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For the multi-dimensional simulation of the engines with advanced compression-ignition
combustion strategies, a practical and robust chemical kinetic mechanism is highly
demanded. Decoupling methodology is effective for the construction of skeletal mecha-
nisms for long-chain alkanes. To improve the performance of the decoupling methodol-
ogy, further improvements are introduced based on recent theoretical and experimental
works. The improvements include (1) updating the H2/O2 sub-mechanism; (2) refining
the rate constants in the HCO/CH3/CH2O sub-mechanism; (3) building a new reduced
C2 sub-mechanism; and (4) improving the large-molecule sub-mechanism. With the
improved decoupling methodology, a skeletal primary reference fuel (PRF) mechanism
is developed. The mechanism is validated against the experimental data in shock tubes,
jet-stirred reactors, and premixed and counterflow flames for various PRF fuels covering
the temperature range of 500–1450K, the pressure range of 0.1–5.5MPa, and the
equivalence ratio range of 0.25–1.0. Finally, the skeletal mechanism is coupled with a
multi-dimensional computational fluid dynamics model to simulate the combustion and
emission characteristics of homogeneous charge compression ignition (HCCI) engines
fueled with iso-octane and PRF. Overall, the agreements between the experiment and
prediction are satisfactory.

Keywords: decoupling methodology, skeletal mechanism, primary reference fuel, ignition delay, laminar flame
speed, homogeneous charge compression ignition

Introduction

More stringent emission regulation and increasing energy shortage motivate the development of
engines with advanced combustion strategies, which can reduce emissions and improve fuel effi-
ciency simultaneously. Nowadays, premixed low-temperature combustion (LTC) strategies, such as
homogeneous charge compression ignition (HCCI) and reactivity controlled compression ignition
(RCCI), attract more and more attention because of its low nitrogen oxides (NOx) and particle
matter (PM) emissions and high thermal efficiency (Yao et al., 2009; Reitz and Duraisamy, 2015). In
the premixed LTC mode, the ignition and combustion processes are dominantly controlled by the
chemical kinetics of fuels. Thus, a robust chemical kinetic mechanism is extremely important for the
simulation of the combustion and emission characteristics of the premixed LTC.
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Practical fuels contain hundreds of components with different
chemical classes and a wide range of molecular weights (Ranzi,
2006; Farrell et al., 2007). It is impossible to couple the detailed
chemical kinetic mechanism of practical fuels, including all the
components into multi-dimensional computational fluid dynam-
ics (CFD) simulation with the present computer resources. There-
fore, primary reference fuel (PRF), i.e., the blends of iso-octane
and n-heptane, is usually employed as an approximation to simu-
late the ignition and combustion characteristics of practical fuels
(Ra and Reitz, 2011).

Generally, a detailed mechanism is capable of providing accu-
rate kinetic information on the fuel ignition and oxidation pro-
cesses. However, the long computational time limits the applica-
tion of a detailed mechanism coupled with the multi-dimensional
CFDmodel. To reduce the computational time, manymethodolo-
gies have been proposed, which can be divided into two categories,
i.e., computation acceleration and mechanism reduction.

The methodology of computation acceleration can be real-
ized through optimization of the computation sequence, such
as tabulation (Pope, 1997), dynamic reduction (Liang et al.,
2009), and the coupling of both methods (Contino et al., 2011).
The methodology of mechanism reduction can be achieved by
removing the unimportant species and reactions with no or little
accuracy loss. The representative methods of mechanism reduc-
tion include sensitivity analysis (Tomlin et al., 1992; Whitehouse
et al., 2004), computational singular perturbation (CSP) (Lam and
Goussis, 1994), directed relation graph (DRG) (Lu and Law, 2005,
2006), etc.

Based on themechanism reductionmethodology, a set of skele-
tal/reduced PRF mechanisms have been developed. Tanaka et al.
(2003) built a skeletal mechanism composing of 32 species and 55
reactions to predict the ignition and oxidation characteristics of
various PRFs in shock tubes, rapid compressionmachines (RCM),
and HCCI engines. Based on a reduced n-heptane mechanism,
Patel et al. (2004) constructed a new n-heptane mechanism (29
species and 52 reactions) with a series of mechanism reduction
and optimization methods. The mechanism can predict the igni-
tion delay time, pressure, and heat release traces in engines reason-
ablywell.With the similar approach as that of Patel et al. (2004), Ra
and Reitz (2008) proposed an updated PRFmechanism, including
41 species and 130 reactions. Themechanismwas validated by the
ignition delay time in shock tubes, pressure, heat release rate, and
emissions in HCCI engines fueled with various PRFs.

It should be noted that the aforementioned reduced mecha-
nisms are only validated against the experimental data of ignition
delay time in shock tubes, RCMs, and engines. Liu et al. (2012)
found that the laminar flame speed and major species evolutions
in jet-stirred reactor (JSR) cannot be well reproduced by the
above reduced PRF mechanisms. Recently, based on the DRG
method, Wang et al. (2013) obtained a reduced PRF mechanism
consisting of 73 species and 296 reactions. It was found that
the predicted ignition delay times, flame speeds, major species
evolutions, pressure, and heat release rate profiles in engines are in
good agreement with the measurements. By combining the DRG
method, isomer lumping method, and timescale analysis, Luong
et al. (2013) reduced a detailed PRF mechanism to a 171-species
reduced mechanism. The mechanism is validated by comparing

the predicted ignition delay times, temperature profiles, and lam-
inar flame speeds with those of the detailed mechanism.

From comparison of the available skeletal/reduced PRFmecha-
nismswith themeasured ignition delay time, laminar flame speed,
and major species concentrations over a wide range of temper-
ature, pressure, and equivalence ratio for various PRFs (see the
results presented in the Supplementary Material), it is found that
there are still some discrepancies between the predictions from the
available PRF mechanisms and the measurements. This could be
primarily due to the objective and method for the development
of these mechanisms. For the skeletal mechanisms, the reaction
pathways and reaction rates are usually determined in an empiri-
cal way with particular attention on the prediction of the ignition
delay behavior in order to keep the mechanism size as small as
possible. Thus, the characteristics of flame propagation cannot be
satisfactorily reproduced by the skeletal mechanisms. By contrast,
for the reduced mechanisms, a series of reduction methods are
employed to reduce a detailed mechanism in the specified oper-
ating conditions. Consequently, the performance of the reduced
mechanisms strongly depends on the operating conditions. Fur-
thermore, it is still a challenge to reduce a detailed mechanism
with hundreds of species to an extremely simplified one, which
is highly desired in multi-dimensional CFD simulations.

In our previous paper, a decoupling methodology was pro-
posed, with which a skeletal PRF mechanism was developed (Liu
et al., 2012). By comparing with the experimental data in shock
tubes, JSRs, flow reactors, premixed and counterflow flames,
and HCCI engines, the PRF mechanism show good agreements
with the measurements. However, it is recently found that the
PRF mechanism cannot predict the ignition delay time well at
ϕ < 0.5. Moreover, the laminar flame speed and low-temperature
heat release in engine simulations cannot be also reproduced
accurately.

In this study, the decoupling methodology is improved based
on the latest theoretical and experimental works. Then, a new
skeletal PRF mechanism is developed using the improved decou-
pling methodology with special attentions on engine simulations.
By validating with the experimental data in various fundamental
reactors and HCCI engines over a wide range of operating con-
ditions, it is found that the present PRF mechanism is capable of
satisfactorily reproducing the ignition and heat release processes,
the evolution of major reactants and products, and laminar flame
speed.

Computational Method

Decoupling Methodology
The decoupling methodology has been described in detail in
Chang et al. (2013a), and only a brief description is presented
herein. In the decoupling methodology, a detailed H2/CO/C1
mechanism is used to predict the evolution of small radicals and
species, heat release rate, and laminar flame speed, while ignition
delay time and fuel consumption are controlled by a skeletal
large-molecule mechanism. A reduced C2–C3 mechanism serves
as the transition between the skeletal large-molecule mechanism
and the detailed H2/CO/C1 mechanism. With the decoupling
methodology, a series of skeletal mechanisms for normal and
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branched alkanes have been constructed (Liu et al., 2012; Chang
et al., 2013b). By comparing with experimental data, it is found
that themechanisms can satisfactorily reproduce the auto-ignition
and oxidation behaviors from low to high temperatures in various
reactors and practical engines. Since a skeletalmechanism is intro-
duced for large-molecule species, the size of the final mechanism
can be kept extremely small, which is attractive for the simulations
of engine combustion processes.

However, it was recently discovered that the previous PRF
mechanism (Liu et al., 2012) cannot well predict the low-
temperature ignition characteristics at equivalence ratios below
0.5, and the low-temperature heat release in HCCI engines. More-
over, the influence of fuel molecular structure on laminar flame
speed is not well captured by the PRF mechanism. To improve
the performance of the PRF mechanism, further improvements
are introduced to the decoupling methodology based on recent
theoretical and experimental works in this study.

Optimized Process
H2/O2 Sub-Mechanism
The H2/O2 sub-mechanism is the base of the oxidation mech-
anisms for all hydrocarbon (HC) and oxygenated fuels (West-
brook and Dryer, 1984). It was found that the H2/O2 mechanism

considerably affects the predictions of auto-ignition and flame
speed characteristics for large-molecule fuels (Bikas and Peters,
2001; Ji et al., 2012; Narayanaswamy et al., 2014). Thus, a reliable
H2/O2 mechanism is crucial for the development of the PRF
mechanism. In previous studies, theH2/O2 mechanism developed
by Li et al. (2004) is usually introduced as the core for the mech-
anisms of large-molecule hydrocarbons. Recently, Burke et al.
(2012) further updated the H2/O2 mechanism of Li et al. (2004),
and significant improvements were achieved, especially under
high-pressure and dilution conditions. Therefore, the updated
H2/O2 mechanism (Burke et al., 2012) is used in this study.

Figure 1 compares the predicted ignition delay time and
laminar flame speed using the previous mechanism and the
improved one with the updated H2/O2 mechanism (Change I).
As can be seen in Figure 1A, the H2/O2 mechanism slightly
affects the ignition delay time at temperatures below 1000K,
which is primarily caused by the improved reaction rate of
H2O2(+M)=OH+OH(+M) because of its high sensitivity to
temperature in the negative temperature coefficient (NTC) regime
(Narayanaswamy et al., 2014). It can be seen from Figure 1B that,
although the updated mechanism improves the predictions on
laminar flame speed, laminar flame speed is still overestimated
when equivalence ratio (ϕ) is larger than 0.9 for iso-octane and

FIGURE 1 | Influence of different improvements introduced to the previous PRF mechanism on (A) the predicted ignition delay time at p===4.5MPa
and ϕϕϕ===0.25, and (B) laminar flame speed at p===0.1MPa and Tu===400K [(I) updated H2/O2 chemistry; (II) updated HCO/CH3/CH2O sub-mechanism;
(III) updated C2 sub-mechanism; (IV) updated large-molecule sub-mechanism] [symbols are experimental data (Vasu et al., 2005; Kumar et al., 2007;
Shen et al., 2009); lines are predicted results].
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is underestimated at ϕ < 1.3 for n-heptane. The differences in the
predicted laminar flame speed between the previous mechanism
and the updated mechanism are mainly resulted from the varia-
tion of the rate constants of the reactions H+O2 =O+OH and
H+O2(+M)=HO2(+M), which dominate the laminar flame
speed of hydrocarbons (Ji et al., 2012; Ranzi et al., 2012).

HCO/CH3/CH2O Sub-Mechanism
The decomposition of formyl (HCO) radical dominates the for-
mation of carbonmonoxide (CO) at high temperatures for the oxi-
dation of hydrocarbons. Metcalfe et al. (2013) recommended an
updated HCO decomposition reaction, in which the reaction rate
is increased by 20% compared to that proposed by Li et al. (2007).
It was found that the slight change considerably improved the
predicted laminar flame speed formethanol, especially under fuel-
lean conditions (Metcalfe et al., 2013). Therefore, the improved
rate constants for HCO decomposition are included in the present
mechanism.

The methyl (CH3) radical plays a very important role for the
flame of hydrocarbons (Ranzi et al., 2012). Previous studies found
that the reactions involved CH3 radical significantly affected the
laminar flame speed and ignition delay time for a variety of fuels
(Chaos et al., 2007; Ji et al., 2010, 2012; Ranzi et al., 2012).Metcalfe
et al. (2013) proposed a new CH3 chemical mechanism based on
recent theoretical and experimental works. It was indicated that
the mechanism with the new CH3 sub-mechanism was capable of
accurately predicting the ignition delay time and laminar flame
speed of methane over a wide range of conditions (Metcalfe et al.,
2013).

Furthermore, formaldehyde (CH2O) is crucial for the oxidation
of long-chain hydrocarbons in the cool flame and NTC regimes
(Campbell et al., 2015), which are closely associated with the auto-
ignition for practical engines in the LTC mode. In the present
mechanism, the CH2O sub-mechanism is also refined based on
the work of Metcalfe et al. (2013).

Overall, it can be seen from Figure 1 that the mechanism
using the updated HCO/CH3/CH2O sub-mechanism (Change
I+ II) slightly affects the predicted ignition delay time, whereas
the predicted laminar flame speed significantly increases for both
n-heptane and iso-octane.

C2 Sub-Mechanism
In the previous decoupling methodology, the core mechanism is a
detailed H2/CO/C1 mechanism, and the oxidation of C2 species is
described by an extremely reduced mechanism. However, War-
natz (1981) found that excessively reduced C2 mechanism was
insufficient for the predictions in fuel-rich flames. Moreover, Ji
et al. (2012) indicated that the concentration of vinyl (C2H3)
increased rapidly with the decreased number ofmolecular branch,
which led to increased laminar flame speed. Unfortunately, the
previous PRF mechanism (Liu et al., 2012) cannot accurately cap-
ture this behavior. To solve this problem, the C2 sub-mechanism
is improved by introducing a series of reactions involving C2H3
and C2H4 due to their importance in ignition and flame prop-
agation behaviors (Metcalfe et al., 2013). The related reactions
are obtained by sensitivity and reaction flow analysis on one-
dimensional laminar flames for the detailedmechanisms of Ji et al.
(2012), Ranzi et al. (2012), and Metcalfe et al. (2013).

As shown in Figure 1, the predicted ignition delay times
and laminar flame speeds using the updated C2 sub-mechanism
(Change I+ II+ III) show better agreement with the experi-
ment data for both fuels. Especially, the laminar flame speed of
n-heptane is higher than that of iso-octane at the same operating
conditions (Kumar et al., 2007), which is satisfactorily reproduced
by the present PRF mechanism. However, the previous mecha-
nism cannot capture this phenomenon. Although the predicted
ignition delay time and laminar flame speed are relatively insen-
sitive to the reactions involving C2 species for the cases tested
in this study (see Figures 4 and 10), as the transition between
large species and small species, the reaction paths in the C2 sub-
mechanism strongly affects the formation of small radicals and
species. Therefore, the enhancement of the C2 chemistry is still
very important for the development of the PRF mechanism.

Large-Molecule Sub-Mechanism
In most previous reduced and skeletal mechanisms, the forward
and reverse rate constants for the large-molecule reactions are usu-
ally adjusted separately in order to well reproduce the ignition and
oxidation behaviors of fuels. However, it is well known that the
reverse reaction rate should be calculated by the forward reaction
rate and the equilibrium constant using the thermodynamic data
of the related species. To be consistent with the theory of chemical
kinetics, the reverse reaction rate is directly calculated on the basis
of the equilibrium constant instead of artificial assignment in the
present PRF mechanism.

By comparing the laminar flame speeds of n-heptane and iso-
octane, Ranzi et al. (2012) indicated that one of the reasons for the
lower laminar flame speed of iso-octane than n-heptane was the
formation of isobutene (iC4H8) during the oxidation of iso-octane.
In the iso-octane flame, the β-scission of C8H17 (R18) is themajor
pathway for the formation of iC4H8, and iC4H8 is consumed sub-
sequently via the H-abstract reactions by H (R28) and OH (R29)
(Ji et al., 2012). Then, iC4H9 and iC4H7 undergo decomposition
reactions, and form C3H6 +CH3 (R30) and C3H4 +CH3 (R31),
respectively.

C8H17 <=> iC4H8 + iC4H9 (R18)
iC4H8 + H <=> iC4H7 + H2 (R28)
iC4H8 + OH <=> iC4H7 + H2O (R29)
iC4H9 <=> C3H6 + CH3 (R30)
iC4H7 <=> C3H4 + CH3 (R31)

Furthermore, Andrae et al. (2005) found that the co-oxidation
reactions between different fuel molecules and the related radicals
were important at low temperatures for the oxidation of multi-
component fuels. To account for the contribution of co-oxidation
reactions, the reaction from Ra and Reitz (2008) is added in the
present PRF mechanism.

C8H18 + C7H15 <=> C7H16 + C8H17 (R1)

After determining the reaction paths, the rate constants of
the large-molecule reactions are slightly optimized in order to
remove the influence of the elimination of large-molecule isomers
in the present mechanism. The detailed optimization process is
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presented in our previous study (Chang et al., 2013a), and only a
brief description is presented herein.

The optimization process is primarily focused on the reactions
involving the large-molecule species. First, the initial rate con-
stants of the large-molecule reactions are obtained from those of
the related reactions in the detailed mechanisms; second, sen-
sitivity analysis on ignition delay time is performed to identify
the important reactions. The rate constants of these reactions are
optimized to accurately reproduce the ignition delay time in shock
tubes over wide operating conditions; third, further optimization
is conducted to satisfactorily predict the major species evolutions
in JSRs by path analysis and rate of production (ROP) analysis; and
finally, the above two steps are iterated until the predicted ignition
delay time and major species concentrations are within accepted
tolerances.

It can be seen from Figure 1A that the mechanism with
the updated large-molecule sub-mechanism (Change I+ II+
III+ IV) predicts shorter ignition delay times for iso-octane at
temperatures below 950K and longer ignition delay times for
n-heptane over the whole temperature range, which are more
consistent with the measurements than the mechanism with-
out optimization (Change I+ II+ III). As can be found from
Figure 1B, the higher flame speed of n-heptane than iso-octane
can also be satisfactorily reproduced by the updated mechanism.
Although the large-molecule reactions have insignificant influ-
ence on laminar flame speed (Babushok and Tsang, 2004), the
predicted flame speed is still slightly changed with the improve-
ment of then-heptane sub-mechanism,which is primarily because
of the variation of the formation pathways of small species from
large-molecule species in the PRF mechanism. For the laminar
flame speed of iso-octane, the predictions using the improved
mechanism are notably reduced due to the introduction of the
stable intermediate iC4H8 compared to the previous mechanism
(Liu et al., 2013).

In general, based on the optimized decoupling methodology,
the present updated PRF mechanism illustrates better agreement
with themeasured ignition delay time and laminar flame speed for
both n-heptane and iso-octane compared to the previous mecha-
nism in Figure 1. The final PRF mechanism consists of 49 species

and 163 reactions. In the present mechanism, the thermodynamic
and transport properties of C0–C3 species and C4–C8 species are
taken from the work of Metcalfe et al. (2013) and Mehl et al.
(2011), respectively.

Mechanism Validations

In this section, the improved PRFmechanism developed based on
the optimized decouplingmethodology is further validated by the
measurements in shock tubes, JSRs, premixed laminar flames, and
laminar flame speed over a wide range of operating conditions.
In addition, the PRF mechanism is coupled with 3D CFD model
to simulate the combustion and emission characteristics of HCCI
engines fueled with iso-octane and PRF.

Shock Tube
The calculated ignition delay times of n-heptane and iso-octane
are compared with the experimental data (Ciezki and Adomeit,
1993; Fieweger et al., 1997; Gauthier et al., 2004; Vasu et al., 2005;
Shen et al., 2008, 2009; Heufer and Olivier, 2010) over low-to-
high temperatures and pressures at ϕ = 0.25 and 1.0 in Figures 2
and 3. It can be seen that the predicted ignition delay times
are in good agreement with the measurements over the whole
operating conditions. To recognize the reactions dominating the
ignition delay time at different temperature regimes, a sensitivity
analysis is performed for iso-octane and n-heptane at p= 4.0MPa,
ϕ = 1.0, and T= 700, 850, and 1100K in Figure 4, which repre-
sents the low-temperature, NTC, and high-temperature regimes,
respectively.

As shown in Figure 4, the fuel-specific reactions display high
sensitivity on the predicted ignition delay times at all the three
temperatures, especially for the H-atom abstraction reactions and
fuel alkyl decomposition reactions. Moreover, the chemistry of
CH3, CH2O, and H2 also affects the ignition delay time for both
n-heptane and iso-octane. Thus, a refinement of the chemical
kinetics for these small species can also improve the predicted
ignition delay time.

The addition of exhaust gas recirculation (EGR) is an effective
way to reduce the in-cylinder charge temperature in practical

FIGURE 2 | Experimental (symbols) and predicted (lines) ignition delay times at ϕϕϕ===0.25 for (A) iso-octane/air mixture (Vasu et al., 2005; Shen et al.,
2008) and (B) n-heptane/air mixture (Shen et al., 2009).
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FIGURE 3 | Experimental (symbols) and predicted (lines) ignition delay times at ϕϕϕ===1.0 for (A) iso-octane/air mixture (Fieweger et al., 1997; Shen
et al., 2008) and (B) n-heptane/air mixture (Ciezki and Adomeit, 1993; Gauthier et al., 2004; Heufer and Olivier, 2010).

FIGURE 4 | Sensitivity analysis of ignition delay time at p===4.0MPa and T=700, 850, and 1100K for (A) iso-octane/air and (B) n-heptane/air.

engines, which can considerably reduceNOx emissions. To under-
stand the influence of EGR on the ignition behavior of fuel/air
mixture, Vandersickel et al. (2012) measured the ignition delay
time of n-heptane/air/EGR in a high-pressure shock tube covering
the temperature range of 700–1100K and various EGR rates. In
the experiment, the EGR gas was mimicked by N2. Comparisons
between the measured and calculated ignition delay times are
shown in Figure 5. It can be found that the present mechanism
predicts the ignition delay time reasonably well at the investigated
conditions. Moreover, the dependence of ignition delay time on
EGR rate is also satisfactorily reproduced.

The ignition delay times of various PRFs are studied by
Fieweger et al. (1997) in a shock tube for the temperatures from
700 to 1300K at p= 4.0MPa and ϕ = 1.0. The predicted ignition
delay times are compared to the experimental data in Figure 6.
Good agreement between the predictions and measurements can
be observed for various PRFs. Furthermore, it can be seen that
the ignition delay time increases with increased octane number
(ON) at the low-temperature and NTC regimes. However, the
influence of ON on ignition delay time at high temperatures is

FIGURE 5 | Experimental (symbols) and predicted (lines) ignition delay
times at ϕϕϕ===0.67 and p=== 4.0MPa for various n-heptane/air/EGR
mixtures (Vandersickel et al., 2012).

Frontiers in Mechanical Engineering | www.frontiersin.org September 2015 | Volume 1 | Article 116

http://www.frontiersin.org/Mechanical_Engineering
http://www.frontiersin.org
http://www.frontiersin.org/Mechanical_Engineering/archive


Chang et al. Application of the optimized decoupling methodology

FIGURE 6 | Experimental (symbols) and predicted (lines) ignition delay
times at ϕϕϕ=== 1.0 and p===4.0MPa for PRF fuels/air mixtures (Fieweger
et al., 1997).

very weak. All these behaviors are accurately reproduced by the
present mechanism, as shown in Figure 6.

Jet-Stirred Reactor
Dagaut et al. (1993, 1994) investigated the oxidation of iso-
octane and various PRFs in a high-pressure JSR from 550 to
1150K at p= 1.0MPa and ϕ = 1.0 with the residence time (τ)
of 1 s. Recently, Herbinet et al. (2012) measured the oxidation
of n-heptane/O2/He in a JSR over the temperature range of
500–1100K at p= 0.1MPa and ϕ = 1.0 with τ = 2 s.

Comparisons between the measured and predicted mole frac-
tion of major species are shown in Figure 7. As can be seen,
satisfactory agreements between the measurements and predic-
tions are achieved for all the test fuels. An evident NTC phe-
nomenon is observed at the temperatures between 620 and 740K
on the concentration profiles of O2, C7H16, and CO for n-
heptane/O2/He mixture, whereas it is not found for iso-octane
and PRF90. As shown in Figure 7B, the location and amplitude of
the NTC region are reproduced by the present mechanism quite
well, although some discrepancies exist in the CO profile. In the
NTC region, the oxidation of n-heptane is governed by the low-
temperature mechanism (R7–R12), hence enhancement of the
low-temperature sub-mechanism can improve the predicted CO
concentration. Similar offset of the NTC region in the CO profile
is reported by Herbinet et al. (2012) and Wang et al. (2013). No
further refinement is performed in this study because the results
presented in Figure 7B are obtained under atmospheric pressure,
which is far from the engine-relevant conditions. Moreover, it can
be seen from Figure 7A that the evolution of iC4H8 is predicted
reasonably well, although a simplified iC4H8 sub-mechanism is
used in the present PRF mechanism. Due to a relatively reliable
CH2Osub-mechanismbeing included, themole fraction of CH2O
is also predicted well in Figure 7A.

As shown in Figure 7A, the mole fraction profile of H2 is
predicted satisfactorily for iso-octane/O2/N2 mixture. However,

FIGURE 7 | Experimental (symbols) and predicted (lines) mole fraction
of major species in JSR for (A) iso-octane/O2/N2 (Dagaut et al., 1993);
(B) n-heptane/O2/He (Herbinet et al., 2012); and (C) PRF90/O2/N2

(Dagaut et al., 1994).
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the deviation between the predictions and measurements for
H2 concentration is obvious at temperatures above 1060K and
p= 1.0MPa for PRF90/O2/N2 mixture in Figure 7C. Based on
ROP analysis, it is found that the H2 evolution during the oxi-
dation of PRF is dominantly controlled by the sub-mechanism
of small species, especially the H2 mechanism. Recently, study
indicated that the present available H2 mechanisms cannot work
well at high pressures (Li et al., 2015). Thus, further refinement
of the H2 mechanism in a wide temperature and pressure range is
still needed in the future work.

Premixed Laminar Flame
Bakali et al. (1998) measured the species concentrations for the
laminar premixed n-heptane/O2/N2 and iso-octane/O2/N2 flames
in a flat-flame burner at atmospheric pressure. The experiment
is simulated using the PREMIX module in the CHEMKIN-PRO
Release 15101 (2010). In the simulation, the measured temper-
ature profile is employed as the input parameter with a shift of
0.5mm away from the burner surface to account for the pertur-
bation induced by the probe and thermocouple (Hansen et al.,
2009; Skeen et al., 2011). The temperature shift is estimated in
this study based on the best agreement between the predictions

and measurements on the species profiles. Comparisons between
the predicted and measured species concentrations for the two
flames are shown in Figure 8. Considering the uncertainties in
the experiment, it can be concluded that the present mechanism
is capable of reproducing the major species concentration profiles
very well.

Laminar Flame Speed
The laminar flame speed is an important combustion parameter,
which is determined by the reactivity, diffusivity, and exothermic-
ity of fuels. Thus, the laminar flame speeds of various PRFs are
used to evaluate the performance of the presentmechanism in this
section. The PREMIX module in the CHEMKIN-PRO Release
15101 (2010) is employed for the simulation.

The laminar flame speeds of iso-octane/air and n-heptane/air
were measured by Kumar et al. (2007) with a counterflow
flame technique over the equivalence ratio range of 0.7–1.4 and
unburned mixture temperatures (Tu) of 298, 360, 400, and 470K
at atmospheric pressure. Figure 9 compares the predicted lami-
nar flame speed of iso-octane/air and n-heptane/air mixtures to
the experimental data. It can be seen that the present mecha-
nism can capture the variation of laminar flame speed with the

FIGURE 8 | Experimental (symbols) and predicted (lines) mole fractions of major species in a flat-flame burner at ϕϕϕ=== 1.0 and p===0.1MPa for
(A) iso-octane/O2/N2 (Bakali et al., 1998) and (B) n-heptane/O2/N2 (Bakali et al., 1998).

FIGURE 9 | Experimental (symbols) and predicted (lines) laminar flame speeds at 0.1MPa for (A) iso-octane/air mixture and (B) n-heptane/air mixture
(Kumar et al., 2007).
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FIGURE 10 | Sensitivity analysis of laminar flame speed at ϕϕϕ===0.7, 1.1, and 1.4 with p=== 0.1MPa and Tu===360K for (A) iso-octane/air and
(B) n-heptane/air.

FIGURE 11 | Experimental (symbols) and predicted (lines) laminar
flame speeds at 0.1MPa for PRF fuels/air mixtures (Van Lipzig et al.,
2011).

unburned temperature and equivalence ratio very well for both
iso-octane/air and n-heptane/air flames.

A sensitivity analysis is carried out covering the equivalence
ratios of 0.7, 1.1, and 1.4 at Tu = 400K and p= 0.1MPa in
Figure 10. As can be seen, the reactions with high sensitivity
coefficient are similar for both iso-octane/air and n-heptane/air
flames, which are primarily the reactions in the CH3, HCO, and
H2 chemistry. Thus, accurate CH3, HCO, and H2 sub-mechanism
is crucial for the prediction of laminar flame speed.

Van Lipzig et al. (2011) determined the laminar flame speed
of various PRFs at p= 0.1MPa and Tu = 298 and 338K using
a perforated plate burner. The predicted laminar flame speeds
of PRF0, PRF50, and PRF100 are compared to the experimen-
tal data in Figure 11. As can be observed, the laminar flame
speed increases with the decrease of ON, which is satisfactorily
reproduced by the present mechanism. Moreover, the increase

FIGURE 12 | Sensitivity analysis of laminar flame speed at ϕϕϕ===1.1,
p===0.1MPa, and Tu===338K for PRF0, PRF50, and PRF100.

of unburned temperature leading to higher flame speed is also
captured well. Overall, the agreement between the measurements
and predictions is satisfactory with the maximum discrepancy of
2 cm/s, which is within the experimental uncertainty.

Figure 12 compares the sensitivity coefficients of PRF0, PRF50,
and PRF100 at Tu = 338K and ϕ = 1.1. Although the reactions
with large sensitivity coefficients are same for the three PRFs,
the magnitudes of sensitivity coefficients are different, which
suggests that the difference in the small hydrocarbons concen-
tration leads to the variation of laminar flame speed for the
three PRFs. The analysis of the flame structures for the three
PRF fuels are illustrated in Figure 13 by comparing the temper-
ature, H, and CH3 profiles at Tu = 338K and ϕ = 1.0. As can
be seen, the temperature profiles of the three fuels are similar,
which indicates that the difference in laminar flame speed for
the three PRFs is not caused by the flame temperature. For CH3
radical, its concentration increases with increasedON. The higher
concentration of CH3 leads to lower laminar flame speed due to
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FIGURE 13 | Comparison of predicted temperature and the relevant
radicals profiles for PRF0 (red lines), PRF50 (green lines), and PRF100
(blue lines) at Tu===338K, ϕϕϕ=== 1.0, and p===0.1MPa.

its inhibition effect on flame propagation (Ji et al., 2012; Ranzi
et al., 2012). A major pathway for the formation of CH3 radical
is the decomposition of iC4H9 (R31) (Ji et al., 2012). Because
of the branched structure of iso-octane (PRF100), more iC4H9
tends to be formed by the decomposition of iC8H17 (R18) and
iC8H16 (R27) at high temperatures, resulting in higher CH3 con-
centration. Consequently, laminar flame speed decreases with the
increase of ON, as shown in Figure 11. By contrast, the H radical
exhibits the opposite trendwith the variation ofON. TheH radical
accelerates laminar flame speed due to the large positive sensitivity
coefficient of the chain-branching reaction of H+O2 ⇔O+OH
(R69) (see Figure 12) (Ranzi et al., 2012). Thus, due to the higher
H concentration with smaller ON, laminar flame speed increases
simultaneously.

HCCI Engine
In this section, the PRF mechanism is coupled with multi-
dimensional CFD model to simulate the combustion and emis-
sion characteristics of HCCI engines fueled with iso-octane and
various PRFs. The simulation was performed by implementing
the CHEMKIN-PRO Release 15101 (2010) into the KIVA-3V
code (Amsden, 1997) to couple the chemistry and flow solutions.
The KIVA code is updated by using the renormalization group
(RNG) k-ε turbulence model (Han and Reitz, 1995). Moreover,
the heat transfer model developed by Han and Reitz (1997) was
employed, in which the variation of gas density in the boundary
layer is taken into account. The turbulence–chemistry interac-
tion is neglected in this study, and the perfectly stirred reac-
tor (PSR) model is introduced owing to the spontaneous com-
bustion of the premixed charge in HCCI engines. More details
about the computational models can be found in Jia and Xie
(2007).

Itmust be noted that the computational results ofHCCI engines
are sensitive to the initial temperature at intake valve closing (IVC)
and the cylinder wall temperature. In this study, the temperatures
of cylinder wall, piston face, and cylinder head used in the CFD
simulations are mainly determined according to experimental

TABLE 1 | Engine specifications and operating conditions.

Dec and Sjöberg (2003) Dempsey et al. (2013)

Displacement (L) 0.981 0.477
Bore (mm)×Stork (mm) 102× 192 82× 90.4
Compression ratio 18:1 17.4:1
IVCa

−155° ATDCc
−132° ATDCc

EVOb 120° ATDCc 112° ATDCc

Engine speed (rev/min) 1200 1500
Intake temperature (°C) 140 90
Intake pressure (kPa) 120 110
Equivalence ratio 0.06–0.26 0.26
Fuel iso-octane PRFs

a IVC, intake valve closing.
bEVO, exhaust valve opening.
cATDC, after top dead center.

measurements. However, due to the influence of heat transfer in
the port, heating the charge by flow turbulence, charge cooling due
to fuel vaporization, and mixing with residuals (Sjöberg and Dec,
2004), the initial temperature at IVC is difficult to be determined
experimentally (Kong and Reitz, 2003; Kong et al., 2003). Thus,
the initial temperature is found to be the most uncertain factor
in the simulation. In this study, the initial temperature at IVC
was adjusted in such a way that the computed pressure trace
could match the experiment in the whole combustion process.
It is found that the initial temperature for the model is always
higher than the measured intake air temperature for the test
cases.

Dec and Sjöberg (2003) performed a set of experiments to
investigate the sources of CO andHC emissions in a HCCI engine
fueled with iso-octane. The detailed engine specifications are
listed in Table 1. An axisymmetric grid shown in Figure 14A is
employed for the simulation in the present study. Comparisons
between the measured and calculated in-cylinder pressures and
HC, CO, and carbon dioxide (CO2) emissions at the equivalence
ratios of 0.06–0.26 are shown in Figure 15A. It can be seen that the
predictions agree very well with the experimental data at various
equivalence ratios. In the previous mechanism (Liu et al., 2013),
the in-cylinder pressure is overpredicted before the hot ignition
due to the overestimation of the first-stage heat release rate. In the
present mechanism, the introduction of iC4H8 as a major inter-
mediate and the improved C2 sub-mechanism can considerably
improve the predictions on the first- and second-stage heat release
processes. The high stability of iC4H8 leads to low reactivity of the
fuel/air mixture, which retards the rise of the in-cylinder pressure
before hot ignition. Therefore, the in-cylinder pressure during the
whole working processes is reproduced reasonably well using the
present mechanism, as shown in Figure 15A. Moreover, since a
detailed H2/CO/C1 mechanism is employed, the emissions of HC,
CO, and CO2 can also be satisfactorily reproduced by the present
mechanism.

Dempsey et al. (2013) conducted a series of experiments in a
HCCI engine fueled with various PRFs. The experimental data
at the intake temperature of 90°C and equivalence ratio of 0.26
are used to validate the present mechanism. In the simulation, a
51.43°(1/7th cylinder) mesh is employed, as shown in Figure 14B.
Figure 15B depicts comparisons of the measured and predicted
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FIGURE 14 | Computational grids at top dead center for engine simulations for (A) Dec and Sjöberg (2003) and (B) Dempsey et al. (2013).

FIGURE 15 | Experimental (symbols) and predicted (lines) in-cylinder pressures, heat release rate files, exhaust CO2, CO, HC, O2, and H2O emissions
in a HCCI engine fueled with (A) iso-octane (Dec and Sjöberg, 2003) and (B) various PRFs (Dempsey et al., 2013).

in-cylinder pressure and heat release rate, as well as CO, O2,
CO2, and H2O emissions for various PRFs. It can be seen that
the present mechanism reproduces the experimental data very
well, especially for the in-cylinder pressures and emissions. Fur-
thermore, the increase of ON resulting in reduced peak pressure
and heat release rate, as well as retarded ignition timing and
higher CO emissions is also accurately captured, although the
peak heat release rate is overpredicted and becomes unsmooth
for PRF90. Several factors could contribute to these discrepancies,
including the uncertainties in the initial conditions, the chemistry

mechanism, and the computational model, as well as the dif-
ferent methods used to determine the heat release rate in the
simulation and experiment. In the experiment of Dempsey et al.
(2013, 2014), the heat release rate is derived from the measured
average in-cylinder pressure, while the predicted heat release rate
is directly obtained by calculating the heat that chemical reaction
released heat minuses the in-cylinder wall transfer heat. The
pressure used in the experiment is averaged with assumption of
the uniform in-cylinder pressure and temperature, thus the heat
release rate derived from experiment is less than that from the

Frontiers in Mechanical Engineering | www.frontiersin.org September 2015 | Volume 1 | Article 1111

http://www.frontiersin.org/Mechanical_Engineering
http://www.frontiersin.org
http://www.frontiersin.org/Mechanical_Engineering/archive


Chang et al. Application of the optimized decoupling methodology

simulation due to the local high-temperature combustion being
neglected.

Conclusion

Based on recent theoretical and experimental developments, sev-
eral improvements are introduced into the decoupling method-
ology for the construction of the mechanisms of large-molecule
fuels, which can be summarized as follows. First, the H2/O2
chemistry is replaced with the newest work of Burke et al.
(2012). Second, the rate constants of the reactions involving
HCO/CH3/CH2O are updated according to the Metcalfe et al.
(2013) mechanism. Third, a new C2 sub-mechanism is obtained
by sensitivity analysis and pathway analysis on the detailed mech-
anisms of Ji et al. (2012); Ranzi et al. (2012), and Metcalfe et al.
(2013). Finally, the fuel-specific sub-mechanism is improved by
removing the arbitrarily specified reverse reaction rates.

Using the improved decoupling methodology, a new PRF
skeletal mechanism is developed. The final PRF mechanism
contains 49 species and 163 reactions. By comparing with the
experimental data in fundamental reactors, it is found that the
presentmechanism is capable of accurately predicting the ignition
delay times in shock tubes, major species concentrations in JSRs
and premixed laminar flames, and laminar flame speed for various
PRFs over a wide range of operating conditions. Moreover, by
coupling the PRF mechanism with a CFD code, the in-cylinder
pressure and heat release rate, CO, HC, and CO2 emissions
in HCCI engines fueled with iso-octane and PRFs can also
satisfactorily reproduced. Compared to the latest reduced PRF
mechanisms, the present mechanism can accurately predict the
ignition delay time in shock tubes, major species concentration in
JSRs, and laminar flame speed for various PRFs over low-to-high
temperature and a wide pressure range. Moreover, the size of the
present mechanism is relatively small with only 49 species and
163 reactions, which reduces the computational time, especially
for 3D CFD simulations.

According to the sensitivity analysis on ignition delay time
and laminar flame speed, it is found that the CH3, HCO, and
H2/O2 chemistry plays important roles in auto-ignition and flame
propagation characteristics for PRF/air mixture. Thus, a refine-
ment on the related reactions notably improves the predictions on
ignition delay time and laminar flame speed. Although the pre-
dicted ignition delay time and laminar flame speed are insensitive
to the reactions involving C2 species, as the transition between
fuel molecule and small species, the reaction paths of C2 species
affect the formation of small species. Therefore, a reliable C2 sub-
mechanism is still very crucial for the development of the PRF
mechanism. Overall, with the enhancement of the H2/CO/C1–C2
chemistry and the improved large-molecule reaction rates in the
decoupling methodology, the present PRF mechanism shows sat-
isfactorily performance in both fundamental reactors and prac-
tical engines under a wide range of operating conditions, which
proves the potential of the application of the decoupling method-
ology for the development of skeletal mechanisms for long-chain
hydrocarbons.
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