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Abstract
Normal alkanes constitute a significant fraction of transportation fuels, and are the primary
drivers of ignition processes in gasoline and diesel fuels. Low temperature ignition of n-alkanes
is driven by a complex sequence of oxidation reactions, for which detailed mechanisms are
still being developed. The current study explores the dynamics of low-temperature ignition
of n-hexane/air mixtures, and identifies chemical pathways that characterize the combustion
process. Two chemical kinetic mechanisms were selected as a comparative study in order to
better understand the role of specific reaction sequences in ignition dynamics: one mechanism
including a new third sequential O2 addition reaction pathways (recently proposed by Wang
et al. [1]), while the other without (Zhang et al. [2]). The analysis is conducted by applying
tools generated from the computational singular perturbation (CSP) approach to two distinct
ignition phenomena: constant volume and compression ignition. In both cases, the role of
the third sequential O2 addition reactions proves to be significant, although it is found to be
much more pronounced in the constant volume cases compared to the HCCI. In particular,
in the constant volume ignition case, reactions present in the third sequential O2 addition
reaction pathways (e.g., KDHP → products + OH) contribute significantly to the explosivity
of the mixture; when accounted for along with reactions P(OOH)2 + O2 → OOP(OOH)2
and OOP(OOH)2 → KDHP + OH, they decrease ignition delay time of the mixture by up
to 40%. Under HCCI conditions, in the first-stage ignition, the third-O2 addition reactions
contribute to the process, although their role decays with time and becomes negligible at
the end of the first stage. The second ignition stage is dominated almost exclusively by
hydrogen-related chemistry.
Keywords: CSP, explosive dynamics, n-hexane, third sequential O2 addition reactions,
autoignition, HCCI, low-temperature oxidation
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1. Introduction
Towards higher efficiencies and lower emissions, modern engines are being designed to
operate in throttleless, direct-injection, and compression-ignition modes. Depending on the
injection timing, the ignition and combustion occur in the homogeneous charge compression
ignition (HCCI) [3] to partially premixed combustion (PPC) modes [4–7]. In these engines,
autoignition of the reactant mixture plays the key role in determining the start and duration
of the combustion process.[8–10]. In typical engine conditions, the autoignition process is
controlled by the low-temperature oxidation of hydrocarbons [11] and detailed kinetic models
have been developed to predict the ignition of the major components of liquid fuels [12–
14]. The key chemical pathways for low temperature oxidation of hydrocarbons have been
studied since 1960s [15, 16], and more comprehensive and sophisticated mechanisms have
since been developed by Westbrook and co-workers by systematically building reaction classes
following specific rate rules [2, 12, 17–23]. This framework has further evolved into automatic
generation of kinetic models [24, 25], semi-detailed models [26–29], and model optimization
[30–33].
The low-temperature ignition reaction mechanism primarily involves two stages of sequential O2 addition which produces keto-hydroperoxides as the main chain-branching intermediates. Additional chain propagation pathways (via cyclic ethers) and chain termination
pathways (via concerted HO2 eliminations) compete with the main chain branching pathway
(via keto - hydroperoxides), and thereby alter the ignition timing. However, Wang et al. [1, 34]
recently observed additional radical chain-branching intermediates in the low-temperature
oxidation of alkanes, and proposed a third sequential O2 addition reaction scheme. The
new proposed reaction mechanism applied to n-hexane mixtures predicted the formation of
the additional radical chain-branching intermediates [1], which are found to promote the
autoignition and advance the combustion phasing of HCCI engines at lower temperatures
(e.g., 500-700 K)[35]. The promotion of autoignition from the new reaction scheme was also
observed in simulations of 2-methylhexane ignition [1].
These studies clearly demonstrated that the third sequential O2 addition reaction pathways alter the ignition process significantly. However, identifying important reactions and
their relation to the dynamical behavior of the complex autoignition process is challenging when using common tools such as sensitivity and reaction flux analysis techniques
[36, 37]. Sensitivity and reaction flux analysis can both assess the influence of each reaction in altering the simulated process. For instance, Zhang et al. identified QOOH + O2 →
O2 QOOH and H2 O2 (+M) → 2OH (+M) as the most significant reactions in the low temperature ignition of n-hexane, by using brute force sensitivity analysis [2]. However, both
sensitivity and reaction flux analysis cannot assess the temporal evolution of the influence of
each reaction to the dynamic modes that are responsible for autoignition [38, 39]. In addition,
they cannot assess the influence of the species to the autoignition dynamics. In this work, the
computational singular perturbation (CSP) methodology was adopted in order to explore
the dynamics of n-hexane ignition in an ideal reactor (i.e., homogenous batch reactor) and
in a simulated HCCI engine. The CSP algorithm belongs to the class of model reduction
methods that are based on the multi-scale character of the model of interest [40, 41]. CSP
allows for the identification of the fast and slow dynamics in the mathematical model and for
the construction of the reduced model that governs the slow evolution, within the constraints
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imposed by the exhausted fast time scales [42–44]. The availability of a reduced model allows
for the identification of the reactions that generate the slow time scales that characterize the
slow dynamics [45–47]. Of particular interest is the case where a characteristic slow time
scale relates to reactions that lead the system away from equilibrium. Such a time scale is
referred as explosive [48] in the earlier analysis based on the singular perturbation theory
[49, 50]. With the advances in modern computational algorithms which can incorporate a
large size of the detailed chemical kinetics mechanism of interest, the influence of the explosive time scale has been investigated in homogeneous [38, 51–56], non-homogeneous systems
[51, 57–60], as well as its effects on the ignition delay [39, 52, 61].
Two kinetic models of n-hexane oxidation were adopted in this work: the original detailed
model without third sequential O2 addition reactions by Zhang et al. [2] and the model with
third sequential O2 addition reactions by Wang et al. [35]. We note that no experimental
results for the third O2 addition pathways in n-hexane auto-oxidation have been reported
in the literature. However, in their recent experimental work, Wang et al. observed the
production of intermediates related to the third O2 addition pathways, during both the JSR
oxidation of n-heptane and the partial oxidation of n-heptane in a Cooperative Fuel Research
(CFR) Engine [62].
Algorithmic tools derived from the CSP methodology were used first in order to elucidate
how the third sequential O2 addition reaction pathways promote n-hexane auto-oxidation
in an ideal reactor (i.e., homogenous batch reactor) [35]. Homogenous batch reactors, such
as shock tubes and rapid compression machines, have been widely used to study the ignition properties of fuels under conditions relevant to internal combustion engines. Since
the third sequential O2 addition reaction scheme was only recently proposed, the effect of
combustion conditions such as pressure, temperature, and equivalence ratio is unclear on
their importance to the mechanism. To this end, the typical pressure for gasoline engine
(e.g., 20 bar) and diesel engine (e.g., 60 bar) combustion, the typical temperature of cool
flame (e.g., 600 and 750 K), and the typical equivalence ratio of gasoline engine combustion
(e.g., 1.0) and HCCI engine combustion (e.g., 0.4) were chosen. The analysis shows that the
third sequential O2 addition reactions are most effective at higher pressure, lower temperature and lean combustion conditions. CSP tools were utilized to investigate the role of the
third sequential O2 addition reactions under the stoichiometric fuel/air condition, which is
representative of the end-gas autoignition (i.e., knock) in spark ignition engines. As shown
later, stoichiometric fuel/air conditions are characterized by a single-stage ignition process,
wherein the decomposition of keto-dihydroperoxides, additional radical chain-branching intermediates from the third sequential O2 addition, and the O2 addition to P(OOH)2 radicals
(i.e., the third sequential O2 addition) play a significant role in promoting ignition delay.
In addition, CSP tools were also used in order to elucidate how the third sequential O2 addition reaction pathways advance n-hexane combustion phasing in HCCI engines [35]. Specifically, a mixture of n-hexane/21%O2 /79%N2 at an intake pressure of 1 atm, intake temperature of 336 K, and equivalence ratio of 0.4 was chosen as a typical HCCI engine case. These
simulations differ from those under batch reactor conditions, as the leaner conditions and
compression/expansion process result in a two-stage ignition process. This permits us to
study how the third sequential O2 addition reaction pathways affect low temperature heat
release (LTHR) and high temperature heat release (HTHR). The results show that the decomposition of keto-dihydroperoxides and the O2 addition to P(OOH)2 radicals promote the
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first stage ignition, which further advances the second stage ignition.
The manuscript is structured as follows. First, a brief summary of the CSP tools employed
will be given. Subsequently, details of the two chemical kinetic mechanisms under study will
be described. The discussion of the results related to the autoignition in (i) a constant volume
reactor and (ii) a variable volume HCCI engine will follow.
2. The computational singular perturbation (CSP) tools
Consider the reaction-transport equation in the form:
dz
= L(z) + g(z)
dt

(1)

where z is a N + 1-dimensional column vector that includes the N -dimensional column
vector of the species mass fractions and the temperature z = [y, T ]T , L(z) represents the
convection and diffusion differential operators and g(z) represents the chemical reaction
term. This equation is cast in the CSP form:
N +1
dz X
=
an f n
dt
n=1

f n = bn . [L(z) + g(z)]

(2)

where an is the (N + 1)-dimensional CSP column basis vector of the n-th mode, f n is the
related amplitude and bn is the corresponding (N + 1)-dim. row n-th dual basis vector:
bi · aj = δji [42–44]. The action of the n-th CSP mode an f n in Eq. (2) is assessed by (i) the
related characteristic time scale τn (measures the time frame of its action), (ii) its amplitude
f n (measures the impact of its action) and (iii) the variables that relate to this mode. When
the M fastest time scales (τ1 < · · · < τM ) of the system in Eq. (1) are exhausted, the system
reduces to:
N
+1
X
dz
m
≈
an f n
(3)
f ≈ 0 (m = 1, . . . M )
dt
n=M +1
The algebraic M -dimensional system f m ≈ 0 defines a low dimensional surface, known
as slow invariant manifold (SIM), on which the solution evolves. The system of ODEs in
Eq. (3) governs the slow evolution on the SIM, in the absence of the M fast time scales,
and its dynamics is characterized by the fastest of the slow time scales (M + 1), when the
solution evolves sufficiently far from the boundaries of the SIM [63].
In reactive processes, the fastest time scales in the dynamics of the system in Eq. (1)
usually originate from the chemical kinetics term g(z) [51, 53, 60, 61, 64–68]. Considering
the case when the n-th nonzero eigenvalue λn of the Jacobian of g(z) is real (the extension
to complex pairs is straightforward [69]), the time scales introduced by the chemical kinetics
term are approximated by the relation τn = |λn |−1 ; n = 1, . . . N − E + 1, where E is
the number of elements in the chemical kinetics mechanism employed. When λn is positive
(negative), the related time scale τn is an explosive (dissipative) one, since it relates to
components of the system that tend to deviate from (approaches) equilibrium. The eigenvalue
is defined as λn = β n · J · αn , where αn and β n are the n-th right (column) and left (row)
eigenvectors of J, respectively; J being the jacobian of g(z). Assuming K reversible reactions
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in the kinetics mechanism and considering their forward and backward directions separately,
the n-th eigenvalue can be expressed as:
λn = β n ·

2K
X



grad Ŝk Rk · αn = cn1 + ... + cn2K

(4)

k=1

since g = Ŝ1 R1 + · · · + Ŝ2K R2K and J = grad(Ŝ1 R1 ) + · · · + grad(Ŝ2K R2K ), where Ŝn and
Rn are the generalized stoichiometric vector and rate of the n-th unidirectional reaction,
respectively [38, 45]. The expression in Eq. (4) suggests the introduction of the time-scale
participation index (TPI):
cnk
Jkn = n
(5)
|c1 | + ... + |cn2K |
P
n
n
where n = 1, . . . N − E + 1, k = 1, . . . 2K and by definition 2K
k=1 |Jk | = 1 [45]. Jk measures
the relative contribution of the k-th reaction to λn and, therefore, to τn . A positive (negative)
Jkn implies that the k-th reaction contributes to the explosive (dissipative) character of the
n-th time scale τn . The use of the TPI of the explosive mode has been used successfully
in a variety of combustion and biological problems in accurately identifying the dominant
chemical processes [38, 39, 46, 53, 55, 56, 61, 68, 70–73].
The adiabatic ignition of a homogeneous mixture in engine-relevant conditions is governed
by the species and temperature equations:






2K
y
0
W
X
d 
= 1 1
·
 1 P dV
Sk Rk + 
(6)
(−hc · W + RT U)
dt
ρ
ρcv V dt
k=1
T
−1
cv
where ρ is the mixture density, W is a N × N diagonal matrix with the species molecular
weights in the diagonal, cv is the specific heat under constant volume, hc is the N -dimensional
vector of the species absolute enthalpies, R is the universal gas constant, T is the temperature, U = [1, . . . , 1], Sk and Rk represent the stoichiometric vector and reaction rate,
respectively, of the k-th unidirectional reaction, P is the pressure and V is the volume. The
two directions of the K reversible reactions are considered separately in Eq. (6), in order
to assess the influence of each direction. The last term in Eq. (6) represents the effect of
variable volume and is absent in the isochoric case. The volume rate of change is calculated
in terms of the crank angle by the relation [74]:


C − 1
cosθ
dV
=Ω
· sinθ · 1 + √
· VC
(7)
dt
2
R2 − sin2 θ
where Ω is the rotational speed of the crank arm in degrees per second:
rpm
Ω = 2π
(8)
60
and rpm is the engine speed, C is the engine compression ratio, θ is the angle of the crank
arm, R is the engine connecting rod to crank radius ratio, and VC is the clearance volume
calculated through the following relation:
VC =

Vs,max
C −1
5

(9)

where Vs,max is the engine cylinder displacement volume. Finally, θ is the angle of the
connecting rod:
θ = Ω · t + CADIV C
(10)
where t stands for time and CADIV C is the starting crank angle at the intake valve closure
(t=0).
3. Chemical kinetics models
Two kinetic models of n-hexane oxidation were adopted in the 0-D autoignition and
HCCI simulations, taken from Zhang et al. [2] and Wang et al. [35]. The former, referred to
as the C6 model, was developed by including significant updates to thermochemical group
values, alternative isomerization reaction pathways and quantum chemically derived rate
rules. The kinetic model was refined and tested against ignition delay times over a wide range
of temperature and pressure against experimental speciation data obtained in a high-pressure
jet-stirred reactor. The latter, referred to as the extended C6 model, was developed by including the third sequential O2 addition reactions for selected P(OOH)2 radicals based on the
Zhang model. Subsequent pathways involve internal H-atom migration of OOP(OOH)2 to
keto-dihydroperoxide (KDHP) and/or dihydroperoxy cyclic ether (DHPCE), and concerted
eliminations of OOP(OOH)2 to HO2 and olefinic dihydroperoxides (ODHP). Hydrogen abstraction from KDHP and DHPCE, and subsequent decomposition of the intermediate radicals to diketo-hydroperoxide (DKHP) and keto-hydroperoxy cyclic ether (KHPCE) were also
included. The decomposition of intermediate species (KDHP, DHPCE, ODHP, DKHP, and
KHPCE) formed via the third sequential O2 addition processes were treated analogously to
those of ketohydroperoxides (KHP) in the original C6 model.
The C6 model consists of N=1118 species, E=6 elements (O, H, C, N, He, Ar) and
K=4808 reversible reactions, while the extended C6 model (which includes additional O2
reactions) consists of N=1188 species, E=6 elements (O, H, C, N, He, Ar) and K=4959
reversible reactions. In the following discussion, subscripts “f” and “b” in the reactions
denote forward and backward directions, respectively.
4. Results
4.1. Autoignition in a Constant Volume Reactor
The adiabatic homogeneous isochoric autoignition of an n-hexane/air mixture was first
studied at various initial temperature, pressure, and equivalence ratio conditions. The objective was to determine the conditions at which the two chemical kinetic models differ the
most and then to select these conditions in order to identify the dominant chemical processes
that determine the dynamics of the system [2, 35].
The ignition delay time tign computed at various initial conditions is displayed in Table
1. It is shown that the ignition delay time provided by the two mechanisms differs significantly at low initial temperatures (T(0)=600 K) (min 39% and max 46%), regardless of the
initial pressure (p(0)=20 and 60 atm) or the stoichiometry (φ = 0.4 and 1) of the system. At
intermediate initial temperatures (T(0)=750 K), however, these differences are mitigated
(min 7% and max 17%). These findings suggest that it is mainly the low temperature radical chain branching chemistry that is different between the kinetic models. In particular,
6

the third sequential O2 addition reaction pathways are favored at: (i) lower temperatures
because the intermediate OOP(OOH)2 peroxy radical is thermodynamically more stable,
(ii) higher pressures because the bimolecular reaction of O2 +P(OOH)2 )=OOP(OOH)2 ) is
thermodynamically favored, and (iii) lean equivalence ratios because the O2 concentration
is higher.
Table 1: The ignition delay times of the the two mechanisms (C6 and extended C6) at various
initial conditions; i.e., p(0), T(0) and φ. The last column displays the relative difference of the
ignition delay times between the two mechanisms.
p(0) [atm]

T(0) [K]

φ

tign [s]
extended C6

C6

% change

20
20

600
600

0.4
1

2.396E-01
2.031E-01

1.390E-01
1.242E-01

-41.99%
-38.85%

20
20

750
750

0.4
1

3.492E-03
1.810E-03

3.232E-03
1.642E-03

-7.45%
-9.28%

60
60

600
600

0.4
1

1.809E-01
1.491E-01

9.765E-02
8.610E-02

-46.02%
-42.25%

60
60

750
750

0.4
1

1.174E-03
9.200E-04

9.720E-04
7.630E-04

-17.21%
-17.07%

CSP diagnostics were obtained for all cases of initial conditions in Table 1. For brevity, the
results of only one case is presented here: T (0) =600 K, p(0) =60 atm and φ =1 (reference
case). This is the case for which the second maximum difference in tign between the two
mechanisms is observed. Results for the TPI for the fastest explosive time scale, say τe,f ,
in the dynamics of the system will be presented. This time scale relates directly to tign , so
the TPI index will identify the reactions that influence the ignition dynamics through their
contribution to the generation of τe,f [38, 39]. The development of an explosive time scale
is a necessity for the autoignition of homogeneous mixtures and might be encountered in
flames; see Ref. [38] and the references listed herein.

τi [s]

1e+00

τi [s]

1e+00

1e-07

1e-07

1e-14

1e-14

0.00
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0.00

0.12

0.04

0.08

t [s]
t [s]
Figure 1: The developing time scales during autoignition of the two hexane mechanisms; C6 (left)
and extended C6 (right). Solid and dotted lines represent explosive and dissipative time scales,
respectively; T (0) =600 K, p(0) =60 atm, φ=1.

The time scales that characterise the dynamics of the process at the reference case for
both the C6 and the extended C6 mechanisms are illustrated in Fig. 1. For both mechanisms,
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all time scales are dissipative (i.e., they characterise processes which tend to drive the system
to equilibrium) except for two time scales, which are explosive (i.e., they characterise processes that tend to drive the system away from equilibrium). The period during which these
explosive time scales are present was introduced as the explosive stage of the autoignition
process [38].
The fastest of the explosive time scales τe,f appears from the start of the process and
remains constant for the most part of the explosive stage. At the end of this stage τe,f
accelerates (when the H2 /O2 chemistry dominates its development), then decelerates and
merges with the slow explosive time scale τe,s . When the two explosive time scales merge,
they disappear and the explosive stage comes to an end. The direct relation of τe,f to tign
is manifested by the similarity of the ratio of the two τe,f in the cases of the extended
C6 and of C6 (computed at t=tign /2) is similar to the ratio of the corresponding tign ; i.e.
τe,f −(C6ext) /τe,f −(C6) =0.576 and tign−(C6ext) /tign−(C6) =0.577.
In a fully nonlinear ignition model, τe,f relates to a mode among the fastest of the slow
(non-exhausted) ones and thus appears slightly above the gap between the slow (active)
and fast (exhausted) time scales. Such a feature is conventionally required, in order for τe,f
to be characteristic of the slow system that governs the process when the M fastest time
scales become exhausted. However, due to the quasi-linear character of the dynamics (as
manifested by the constancy of all fastest time scales including τe,f ), the analysis of the
fast explosive timescale τe,f as the main driving mode remains valid in cases where such a
fast/slow gap does not develop. Similar behaviour was found in the autoignition of DME/air
mixtures [39]. The significance of τe,f as the driving mode for the ignition of the system is also
manifested by the magnitude of its amplitude, which is the largest in both cases throughout
the explosive stage.

1e-02

τi [s]

P1

P3

P2

P1
P2

2400

P3

T [K]

1e-03

1600

1e-04
0.00

800

0.07

t [s]

0.14

Figure 2: Left: The developing explosive time scales and the temperature evolution during autoignition of the two hexane mechanisms. Right: The evolution of OH, H2 O2 , HO2 and temperature for
the two mechanisms. Both left and right: p(0)=60 atm, φ=1 and T(0)=600 K; C6 (solid lines) and
extended C6 (dashed lines). P1 to P3 indicate the points at which the CSP diagnostics displayed
in Table 3 were computed.

The evolution of the fast explosive time scale τe,f that develops in the reference case is
displayed in Fig. 2. Throughout the explosive stage, τe,f of the extended C6 kinetics mechanism (4959 reactions) has a smaller value than that of the C6 mechanism (4808 reactions),
thus resulting in a smaller tign . Fig. 2 also shows the time evolution of temperature and
concentrations of the OH, HO2 and H2 O2 radicals, which are important species controlling
8

the ignition process [75, 76]. It is shown that the radical build-up, which leads to ignition,
is accelerated with the extended C6 mechanism.
The roles of the individual elementary reactions during the explosive stage was examined
in details at three indicative points of the process, P1 to P3 , which are marked in Fig. 2;. P1
(t=0 sec) corresponds to the initial formation of radical species, while P2 (t=tign /3) and
P3 (t=2tign /3) correspond to times when the radical pool is in the exponential growth
phase. Note that temperature does not change significantly between these three indicative
points.
Table 2: The reaction groups providing significant contribution to the generation of the fast time scale τe,f , during the autoignition of the n-hexane/air mixture; F: nC6 H14 , R is in ROO: C6 H13 , Q in QOOH and O2QOOH: C6 H12 , Q’ in OQ’=O: C6 H11 ,
P in P(OOH)2: C6 H11 . Reaction groups in bold are those that are included only in the extended mechanism [35].
R1
R2
R3
R4
R5
R6
R7
R8
R9

R unimolecular reactions
F + OH ↔ R + H2 O
F + HO2 ↔ R + H2 O2
RO2 ↔ QOOH
RO2 ↔ olefin + HO2
QOOH + O2 ↔ O2 QOOH
O2 QOOH ↔ KHP + OH
O2 QOOH ↔ OHP + HO2
O2 QOOH ↔ P(OOH)2

R10
R11
R12
R13
R14
R15
R16
R17
R18

P(OOH)2 ↔ OHP + HO2
P(OOH)2 ↔ HPCE + OH
P(OOH)2 + O2 ↔ OOP(OOH)2
OOP(OOH)2 ↔ KDHP + OH
T(OOH)3 ↔ ODHP + HO2
T(OOH)3 ↔ DHPCE + OH
KHP ↔ OQ’=O + OH
HPCE ↔ products + OH
KDHP ↔ products+OH

Table 2 lists the reaction groups that contribute significantly to the generation of the
fast time scale τe,f . Their quantitative contributions to τe,f , evaluated at the points P1 (t=0
sec), P2 ( t=tign /3) and P3 ( t=2tign /3) are summarized in Table 3, which lists the TPI
values of each reaction group for both the C6 and extended C6 mechanisms for the reference
case. The TPI value of each reaction group is computed by adding the related TPI values of
the reactions that belong to this group.
The results displayed in the upper part of Table 3 indicate that in the case of the C6
mechanism, the dominant contribution to τe,f is produced by KHP decomposition reactions
(reaction group R16f ), favoring the explosive character of τe,f , thereby promoting the process
to ignition. Additional significant positive contribution is provided by reaction R7f , involving conversion of O2 QOOH radicals to KHP and highly reactive OH radicals. These reaction
steps are the primary radical chain branching pathways in n-hexane low temperature oxidation. Reactions R4f , R3f , R11f , R17f and R6f also provide considerable positive contributions
and promote ignition. The major opposition to the generation of τe,f is produced by reaction
R10f (elimination of HO2 from P(OOH)2 ) and R4b (isomerization of QOOH into RO2 ). These
latter reaction groups compete with the low temperature radical chain branching process,
and therefore suppress the ignition process. Aside from minor changes in their relative magnitudes, and the slightly increased contributions from R8f and R9f to the suppression of
reactivity at P3 (t = 2tign /3), the overall chemical characteristics based on the C6 mechanism are consistent with conventional knowledge of hydrocarbon low temperature oxidation
chemistry [14, 77].
We now compare the low temperature ignition characteristics based on the extended C6
mechanism, which includes approximately 150 more reactions. The TPI results for this mechanism are displayed in the lower part of Table 3. At the beginning of the process (t = 0),
the most significant contributors to τe,f in the extended C6 mechanisms is reaction R18f
(decomposition of KDHP to form OH radical) followed by R16f (KHP decomposition to
9

Table 3: Values of the largest TPI (Jke ) during the autoignition process of the two hexane mechanisms; C6 (upper part) and
extended C6 (lower part). At each point, the values of the time scale τe,f and amplitude f e,f of the explosive mode are
displayed. Reaction groups in bold are those that are included only in the extended C6 mechanism. Refer to Fig. 2 for the
selected points P1 , P2 and P3 .

t [s]
τe,f [s]
f e,f [s]

P2 (t=tign /3)

P3 (t=2tign /3)

0.00E+00
8.41E-03
6.49E-05

4.98E-02
7.60E-03
4.62E-02

9.99E-02
1.07E-02
1.99E+01

C6

R16f
R7f
R4f
R10f
R3f
R11f
R17f
R6f
R4b
t [s]
τe,f [s]
f e,f [s]

extended C6

P1 (t=0)

20.81%
11.05%
8.29%
-6.83%
6.66%
6.29%
4.11%
3.33%
-3.32%

R16f
R7f
R3f
R10f
R11f
R4f
R17f
R8f
R4b

0.00E+00
4.45E-03
7.53E-05
R18f
R16f
R7f
R4f
R3f
R10f
R13f
R12f
R8f

12.25%
11.60%
8.87%
8.33%
6.26%
-3.70%
3.53%
2.82%
-2.25%

18.71%
12.10%
8.67%
-7.17%
6.40%
3.87%
3.46%
-2.97%
-2.00%
2.86E-02
4.61E-03
3.78E-02

R18f
R16f
R4f
R7f
R3f
R10f
R13f
R12f
R4b

12.57%
11.88%
9.74%
9.18%
5.20%
-3.61%
3.40%
2.77%
-2.62%

R16f
R7f
R10f
R11f
R8f
R9f
R3f
R4f
R17f

17.14%
11.01%
-8.86%
6.22%
-3.66%
-3.48%
3.07%
3.04%
2.73%

5.75E-02
5.06E-03
1.87E+01
R18f
R16f
R4f
R7f
R10f
R3f
R13f
R12f
R8f

11.94%
11.00%
9.06%
8.80%
-4.02%
3.33%
3.11%
2.80%
-2.45%

OH radical). Both reactions involve the decomposition of unstable intermediates to produce
highly reactive OH radicals. Additional significant contribution favoring the explosive character of τe,f is provided by reactions R7f , R4f and R3f . Reaction groups R13f (formation of
KDHP and OH radical) and R12f (the third O2 addition reaction) also provide some additional contribution but they are limited in driving the explosive character of τe,f . The major
opposition to τe,f is provided by reaction R10f as with the C6 mechanism.
As the ignition process proceeds to tign /3 and 2tign /3, the set of the most significant
reaction groups and their contributions to τe,f does not change qualitatively but only quantitatively. The major positive contributors hardly change, which explains why τe,f remains
essentially constant. At 2tign /3, the contribution from R18f decreases only slightly, while the
contribution of R10f increases slightly in the negative (suppression) direction. The combined
effect results in the increased τe,f toward the latter stage of ignition.
A comparison of the TPI results for two mechanisms, displayed in Table 3, leads to the
following conclusions:
• Reactions R18f , R13f and R12f , which are included only in the extended C6 mechanism
and contribute to radical chain branching, exhibit a significant influence in promoting
the explosive nature of the system, with R18f being the dominant reaction.
• Reactions R16f , R7f and R3f exhibit a significant influence in both the C6 and extended
C6 mechanisms, promoting ignition. For both cases, their influence does not change
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significantly during the explosive stage. The former two reactions are related to the
formation and destruction of KHP, which lead to OH radical production, while latter
reactions involve production of hydrogen peroxided (H2 O2 ), which also decomposes to
form OH radicals.
• Reaction R10f is the main process that suppresses the explosion of the system for both
mechanisms. This reaction group leads to production of HO2 radicals, and competes
directly with OH radical production, thereby reducing reactivity. Its influence in the
explosive stage does not change significantly.
• Reactions R11f and R17f (formation and destruction of HPCE) have a notable influence
towards explosiveness in the case of the C6 mechanism and a negligible one in the case
of the extended C6 mechanism. These reactions are less important in the extended
C6 mechanism because the P(OOH)2 radical intermediates have alternate pathways
to drive the ignition process (i.e., via R12f , R13f , and R18f ). In contrast, the influence
of reaction R4f towards ignition increases considerably in the case of the extended C6
mechanism.
4.2. Autoignition in a Variable Volume HCCI Engine
In the constant volume autoignition simulation under the selected conditions, only a
single stage ignition event was observed. However, hydrocarbon fuels typically display twostage ignition characteristics. Under HCCI engine conditions, it is common to observe a low
temperature heat release (LTHR) that relates to a first-stage ignition delay time, followed
by a high temperature heat release (HTHR) that relates to the second-stage ignition delay
time [78]. The investigation of the influence exerted by the various reactions under HCCI
engine conditions can provide further insights into the contributions by the third sequential
O2 addition reactions to LTHR and HTHR at the first and second stage ignition delay events,
respectively.
The ignition of n-hexane/air mixture in HCCI environment was investigated using the
C6 and extended C6 chemical kinetics mechanisms [2, 35]. The code Chemkin-PRO was used
in order to solve the system of Eqs. 6 and 7, using an adiabatic single-zone HCCI engine
model. The input for the HCCI engine simulation was the same as that in Ref. [35], e.g.,
a mixture of n-hexane/air at an intake pressure p(0) of 1 atm, intake temperature T(0) of
336 K, and equivalence ratio φ of 0.4. A total duration of 190 engine crank angle degrees
were simulated with an engine compression ratio C of 12, engine speed of 1650 rpm, engine
cylinder displacement volume Vs,max of 474 cm3 , engine connecting rod to crank radius ratio
R of 2.5, and starting crank angle CADIV C of -142.5 degrees.
Fig. 3 presents the evolution of the explosive timescales for the C6 and extended C6
mechanisms, along with the respective evolution of temperature. The temperature evolution
clearly exhibits a 2-step ignition process, and the accompanying time scales show that the
two ignition stages are characterized by distinct sets of explosive timescales τe . Specifically,
at the start of the process an explosive timescale τe,f emerges and continuously accelerates,
until it merges with a slower explosive timescale to disappear. The disappearance of the
explosive timescales coincides with the first stage ignition of the process. In fact, the left
panel of Fig. 3 shows that when the explosive timescales disappear, the temperature rises to
half of the total first stage increase.
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Figure 3: Left: The developing explosive time scales τe and the temperature evolution during the
HCCI. Right: the evolution of the mass fractions of OH, H2 O2 and HO2 and of T. Both left and
right: C6 (solid lines) and extended C6 (dashed lines); p(0)=1 atm, φ=0.4 and T(0)=336 K.

After the completion of the first stage ignition, a new set of explosive timescales emerges: a
fast one τe,f which is accelerating and a slow one τe,s which is decelerating. As will be shown
next, this second stage is highly related to the thermal character of the system. The fast
explosive timescale, which is the characteristic time scale of the system in that period, accelerates until it reaches a local minimum, then decelerates for a brief period. It subsequently
starts a rapid acceleration followed by a deceleration again, before it finally merges with
the slow explosive timescale to disappear. The disappearance of both explosive timescales
determines the end of the explosive stage. At that point, the temperature of the system has
risen sufficiently, and ultimately reaches its maximum value.
Comparing the fast explosive timescales τe,f of both mechanisms, τe,f in the case of the
extended C6 mechanism is always faster than that of C6 mechanism. This explains why the
extended C6 mechanism attains a shorter ignition delay time. Although the difference of τe,f
between the two mechanisms appears more pronounced in the second rather than in the first
stage, it is the first stage that relates to the chemical runaway of the process, and therefore it
determines the evolution of the second stage that follows. This is discussed in further detail
below.
To investigate the dependance of the system on temperature, the initial full (N+1) x
(N+1) Jacobian of the system is truncated by eliminating the column and row, which relate
to the temperature variable. This is a practice that has been successfully used in the past to
identify the chemical/thermal runaway regimes of various fuels [38, 61, 73].
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Figure 4: The developing explosive time scales of the full (solid lines) and the truncated (dashed
lines) Jacobians during the HCCI of the two hexane mechanisms; C6 (left) and extended C6 (right);
p(0)=1 atm, φ=0.4 and T(0)=336 K.

The explosive timescales τe calculated from the N x N truncated Jacobian are displayed
with dashed lines in Fig. 4. It is shown that the fast explosive timescales τe,f in both mechanisms calculated from the truncated Jacobians have the same values with the fast explosive
timescales τe,f computed from the full Jacobians, during the first stage ignition. This means
that the dependence of the systems to temperature is weak during the first stage ignition. On
the other hand, this dependence is much stronger during the second stage, such that the fast
explosive timescales τe,f of the truncated Jacobians differ significantly from the respective
timescales of the full Jacobians. Therefore, it is concluded that the first stage ignition is
in the chemical runaway regime, while the second stage ignition is in the thermal runaway
regime.
4.2.1. First-stage ignition
To investigate the dominant chemistry leading to ignition, CSP diagnostics (TPI) results
were generated for both mechanisms at selected points in time. The first 3 points (P1 to P3 ),
shown in Fig. 5, relate to the first-stage ignition. The TPI values for τe,f at these three points,
computed on the basis of the C6 and extended C6 mechanisms, are shown in Table 4 (C6
on the top, extended C6 on the bottom). The values of τe,f displayed are in accordance with
the findings shown in Fig. 4; i.e., that the first stage process is faster when considering the
extended C6 mechanism. In addition, Table 4 suggests that the impact of the fast explosive
mode is stronger in that case, as it is indicated by the values of the related amplitude fe,f
(especially at P3 ).
Considering the C6 mechanism, Table 4 shows that at point P1 the dominant contributor
to τe,f is reaction R16f , promoting the explosive character of τe,f . Additional similar contributions are provided by reactions R7f , R6f , R11f and R4f . The most significant opposition to
the generation of τe,f is provided by reactions R10f and R4b . Additional but less significant
opposing contributions are provided by reactions R9f , R5f and R8f . In general, the set of
dominant contributors to τe,f at point P1 is similar in both the constant volume ignition and
HCCI engine ignition cases.
As time progresses in the period that leads to the first stage ignition (points P2 and
P3 ), the following changes are noted for the major chemical processes in terms of their
contributions to τe,f :
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Figure 5: Left: The evolution of the explosive timescales and temperature during the 1st stage ignition. P1 -P3 represent points at which CSP diagnostics for τe,f were generated. Right: The evolution
of the species mass fractions of OH, H2 O2 , HO2 and of T during the 1st stage ignition. Both left
and right: C6 (solid lines) and extended C6 (dashed lines); p(0)=1 atm, φ=0.4 and T(0)=336 K.

• Reaction R16f remains the major contributor to the generation of τe,f , favoring its
explosive character, but its influence decreases at the final part of the first stage ignition. This is due to the rising temperature during the first stage ignition process,
so that at point P3 the KHP species in R16f are no longer stable. They contribute
significantly to OH radical build-up in the early parts of the ignition process, but are
less important once the temperature increases above approximately 700 K.
• The positive effect (favoring the explosive character of τe,f ) of reactions R7f and R11f
decreases with time while that of reactions R6f and R4f increases. The former set of
reactions lead to the formation of chain branching intermediates (KHP and HPCE),
but as noted in the constant volume case, these species are inherently unstable at
higher temperatures. On the other hand, the formation of QOOH radicals via RO2
isomerization (R4f ) and subsequent exothermic second O2 addition to QOOH reaction
(R6f ) drive the ignition process at later times.
• The negative contributions (opposing the explosive character of τe,f ) of reactions R10f ,
R9f and R8f decrease with time while those of reactions R4b and R5f gradually increase.
• Although the net effect of reaction R4 to τe,f seems insignificant, the role of this reaction
can not be dismissed, since its forward direction promotes the explosive character of τe,f
by leading to the formation of the QOOH radical and its backward direction opposes
the explosive character of τe,f by leading to the formation of the stable RO2 .
The lower part of Table 4 summarizes the CSP diagnostics for the extended C6 mechanism. At point P1 , the most significant contributor to the generation of τe,f is reaction
R16f , as in the C6 mechanism case, although its contribution is now reduced. Reaction R4f
has a more pronounced role in promoting the explosiveness of the mixture, relative to the
C6 mechanism case. Although the backward direction of R4 (i.e., R4b ) cancels the largest
positive effect of R4f , the net result favors the explosive character of τe,f , in contrast to what
was found in the C6 mechanism case. Reaction groups R18f and R12f , which are included
14

Table 4: Values of the largest Jke (TPI) during the 1st stage ignition of the HCCI of the two n-hexane mechanisms; C6 (up)
and extended C6 (down). At each point, the values of the time scale τe,f and amplitude f e,f of the explosive mode are
displayed. Reaction groups in bold are those that are included only in the extended C6 mechanism. Refer to Fig. 5 for the
selected points P1 , P2 and P3 .

t [s]

P1
1.11E-02

P2
1.208E-02

P3
1.3746E-02

τe,f [s]
f e,f

9.52E-03
4.56E-06

7.53E-04
2.25E-04

4.71E-05
6.93E+03

C6

R16f
R7f
R10f
R4b
R6f
R11f
R4f
R9f
R5f
R8f

extended C6

τe,f [s]
f e,f

15.71%
8.78%
-8.34%
-6.03%
5.86%
5.71%
5.55%
-3.53%
-3.42%
-3.02%

R16f
R4f
R4b
R6f
R7f
R5f
R10f
R11f
R17f
R8f

6.33E-03
5.52E-06
R16f
R4f
R18f
R10f
R4b
R6f
R12f
R7f
R5f
R8f

11.25%
8.32%
7.20%
-7.13%
-7.08%
7.03%
5.45%
5.24%
-4.35%
-2.50%

15.82%
10.68%
-10.03%
9.89%
7.48%
-6.53%
-6.02%
4.97%
3.03%
-3.03%
5.77E-04
2.69E-04

R4f
R16f
R4b
R6f
R5f
R10f
R18f
R7f
R12f
R8f

11.92%
11.79%
-10.30%
10.26%
-6.64%
-5.24%
4.82%
4.25%
4.01%
-2.49%

R4f
R6f
R4b
R16f
R5f
R7f
R11f
R10f
R6b
R8f

15.98%
14.49%
-14.11%
10.67%
-10.42%
5.44%
2.66%
-2.56%
-1.78%
-1.77%

4.04E-05
8.38E+04
R4f
R6f
R4b
R5f
R16f
R7f
R10f
R6b
R12f
R18f

14.98%
13.07%
-12.85%
-9.49%
8.88%
3.48%
-1.74%
-1.53%
1.50%
1.18%

only in the extended C6 mechanism, contribute significantly to τe,f , both favoring its explosive character. Additional important positive contributions to τe,f are provided by reactions
R6f and R7f , the former having increased and the latter decreased effect when compared
to the C6 mechanism. The most significant opposition to τe,f (besides R4b ) is generated by
reactions R10f , R8f and R5f , the first two having slightly decreased and the latter having
slightly increased effect, when compared to the C6 mechanism case.
Figure 5 shows that the difference in the values of τe,f computed from the C6 and extended C6 mechanisms decreases with time, during the period that leads to the first stage
ignition. According to Table 4, the difference is 33.51% at point P1 , 23.37% at point P2 ,
14.22% at point P3 , in all points the C6+O2 mechanism generating a faster τe,f . As seen
in Table 4, this feature is mainly related to the diminishing influence of reactions R18f and
R12f , which are included only in the extended C6 mechanism. The contributions of these
two reactions drop from 7.20 and 5.45% at P1 to 1.18 and 1.50% at P3 . Recall that R12f and
R18f are related to the formation and destruction, respectively, of KDHP species, which are
important for OH radical production. As the first stage ignition proceeds, the temperature
rise thermodynamically inhibits R12f , hence limiting the KDHP production. This feature
is accompanied by a faster rise to dominance of reaction R4f and a faster decline of the
influence of reaction R16f .
At P3 in Table 4, no significant differences are found in the relative contributions from
different reactions to τe,f , when using the C6 or the extended C6 mechanism. This suggests
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that the influence of the third sequential O2 addition reactions, which are included in the
extended C6 mechanism, has decreased considerably.
In summary, the following remarks can be made for the comparison of the two mechanisms
during the first stage ignition:
• Reactions R18f and R12f , which are included only in the extended C6 mechanism, play
a significant role favoring the explosive character of τe,f , thus promoting ignition, although their effects diminish with time. As in the constant volume autoignition case,
these reactions rely on the formation of highly oxidized intermediates which are inherently unstable at higher temperatures, so as the temperature increases during the first
stage ignition process, these reactions become less important.
• The effect of reactions R16f and R7f , which both promote the explosiveness of the
mixture, diminishes in the extended C6 mechanism. The same applies for reactions
R10f and R8f (a set of ten reactions with average contribution -0.25% each), both of
which favor the dissipative nature of τe,f retarding ignition.
• The effect of reactions R6f and R5f is increased in the extended C6 mechanism, with
the former favoring and the second opposing the explosive character of τe,f .
• The net effect of reaction R4 is always positive when using the extended C6 mechanism,
thus promoting ignition, and is much stronger when compared to the net effect in the
case where the C6 mechanism is used; in the latter case the net effect is negative at
the start of the process and then gradually becomes positive.
• The smaller timescale and the larger amplitude values in the case of the extended C6
mechanism indicate that the explosive mode drives the process faster and its impact
is stronger, when compared to the C6 mechanism.
4.2.2. Second-stage ignition
To identify the dominant chemical reactions during the second stage ignition, the TPI
was computed at four representative points in that period. The selected four points are shown
in Fig. 6; points P6 and P7 refer to the points in time where τe,f reaches a local and a global
minimum value, respectively.
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Table 5: The reactions providing significant contribution to the generation of the fast time scale τe,f , during the 2nd stage
ignition in HCCI of the two hexane mechanisms [2, 35].
1:
4:
9:
13/14:

H + O2 ↔ O + OH
O + H2 O ↔ 2OH
H + O2 (+M) ↔ HO2 (+M)
OH + HO2 ↔ H2O + O2

15/16:
17:
21/22:
25/26:
301:

2HO2 ↔ H2 O2 + O2
H2 O2 (+M) ↔ 2OH (+M)
H2 O2 + OH ↔ H2 O + HO2
CO + OH ↔ CO2 + H
C2 H4 + OH ↔ C2 H3 + H2 O

Figure 6: Left: The evolution of the explosive timescales and temperature during the 2nd stage
ignition. P4 -P7 represent the points that CSP diagnostics were generated for the τe,f . Right: The
evolution of the species mass fractions of OH, H2 O2 , HO2 and of the temperature during the 2nd
stage ignition. Both left and right: C6 (solid lines) and extended C6 (dashed lines); p(0)=1 atm,
φ=0.4 and T(0)=336 K.

The reactions exhibiting the largest TPI values for both mechanisms during the second
stage ignition are listed in Table 5. The reaction pairs 13/14, 15/16, 21/22 and 25/26 are
duplicate ones, with different rate constants, accounting for the high and low temperature
regime, respectively. As the listed reactions indicate, this stage is dominated by hydrogen
related chemistry, essentially different than the dominant chemistry during the first stage
ignition. The only carbon related ones are the CO to CO2 reactions 25/26 (CO + OH →
CO2 + H) and the C2 H4 -oxidation reaction 301f (C2 H4 + OH → C2 H3 + H2 O).
Table 6 lists the reactions with the largest TPI values at the four selected points P4 -P7 ,
shown in Fig. 6, for both C6 and extended C6 kinetics mechanisms. It is shown that in both
cases during the second ignition delay τe,f is generated by the same set of reactions.
Specifically, at points P4 and P5 , which represent the beginning of the second stage
ignition process, Table 6 shows that the dominant contributor to τe,f is the chain branching
reaction 17f (H2 O2 (+M) → 2OH (+M)), favoring its explosive character. The key role of
this reaction in promoting the ignition has been identified in the oxidation of a variety of
fuels, like CH4 , DME and EtOH [39, 61, 73]. However, reaction 17f was shown to exhibit
negligible influence on τe,f in the case of H2 oxidation [38]. Table 6 also shows that the
major opposition to the generation of τe,f at P4 and P5 is produced by the chain termination
reactions 15/16f (2HO2 → H2 O2 + O2 ), which consume the HO2 radical and form two stable
molecules. Similar behavior was observed in the case of CH4 , DME and EtOH oxidation
[61, 73]. Table 6 shows that additional negative contribution at P4 and P5 , opposing the
explosive character of τe,f , is provided by the chain termination reactions 21/22f (H2 O2 + OH
→ H2 O + HO2 ), which consume H2 O2 and OH radicals and form H2 O and HO2 . Reactions
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Table 6: Values of the largest Time scale Participation Indices Jke (TPI) during the 2nd stage ignition of the HCCI of the two
n-hexane mechanisms; C6 (up) and extended C6 (down). Refer to Fig. 6 for the selected numbered points. Points P4 and P5
refer to the same time in both mechanisms, while P6 and P7 refer to the points in time where τe,f reaches a local and a global
minimum value, respectively.
P4
1.4180E-02

P5
1.4616E-02

P6
1.5149E-02/1.4900E-02

P7
1.529E-02/1.503E-02

τe,f [s]
fe,f

1.13E-03
6.42E+04

5.22E-04
1.16E+05

4.59E-05
2.91E+06

1.75E-05
6.18E+06

C6

t [s]

extended C6

τe,f [s]
fe,f

17f
15/16f
21/22f

23.47%
-5.72%
-3.41%

8.05E-04
7.82E+04
17f
15/16f
21/22f

24.26%
-6.01%
-3.61%

17f
15/16f
21/22f

25.98%
-5.65%
-4.29%

17f
13/14f
301f
1f

2.82E-04
2.21E+05
17f
15/16f
21/22f

15.20%
-9.06%
7.65%
6.56%

4.24E-05
3.14E+06

27.68%
-5.13%
-5.10%

17f
13/14f
301f
1f

15.50%
-8.87%
7.55%
6.29%

1f
9f
25/26f
13/14f
1b
4f

32.51%
-22.07%
12.81%
-8.18%
-7.72%
7.11%

1.67E-05
6.53E+06
1f
9f
25/26f
13/14f
1b
4f

32.47%
-22.02%
12.88%
-8.46%
-7.47%
7.03%

21/22f exhibited a similar behavior during the initiation of the autoignition of a H2 O2 enriched CH4 /air mixture [73], but exhibited negligible contribution to τe,f in the case a
pure CH4 /air mixture [38, 52].
Table 6 shows that the dominance of reaction 17f extends to point P6 , although its
contribution is decreased. Its action is now complemented by that of the C2 H4 -oxidation
reaction 301f (C2 H4 + OH → C2 H3 + H2 O) and the chain reaction 1f (H + O2 → O
+ OH). The role of the latter reaction at this explosive stage is well known and widely
documented [38, 61, 68, 73]. However, such an influence of reaction 301f is not reported in
the existing literature, so it is further investigated in a section that follows. Note that at
point P6 the reaction opposing the most the explosive character of τe,f is the OH-consuming
termination reaction 13/14f (OH + HO2 → H2 O + O2 ) and that OH is reactant in reaction
301f.
At point P7 , where τe,f obtains its minimum value and the temperature undergoes a
step rise, Table 6 shows that chain branching reaction 1f dominates the explosive dynamics,
assisted by the strongly exothermic reaction 25/26f (CO + OH ↔ CO2 + H). This influence
of reactions 1f and 25/26f was shown to manifest in a number of hydrocarbon fuels at the final
part of the explosive stage; e.g., [39, 61, 70, 72, 73]. The major opposition to the explosive
character of τe,f at P7 originates from the termination reaction 9f (H + O2 (+M) → HO2
(+M)), supported by reactions 13/14f and 1b.
In conclusion, the following remarks can be made regarding the behavior of the C6 and
extended C6 mechanisms during the second stage ignition:
• None of the third sequential O2 addition reactions that are included only in the extended C6 mechanism, seem to be significant for the explosivity of the mixture, in
contrast with the first stage ignition where reaction groups R18f and R12f played key
roles.
• The explosive characteristics of the mixture are influenced by reactions that are in18

cluded in both the C6 and extended C6 mechanisms. The influence of each reaction in
that set is the same, both qualitatively and quantitively.
4.2.3. Validation of the results
To validate the findings reported previously in the context of a variable volume HCCI
engine, regarding the elementary reactions contributing the most to the explosive timescale
τe,f , and as a result to the ignition delay time, a standard sensitivity analysis was performed
by perturbing the rate constant of selected reaction groups. In particular, the reaction rate
constants of selected reactions or reaction groups were increased by 50%. The differences in
the temperature profiles, relative to the unperturbed case, were indicative of the sensitivity
of the mechanism to the selected reaction group. The results are displayed in Fig. 7 for both
C6 and extended C6 mechanisms under consideration.

Figure 7: Left: The evolution of temperature for the unperturbed case and (solid line) and the four
perturbed cases; C6 (left) and extended C6 (right); p(0)=1 atm, φ=0.4 and T(0)=336 K.

The reaction 15/16f (see Table 5) was found to provide major opposition to the generation
of τe,f , in both mechanisms, during the second stage ignition (see Table 6), while its influence
in the first stage ignition was negligible (see Table 4). Accordingly, as shown in Fig. 7, the
perturbation of the rate constant of this reaction notably retards the temperature increase
during the second stage ignition, leaving the first stage unaltered. Reaction 16f (see Table 2)
was found to have significant positive contribution to the generation of τe,f during the first
stage ignition, favoring its explosive character, in both mechanisms. The results of Fig. 7
confirm the significant role of this reaction group in promoting the first stage ignition. Finally,
reaction 1f was found to have small contribution to the generation of τe,f during both stages
in both mechanisms. In fact, it exhibited negligible contribution up to the first ignition stage
and very small positive contribution up to the second stage. These predictions are fully
reproduced in the unperturbed and perturbed profiles shown in Fig. 7.
5. The influence of C2 H4
The C2 H4 -oxidation reaction 301f (C2 H4 + OH → C2 H3 + H2 O), which was shown to
contribute to τe,f during the second stage of the autoignition in a variable volume HCCI
engine, represents a break-up venue of ethylene, a fuel by itself which has been studied
extensively [79, 80]. It was found that the evolution of the mass fraction of ethylene relates
directly to the acceleration of τe,f that is manifested in the final stages of the homogeneous
19

Figure 8: The evolution of the explosive timescales and the mass fraction of C2 H4 during homogeneous autoignition at constant volume. C6 (solid lines) and extended C6 (dashed lines); p(0)=60
atm, φ=1 and T(0)=600 K.
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Figure 9: The evolution of the explosive timescales and the mass fraction of C2 H4 during the 2nd
stage ignition. C6 (solid lines) and extended C6 (dashed lines); p(0)=1 atm, φ=0.4 and T(0)=336
K.

autoignition at constant volume (see Section 4.1) and of the autoignition in a variable volume
HCCI engine (see Section 4.2.2). This relation is manifested in Figs. 8 and 9 where the profile
of the C2 H4 mass fraction is compared to that of τe,f .
For the homogeneous autoignition case, Fig. 8 shows that the mass fraction of C2 H4
increases linearly up to the last part of the explosive stage, where it rises at a much faster
rate and then at the end of this stage decreases at an even faster rate.
In contrast, For the HCCI engine case Fig. 9 shows that C2 H4 is rapidly produced immediately after the development of the first stage ignition and continues to increase until about
point P6 where the local minimum of τe,f is reached. Until that point, the increasing mass
fraction of C2 H4 is associated with an accelerating τe,f . From that point on, its mass fraction
decreases rapidly and τe,f tends to decelerate. Figure 9 thus suggests that the development
of τe,f and its acceleration during the period that leads to the second stage ignition is related
to the increased levels of ethylene.
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6. Conclusions
The chemical kinetics driving the ignition dynamics of n-hexane/air mixtures were investigated in both constant volume and HCCI engine conditions. The analysis was conducted at a
wide range of initial conditions, using algorithmic tools from CSP, in the context of two chemical kinetic mechanisms, with and without third sequential O2 addition reactions [2, 35]. The
results numerically proved that the third sequential O2 addition reaction pathways play a
significant role in the evolution of the ignition process; its effect being more pronounced in
the constant volume autoignition cases.
An investigation of the ignition delay time under constant volume conditions revealed
that the third sequential O2 addition reaction pathways are favored at lower temperatures,
higher pressures and lean equivalence ratios. In the constant volume case, reactions of KDHP
→ products + OH contribute significantly to the dynamics of the system, favoring the
explosiveness of the mixture. On the other hand, reactions of T(OOH)3 ↔ ODHP + HO2 and
T(OOH)3 ↔ DHPCE + OH (also included exclusively in the extended mechanism) provide
negligible contributions, with the former opposing and the latter favoring the explosiveness
of the mixture.
Under HCCI conditions, the first stage ignition dynamics is characterized primarily
by reactions of KHP → OQ’=O + OH and QOOH + O2 → O2 QOOH. Both reaction
groups accelerate the ignition process, while the effect of the former (latter) is larger for the
(extended) C6 mechanism. The third sequential O2 addition reactions of KDHP → products
+ OH and P(OOH)2 + O2 → OOP(OOH)2 contribute significantly to the process, although
their role decays with time and becomes trivial at the end of the first stage. The major
opposition to the evolution of the process is produced by reactions RO2 → olefin + HO2 ,
while the positive net effect of reactions RO2 ↔ QOOH becomes larger when the extended C6
kinetics mechanism is used. The analysis also showed that during the second ignition stage,
none of the third sequential O2 addition reactions that are included only in the extended C6
mechanism, are significant for the evolution of the process. The process during the second
ignition stage is dominated almost exclusively by hydrogen-related chemistry, with the same
set of reactions highlighted for both mechanisms.
It is noted that the sets of reactions identified being important in both cases of the
current study, differ, in general, from the set identified in the work of Zhang et al., where the
sensitivity analysis at T(0)=800K, p(0)=15 atm, φ = 1 identified QOOH + O2 → O2 QOOH
and H2 O2 (+M) → 2OH (+M) as the most important reactions of the system.
This study effectively demonstrated the utility and advantage of CSP tools for understanding ignition dynamics in systems with complex reaction networks. Important similarities and differences between the ignition dynamics under constant volume cases and HCCI
engine conditions were revealed. This study also highlights the fact that the framework for
the oxidation of hydrocarbons, which so far included two sequential O2 addition reactions,
has to be revised in order to account for further O2 addition reactions, as proposed by Wang
et al.[1, 34]. Although the current analysis was conducted on the basis of n-hexane, it is
believed that the third sequential of O2 addition pathways apply to hydrocarbons with six
or more carbon atoms. Numerical investigations using different n-alkanes or hydrocarbons
with other functional groups would provide further detailed insights about the role of the
third sequential O2 addition pathways.
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