refer-

ence fuel for the Cetane number rating scale. While it is

still debated whether the approximation of the alkane

portion of JP-8 would be better with a normal or a

branched alkane [8], our previous research showed the

fundamental importance of both structures and there-
Fig. 1. Composition of represe
fore both hydrocarbon types have been investigated

[9].

Aromatic hydrocarbons are also major constituents

of distillate fuels (i.e. typically aromatics comprise 20%

of JP-8). The selected aromatic hydrocarbon is the
bicyclic compound a-methylnaphthalene, the former

low end reference compound of the cetane scale.

Cycloalkanes, also known as naphthenes, are the last

major functional group in aviation fuels. Naphthenes

are always present in distillate fuels and an in-depth

knowledge of their combustion properties is of great

interest for several reasons. First of all, naphthenes are

characterized by an enhanced energy and volumetric
density, and a lowered fuel freeze point useful to reach

higher altitude operability. As an example, the Russian

T-6 jet fuel is a typical higher-density, naphthenic jet

fuel. Further, remaining in the aviation fuels field, pos-

sible future propellants examined by the USAF include

the naphthenes-rich coal-derived fuels. These fuels are

similar to JP-8X, a high-density version of JP-8, and are

characterized by a 50% volumetric content of naphth-
enes, as compared to the 20% in conventional JP-8 [10].

Moreover, the attention recently being paid to homo-

geneous charge compression ignition (HCCI) as a clean

alternative to the SI engine, has contributed to the ac-

tual request of a deeper understanding of the combus-

tion characteristics of liquid fuels in general, and

naphthenes in particular [11]. In this study, cycloalkanes

have been represented by the monocyclic compound,
methylcyclohexane, and the bicyclic compound, decalin.

This is not the only study to investigate and propose

surrogates for heavy distillate fuels such as JP-8. Fig. 1

shows a comparison of the surrogate developed in this

study along with two other proposed surrogates. Each

of these surrogates was developed to map a selected set
ntative JP-8 surrogates.
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of physical, chemical, and reaction parameters. Discus-

sions are underway to coordinate these efforts to deter-

mine what might be necessary to develop a universal

JP-8 surrogate.
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Fig. 2. CO and CO2 production vs. reactor temperature for n-dodecane
oxidation (ND1), showing the typical extent of a CCD experiment.
2. Experimental methodology

The experiments to investigate the oxidation chem-

istry of neat distillate hydrocarbons and their mixtures

were carried out in the Drexel pressurized flow reactor

(PFR) facility over a range of pressures (up to 12 atm)

and temperatures in the interval 600–900 K. The pres-
surized flow reactor used in this study is similar to that

described earlier [12]. The PFR has a temperature range

up to 1000 K, which is effective to characterize the low

and intermediate temperature regimes, and it is main-

tained at nearly adiabatic conditions so that the heat

transfer effects can be ignored. In the PFR, a stream

of pre-vaporized fuel is diluted using nitrogen and, as

it enters the adiabatic quartz reaction duct, it is mixed
into a stream of oxygen diluted with nitrogen. Fuel and

oxygen concentrations are selected to slow the chemis-

try and to match the reaction time available in the PFR.

During each experiment, samples of the reacting gases

are withdrawn from the reactor centerline at varying

axial locations with a glass-lined, water-cooled gas-

sampling probe. Extracted gases are continuously dir-

ected to a NDIR gas analyzer for CO and CO2

concentration measurements.

In order to observe the oxidation behavior of the

selected hydrocarbons and mixtures, controlled cool

down (CCD) experiments were carried out. In these

experiments the reactor is stabilized at a specified Tmax
(�900 K) and then allowed to cool at a fixed rate (�5
�C/min). CO is measured and recorded as a function of

probe temperature to obtain a map of the reactivity over
a range of temperatures (typically 900–600 K). As the
Table 1

Summary of experimental conditions

Exp. # Fuel U

ND-1 n-Dodecane 0.20

ND-2 n-Dodecane 0.25

ND-3 n-Dodecane 0.30

IC-1 Iso-cetane 0.70

MC-1 Methylcyclohexane 0.30

MC-2 Methylcyclohexane 0.40

MN-1 a-Methylnaphthalene 0.30

MN-2 a-Methylnaphthalene 0.70

M1-1 Mix. M1 40% n-C12 0.30

M1-2 60%iso-C16 0.30

M2-1 Mix. M2 37% n-C12 0.30

M2-2 63% MCH 0.30

M3-1 Mix. M3 51% n-C12 0.30

M3-2 49% a-MNT 0.30
reaction time is on the order of 150 ms and the cool

down rate is 5 �C/min each datum represents a quasi-

isothermal experiment at the temperature of the reactor.

To achieve this constant reaction time the probe is
moved by computer control toward the injector as the

temperature decreases. The validity and success of the

CCD methodology has been proved elsewhere [13] and

is acceptable mainly because the oxidation reactions

dominant in both the low and the NTC temperature

regions quickly produce CO and CO is not converted to

CO2 at a significant rate (typical CO and CO2 profiles

are shown in Fig. 2, where the range of a generic CCD
experiment is highlighted).

In an effort to expand kinetic and mechanistic infor-

mation for large hydrocarbon oxidation, an initial set of

experiments examined the oxidation characteristics of

the following pure hydrocarbons: n-dodecane, isocetane,
methylcyclohexane, and a-methylnaphthalene. The

experimental conditions for the CCD experiments with

these fuels and their binary mixtures are reported in
Table 1. Clear and strong NTC behavior has been di-

rectly observed for pure n-dodecane, while the isocetane
P [atm] Res. time [ms] Fuel molar fraction [ppm]

8 120 454

8 120 567

8 120 680

8 180 2906

8 120 1199

8 120 1598

8 175 1398

12 250 3798

8 120 870

8 120 580

8 120 1516

8 120 1011

8 120 1220

8 120 814
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and a-methylnaphthalene did not react at the lean

experimental conditions tested. Methylcyclohexane dis-

played unstable behaviour either producing runaway

reaction or no reaction. For these reasons, the oxidative

behavior of isocetane, methylcyclohexane, and methyl-
naphthalene was indirectly observed by blending them

in binary mixtures with n-dodecane as a base fuel. The
presence of n-dodecane accounted for the development
of a radical pool large enough to initiate the oxidation of

the other fuel, which would otherwise be unreactive at

the tested conditions.

Considering pure n-dodecane, three CCD experi-

ments were conducted at different conditions of equiv-
alence ratio and the measured reactivity maps showing

the CO formation as function of the temperature are

presented in Fig. 3. Considering the CO production as a

measure of the overall reactivity of the fuel, it is possible

to note for all the experiments that the reaction rate is

characterized by a monotonic increase as the tempera-

ture increases in the range 600–700 K. However, the

overall reaction rate decreases as the temperature is
further increased, specifically in the range 700–800 K.

For these experiments no significant reactivity was ob-

served between 800 and 900 K. The decrease in reac-

tivity starting at approximately 700± 5 K clearly

identifies the beginning of a negative temperature coef-

ficient (NTC) regime. The NTC behavior has also been

observed for different alkanes in several previous stud-

ies, and can be explained to occur through the compe-
tition between the low temperature chemistry, which is

dominated by the peroxy chemistry, and the intermedi-

ate temperature chemistry, which is characterized by

the HO2 and H2O2 chemistry and termination reactions

[4].
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Fig. 3. n-Dodecane reactivity maps: effect of temperature and equiv-
alence ratio on CO formation.
3. Kinetic modeling of reference components

As already mentioned, alkanes and cyclo-alkanes are

the dominant components in liquid fuels. n-Dodecane
and/or n-tetradecane are typical reference components
for straight alkanes, while iso-octane and/or isocetane

are used as model components for branched alkanes. In

the cycloalkanes fraction, methylcyclohexane is com-

monly assumed as the reference molecule [9,14,15]. Due

to their importance in gasoline oxidation, detailed ki-

netic modeling of normal and branched alkanes, typi-

cally n-heptane and iso-octane, has already been carried
out and discussed for a number of years now, e.g.,
[16,17]. The definition of the primary reaction classes

with their reference kinetic parameters easily allows for

the application of our automatic generation methodol-

ogy [18–20] to these heavier molecules.

A semi-detailed kinetic scheme, developed in earlier

works for hydrocarbons up to n-dodecane, is extended
here to larger species. The scheme uses a lumped

description of the primary propagation reactions and
primary intermediates for the large species and then

treats the successive reactions of smaller species with a

detailed kinetic scheme. This approach, together with an

extensive use of structural analogies and similarities

within the different reaction classes, easily allows

extension of the kinetic scheme to new species. The

lumped approach reduces the overall complexity of the

resulting kinetic scheme both in terms of equivalent
species and lumped or equivalent reactions. As discussed

elsewhere [21], the 256 primary oxidation and propa-

gation reactions of n-dodecane involve 72 new inter-

mediate radicals and also 58 new intermediate

components retaining the original n-C12 structure. For
all these new components (6 n-dodecenes, 16 O-cyclic-
heters, 6 hydroperoxides and 30 keto-hydroperoxides) it

is also necessary to include, in a detailed model, all the
successive oxidation and decomposition reactions. It is

easy to see that the dimensions of the problem will

preclude the reliable extension and validation of the

complete mechanism to heavy fuel mixtures. As shown

in Fig. 4, the low and high temperature mechanism of n-
dodecane oxidation is simply lumped with 4 intermedi-

ate radicals (alkyl radical: R12, peroxy radical: R12OO,

hydroperoxy-alkyl radical: Q12OOH, alkyl hydroper-
oxy radical: OOQ12OOH) and 1 unstable molecule

(kethohydroperoxyde: OQ12OOH) and it requires the

description of the successive reactions of only 2 stable

intermediate pseudo-species (oxygenated heterocycle: O-

heter12 and the conjugate alkene C12H24) retaining the

original n-C12 structure.
It is important to emphasize that this lumped model,

despite its simplicity and extendibility, is able to catch
not only the global reactivity of the system, but it also

saves all the information about successive degrada-

tion steps, allowing the proper and accurate prediction
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of the formation of products and by-products, even

those present in small amounts like pollutant PAH or

NOx.

This lumping technique can be conveniently ex-

plained referring to the primary oxidation reactions of

isocetane (2,2,4,4,6,8,8-heptamethyl-nonane). By simply
using the MAMOX+ program [19] it is easy to obtain

the overall set of primary propagation reactions. These

reactions involve 78 new intermediate radicals: 8 alkyl

and 8 peroxy radicals, 31 alkyl hydroperoxyl and 31

peroxy alkylhydroperoxy radicals. The complexity of

this detailed scheme becomes more evident when con-

sidering the necessity to describe the successive reactions

of the large number of intermediate species. As a matter
of facts, 9 alkenes with 15 C atoms are obtained by di-

rect demethylation reactions of alkyl radicals and/or via

decomposition reactions of the 31 alkyl hydroperoxy

radicals. Similarly, 3 alkenes, 8 hydroperoxides, 17

cyclic ethers and 25 ketohydroperoxides retaining the

initial carbon skeleton of the iso-cetane fuel are also

formed. Therefore, it is very convenient to use a semi

detailed approach, directly lumping in the initial stage
the different isomers and considering in this way only

one equivalent olefin, a cyclic-ether. The lumping rule,

i.e. the definition of the isomer mixture, is based on the

results of the detailed mechanism. The overall initial

distribution of the different primary products is carried

out on the basis of the primary reactions in a wide range

of temperature and pressure conditions. The initial

selectivity of the primary products (i.e. moles of prod-
uct/100 mol decomposed at conversion approaching

zero) is predicted by solving the linear system of conti-

nuity equations for all of the intermediate radicals

(steady-state approximation). Fig. 5 shows the resulting

selectivities of these primary products of the isocetane

oxidation as a function of the temperature, and at 1 atm.
The large selectivity of the cyclic-ether fraction in the

intermediate temperature region is clearly evident. Fol-

lowing the approach already discussed in the analysis

of iso-octane oxidation [22], it is convenient to distin-
guish two different lumped alkyl-hydroperoxy radicals

(Q16OOH and Q16OOHt) in order to take into account

that the tertiary radicals can not follow the complete

low temperature mechanism to form the ketohydroper-

oxides.

Table 2 reports the kinetic parameters of this lumped

mechanism of isocetane. These parameters are estimated

through an optimization process aimed to minimize the
differences in the primary distribution products between

the predictions of the lumped and detailed kinetic

mechanisms in the whole investigated range of temper-

atures and pressures.

In a similar way, it is possible to develop the lumped

mechanism for the low and high temperature oxida-

tion of methyl-cyclohexane, as discussed elsewhere

[23,24].
Finally, the primary propagation reactions of meth-

ylnaphthalene were already contained in the kinetic

scheme and they were estimated on the basis of their

similarity with the analogous reactions of naphthalene

and toluene [25]. The resonantly stabilized radicals

C10H7CH2, mainly formed via H-abstraction reactions,

play a significant role in methylnaphthalene reactivity

and disappearance. This reaction set was studied in or-
der to simulate the oxidation behavior of methylnaph-

thalene in the Princeton plug flow reactor [26] operating

with 1100 ppm of fuel diluted in nitrogen at atmospheric

pressure, T ¼ 1170 K, and / ¼ 0:6.
These subsets of lumped primary reactions of refer-

ence components of JP fuels were added to the overall

kinetic scheme of hydrocarbon oxidation. The scheme

also contains the successive reactions of intermediate
species and it is then suitable for the analysis of all the

CCD experiments.



Table 2

Isocetane primary lumped reactions

A E

RI16fi 0.3375C4H8 + 0.5975C8H16 + 0.065C3H6 + 0.18C4H9 + 0.125C4H9O2 + 0.065C5H11 + 0.13CH3 +

0.5RI8+ 0.5C8H16

1· 1014 29000

O2 +RI16fi HO2 +C16H32 0.25· 109 3500

O2 +RI16fiRI16OO 2· 109 0

RI16OOfiRI16 +O2 0.63· 1014 30800

RI16OOfiQOOHI16I 0.1· 1013 24000

QOOHI16IfiRI16OO 0.12· 1013 20500

QOOHI16IfiOH+0.5CH2O+0.5C4H8O+0.5C3H6 + 0.475C4H8 + 1.2C8H16 + 0.25C2H4 0.1· 1013 21500

QOOHI16Ifi cy-C16H32O+OH 0.3· 1011 14500

QOOHI16IfiHO2 +C16H32 0.15· 1012 21000

QOOHI16I +O2fiOOQOOHI16I 2· 109 0

OOQOOHI16IfiQOOHI16I +O2 0.2· 1014 30500

OOQOOHI16IfiOQOOHI16 +OH 0.2· 1011 24000

OQOOHI16fiOH+0.5C3H5O+0.5C2H3O+0.25CH2O+0.25C2H4O+0.25C3H6O+0.25C4H8O+

0.5625C4H8 + 0.25C3H6 +C8H16

1· 1016 41000

RI16OOfiQOOHI16T 0.13· 1013 26500

QOOHI16TfiRI16OO 0.12· 1012 19500

QOOHI16TfiOH+0.5CH2O+0.5C4H8O+0.5C3H6 + 0.475C4H8 + 1.2C8H16 + 0.25C2H4 0.2· 1013 22500

QOOHI16Tfi cy-C8H16O+OH+C8H16 0.2· 1011 15000

QOOHI16TfiHO2 +C16H32 0.15· 1012 21000

QOOHI16T+O2fiOOQOOHI16T 2· 109 0

OOQOOHI16TfiQOOHI16T+O2 0.63· 1014 30000

OOQOOHI16TfiHO2 +C4H8O+0.25 C4H8 +C3H6O+C8H16 0.25· 1010 22500

OOQOOHI16TfiOH+CH2O+C3H6O+0.79C4H8O+0.21C3H6O+0.0525C4H8 +C8H16 0.15· 1013 27500

Units: l, mol, s, cal.
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4. Comparisons between model predictions and experi-

mental measurements

Fig. 6 shows a comparison between the experimental

measurements of n-dodecane oxidation reported in Fig.
3, and the initial model predictions. Simulation results

were obtained by considering, as reference temperature,

the outlet temperature from an adiabatic plug flow

reactor with a residence time of 120 ms. Only the runs

ND-1 and ND-3 were considered and both the experi-

ments confirm the capability of the model to properly
predicts the location and the values of the maximum CO

formation. In order to better explain the meaning of
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these low temperature reactivity maps, Fig. 2 shows the

predicted behavior of CO and CO2 formation also in

the high temperature conditions for the ND-1 system.
The maximum CO formation at low temperatures cor-

responds to about 6% of the carbon fed.

As reported in Table 1, in order to study the syner-

gistic and antagonistic effects of mixtures, three sets of

CCD experiments were conducted with addition of is-

ocetane, methylcyclohexane and methylnaphthalene in

n-dodecane. Conditions were selected to directly com-
pare the reactivity of these mixtures with that of neat n-
dodecane.

The mixture M1 was constituted of 40% of n-dode-
cane and 60% of isocetane. Two CCD experiments were

conducted at different conditions of fuel molar fraction,

keeping the other parameters constant. Fig. 7 shows the

resulting reactivity maps for the M1-1 and M1-2

experiments. It can be observed that the interaction

between the two fuels is not linear, that is the mixture
was more reactive than a linear blend of the two com-

ponents. In fact, simply considering the richer experi-

mental conditions of exp. M1-1, pure isocetane would

not even react at these conditions, while 350 ppm of n-
dodecane (i.e., 40% of the fuel molar fraction for exp.

M1-1) would produce a maximum CO of approximately

315 ppm, based on the interpolation of the pure n-
dodecane experimental results.
The second binary mixture oxidized, M2, contains

37% of n-dodecane and 63% of methylcyclohexane. Two

CCD experiments were conducted (see Table 1) and the
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Fig. 9. CO production vs. reactor temperature for n-dodecane and
methylnaphthalene mixture oxidation (series M3-1 and M3-2). Com-

parison of experimental measures (points) vs. simulation results (lines).
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reactivity maps are shown in Fig. 8. Also in this case,

and for both the experiments, the interactions between

the two fuels resulted in a synergistic effect. Simply

considering the richer experimental conditions of exp.

M2-1, pure methylcyclohexane would not even react,

while 560 ppm of n-dodecane (i.e., 37% of the fuel molar

fraction for exp. M2-1) would produce a maximum CO
of approximately 1270 ppm (exp. ND-2).

Model predictions agree well with the experimental

measurements in terms of initial reactivity as well as in

terms of the values and locations of maximum CO. The

model slightly over predicts the residual reactivity of the

system at intermediate temperatures.

The third binary mixture, M3, contains 51% of n-
dodecane and 49% of a-methylnaphthalene. Fig. 9
shows the maps of two CCD experiments and the

comparisons with the theoretical results. The kinetic

model only partially predicts the decrease in CO pro-

duction for mixture M3 with respect to pure n-dode-
cane. As a matter of fact, experimental measurements

show that the interaction between the aromatic and the

alkane components of the mixture produces an inhibit-
ing effect. In fact, comparing the CO production for exp.

M3-1 (COpeak¼ 1030, n-dodecane molar fraction¼ 630
ppm) with that of pure n-dodecane (exp. ND-3,

COpeak¼ 1660, n-dodecane molar fraction¼ 680 ppm),
it is clear that the addition of the aromatic component

reduced the reactivity over that of pure n-dodecane. This
result experimentally confirms and theoretically explains

previous studies of Wilk and coworkers, showing that

the addition of aromatics has an inhibiting effect on the

chemistry of alkanes [13]. From the kinetic point of

view, a sensitivity analysis on this system reveals the

importance of the oxygen interactions with the stable

aromatic radicals and confirms the need to introduce

and to use in the overall kinetic scheme two different
isomeric radicals C11H9, respectively with phenyl and

benzyl characteristics [11]. Moreover the deviations

observed in Fig. 9, seem also to indicate the need to

better investigate the possible low temperature interac-

tions of the resonantly stabilized radical C10H7CH2 with

oxygen.
5. Conclusions

This work presents the comparisons between experi-

mental data and fully predictive theoretical computa-

tions for the low temperature oxidation of mixtures of

reference components of JP-8. The CCD experimental

measurements were carried out in the PFR of Drexel

University. The semi-detailed kinetic mechanism was
developed at Politecnico di Milano. The preliminary

results and the quite good match observed indicate the

reliability of the model, which was not tuned based on

the measurements. Nevertheless some further activity is

required to cover uncertainties and deviations. Particu-

larly the low temperatures behavior of the aromatic

compounds has to be better described. As a matter of

fact, some deviations in the comparison with the
experimental measurements could be attributed to the
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adopted lumping approach. Therefore, this aspect re-

quires further study and perhaps experimental confir-

mation.

Finally, it is noted that the fruitful results coming

from this joint activity combining both experimental
and modeling perspectives allows development of an

understanding of the detailed chemistry of hydrocarbon

oxidation. Needless to say, such collaborations should

be encouraged in the future.
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