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A reduced primary reference fuel (PRF)-alcohol-di-tert-butyl peroxide (DTBP) mechanism
with 108 species and 435 reactions, including sub-mechanisms of PRF, methanol,
ethanol, DTBP, and the four butanol isomers, is proposed for homogeneous charge
compression ignition (HCCI) engine combustion simulations of butanol isomers/n-
heptane mixtures. HCCI experiments fueled with butanol isomer/n-heptane mixtures
on two different engines are conducted for the validation of proposed mechanism.
The mechanism has been validated against shock tube ignition delays, laminar flame
speeds, species profiles in premixed flames and engine HCCI combustion data, and
good agreements with experimental results are demonstrated under various valida-
tion conditions. It is found that although the reactivity of neat tert-butanol is the
lowest, mixtures of tert-butanol/n-heptane exhibit the highest reactivity among the
butanol isomer/n-heptane mixtures if the n-heptane blending ratio exceeds 20%
(mole). Kinetic analysis shows that the highest C–H bond energy in the tert-butanol
molecule is partially responsible for this phenomenon. It is also found that the reaction
tC4H9OH+CH3O2 = tC4H9O+CH3O2H (tert-butanol reacts with methylperoxy radical
to produce tC4H9O and methyl peroxide) plays important role and eventually produces
the OH radical to promote the ignition and combustion. The proposed mechanism is
able to capture HCCI combustion processes of the butanol/n-heptane mixtures under
different operating conditions. In addition, the trend that tert-butanol/n-heptane has the
highest reactivity is also captured in HCCI combustion simulations. The results indicate
that the current mechanism can be used for HCCI engine predictions of PRF and alcohol
fuels.

Keywords: HCCI, combustion, butanol isomers, chemical kinetic, mechanism

Introduction

Bio-derived fuels, such as alcohols and bio-diesel, are drawing more and more attention in the inter-
nal combustion (IC) engine research community in recent years. Research and applications of these
renewable and sustainable biofuels for IC engines and transportation are driven by energy security
issues, the increasing dependency on petro-derived diesel/gasoline fuels and also on environment
pollutant concerns (Sarathy et al., 2014).

Alcohols have been used as alternative neat fuels or fuel additives in IC engine for years. The
major properties of conventional diesel, gasoline, methanol, ethanol, and the four butanol isomers
are listed in Table 1.
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TABLE 1 | Major properties of diesel, gasoline, and alcohols (Sarathy et al., 2014).

Molecule Molecule Density Research octane Tboiling Enthalpy of vaporization O2 LHV
structure weight (kg/m3) number (RON) (°C) (kJ/kg from 25°C) (wt. %) (MJ/kg)

Diesel C14H30 198.4 802 <0 125–400 351 0 43.4

Gasoline C8H15 111.19 720–780 88–98 27–225 232 0 41.2

Methanol 32.04 792 109 64.7 1168 50 19.93

Ethanol 46.06 794 109 78 919.6 35 28.86

n-butanol 74.11 808 98 117.7 707.9 21.62 33.07

s-butanol 74.11 806.3 105 99.5 671.1 21.62 32.90

i-butanol 74.11 788.7 105 108 686.4 21.62 32.96

t-butanol 74.11 801.8 107 82.4 629.9 21.62 32.6

As can be seen, due to the presence of the hydroxyl moiety in
themolecule, alcohols are all oxygenated fuels and thus are helpful
for soot reduction. The polar structure of the alcohol molecule
due to the existence of the hydroxyl moiety also ensures inter-
solubility between alcohols and conventional diesel and gasoline
fuels, which favors the application of alcohols as fuel additives
(Sarathy et al., 2014). The volatilities of alcohols with four carbons
and below are higher than diesel, which are important under mix-
ing controlled combustion conditions (Jin et al., 2011). It is found
that improvement in volatility by blending alcohols is helpful for
soot andCO reduction under low-temperature combustion (LTC)
conditions (Wang et al., 2014b). The latent heat of vaporization of
alcohols is also significantly higher than those of diesel and gaso-
line. This can result in difficulties in cold starting when fueling
with a high ratio of alcohols. However, the cooling effects of these
alcohols can also play a positive role in extending the operation
limits in advanced combustion concepts, such as homogeneous
charge compression ignition (HCCI) and reactivity controlled
compression ignition (RCCI) (Dempsey et al., 2013). In particular,
temperature inhomogeneity can be enhanced and compression
temperatures can be reduced, which prolong ignition delays and
suppress pressure rise rates. The octane number of alcohols is
usually close to or even higher than gasoline, which is considerably
higher than diesel (Sarathy et al., 2014). Thus, applying alcohols in
gasoline spark-ignition (SI) engines is beneficial to suppress the
knocking phenomenon. The high octane number of alcohols also
favors their application as fuel additives in compression ignition
(CI) engine to prolong the ignition delay, promote mixing, and
reduce the soot emissions (Zheng et al., 2015).

Methanol and ethanol are currently the most widely used bio-
alcohols in IC engine applications. Methanol is mainly produced
from coal- or petrol-based fuels while ethanol can be produced by
alcoholic fermentation of sugar from vegetable materials, such as
corn, sugar cane, and agricultural residues. Ethanol is currently
the most widely used biofuel (Jin et al., 2011; Sarathy et al.,
2014). Numerous fundamental investigations on these alcohols
can be found, including kinetic oxidation mechanisms (Mari-
nov, 1999; Li et al., 2007; Metcalfe et al., 2013), shock tube
ignition delays (Heufer and Olivier, 2010; Noorani et al., 2010;
Kumar and Sung, 2011), laminar flame speeds (Zhang et al.,
2008; Veloo et al., 2010; Beeckmann et al., 2014), flow reactors

(Norton and Dryer, 1991; Esarte et al., 2012; Aranda et al., 2013),
premixed flames (Veloo et al., 2010; Leplat et al., 2011; Xu et al.,
2011), and jet-stirred reactors (JSR) (Dayma et al., 2007; Dagaut
and Togbé, 2010; Leplat et al., 2011). In addition to fundamental
studies, these alcohols have also been widely applied as neat fuels
or additives to improve the performance and emissions of both
CI and SI engines (Agarwal, 2007; Elik et al., 2011; Canakci et al.,
2013; Balki et al., 2014). Canakci et al. (2013) found that blending
methanol and ethanol with gasoline in SI engine could be helpful
for reducing carbon dioxide (CO2), unburned hydrogen carbon
(UHC), and NOx emissions. Rakopoulos et al. (2008) showed
that mixtures of ethanol and diesel can significantly reduce the
soot emission, and a slight reduction in CO and NOx can also
be obtained. Agarwal (2007) concluded that applying ethanol as
a gasoline additive could significantly reduce CO and UHC at all
engine speeds in SI engines. In addition, up to 20% of ethanol
can be blended with diesel to be used in CI engines without any
hardware modification (Ajav et al., 1999). In addition, reduction
in soot, CO, and NOx emissions can be achieved and cold-start
performance is not affected.

In addition to methanol and ethanol, butanol has also drawn
increasing attention in recent years. Butanol has four carbon
atoms and thus four isomers exist depending on the position of
the OH radical in the molecule. The molecular structures and
properties of the four isomers are also listed in Table 1. Like
ethanol, butanol is also a renewable and sustainable biofuel, which
can be produced by alcoholic fermentation of biomass feedstocks
(Jin et al., 2011). It is seen in Table 1 that due to the increased
number of carbon atom in the molecule, the reactivity of butanol
is slightly higher than methanol and ethanol (RON 98~107 ver-
sus 109), but the latent heat of vaporization of butanol is much
lower than methanol and ethanol, which indicates that cold-start
performance in CI engines fueled with butanol can be improved
compared tomethanol and ethanol. The oxygen content decreases
as the number of carbon atoms increases in the molecule, thus
the oxygen content in the butanol isomers is considerably lower
than methanol and ethanol. n-butanol has been applied as a fuel
additive in both CI and SI engines bymany researchers (Rakopou-
los et al., 2010; Yao et al., 2010; Gu et al., 2012; Chen et al.,
2014; Liu et al., 2014; Wang et al., 2014b). Iso-butanol is also
becoming an attractive fuel since its physical properties are very
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close to n-butanol, but with higher auto ignition resistance. This
actually favors its application in dual-fuel RCCI combustion to
serve as the premixed low reactivity fuel. The general conclusion
is that soot emissions can be greatly reduced, while the combus-
tion and thermal efficiency are comparable to neat diesel in CI
engines, with additional benefits in CO and UHC reduction. Gu
et al. (2012) found that blends of gasoline and n-butanol decrease
engine specific UHC, CO, and NOx emissions compared to those
of gasoline, and that particle number concentrations can also be
reduced with gasoline and n-butanol mixtures.

Therefore, fundamental investigations related to butanol iso-
mers are currently of interest in the IC engine research commu-
nity. Moss et al. (2008) proposed a kinetic mechanism for the
high temperature oxidation of the four butanol isomers to predict
ignition delays measured in shock tube. Dagaut et al. (2009)
and Dagaut and Togbe (2009) studied the oxidation of neat n-
butanol and mixtures of n-butanol and n-heptane in a JSR, and
a kinetic mechanism for n-butanol was proposed. Sarathy et al.
(2009), Black et al. (2010), Harper et al. (2011), and Heufer et al.
(2011) also studied n-butanol oxidation processes through both
experimental and kinetic investigations in shock tube, JSR, and
counter flow flames. However, these studies mainly focused on
the high temperature oxidation process, and no low-temperature
reaction pathway was proposed and included in these mecha-
nisms. Vranckx et al. (2011) studied the role of peroxy chemistry
in the high-pressure ignition of n-butanol. A low-temperature
reaction pathway for n-butanol was proposed, which was based
on the n-heptane low-temperature branching reaction pathway.
Ignition delays from shock tubes between 795 and 1200K were
taken to validate the proposed mechanism. Negative temperature
coefficient (NTC) behavior was observed in the n-butanol oxida-
tion process. Low-temperature reaction pathways for iso-butanol
and tert-butanol were also studied by Welz et al. (2013). Sarathy
et al. (2012) proposed a detailed chemical kinetic mechanism for
the oxidation of the butanol isomers, which includes the complete
high-temperature and low-temperature reaction pathways for all
isomers. Ignition delays from shock tube and rapid compression
machine (RCM), laminar flame speeds, and species profiles from
premixed flat flames and JSRs were taken to validate the mecha-
nism. In addition to these kinetic studies, shock tube and RCM
ignition delays (Weber and Sung, 2013; Yang et al., 2013; Bec
et al., 2014; Pan et al., 2014), laminar flame speeds (Veloo and
Egolfopoulos, 2011; Wu and Law, 2013), species profiles from
JSR, premixed flames (Dagaut et al., 2009; Togbé et al., 2010;
Oßwald et al., 2011; Welz et al., 2013) can also be found in the
literature.

Many advanced algorithms have been developed to improve
the computational efficiency of computational fluid dynamic
(CFD) simulations coupled with detailed kinetic mechanisms.
For example, Perini et al. (2012, 2014) developed an analytical
Jacobian approach for sparse reaction kinetics to improve the
computational efficiency of large reaction mechanisms, and up
to three orders of magnitudes speed-up were achieved by using
this “SpeedCHEM” solver. Shi et al. (2011) utilized the graphics
processing unit (GPU) for combustion modeling, and one order
of magnitude acceleration was obtained. However, even with
the help of these advanced algorithms and hardware, detailed

mechanisms are still too large to be applied for engine combustion
simulations.

With the aim of applying butanol kinetic mechanisms for
engine CFD simulations, detailed mechanisms must be reduced
to a reasonable size to improve computational efficiency.
Currently, very few reduced butanol mechanisms are available
from the literature for engine combustion simulations. Liu et al.
(2011) proposed a reduced n-butanol mechanism with 66 species
based onDagaut et al.’s mechanism (Dagaut et al., 2009). However,
even the base mechanism did not include the low-temperature
reactions for n-butanol, which is crucial for engine combustion
simulations.Wang et al. (2013a) proposed a reduced n-heptane/n-
butanol/PAH mechanism and validated the mechanism against
available shock tube ignition delays, n-heptane/n-butanol
engine HCCI, and direct injection compression ignition (DICI)
combustion data. The proposed mechanism was also used to
investigate the effects of n-butanol oxygenated fuel on soot
formation processes.

The objective of the current study is to develop an inte-
grated reduced primary reference fuel (PRF)–methanol–ethanol–
butanol–di-tert-butyl peroxide (DTBP) mechanism for engine
combustion simulations. Such mechanism makes it possible to
model HCCI, RCCI, DICI, and SI engine combustion with both
conventional gasoline and diesel fuels and alternative alcohols.
The detailed butanol mechanism developed by Sarathy et al.
(2012) is taken as the baselinemechanism, andmechanism reduc-
tions for the four butanol isomers are conducted and are then
integrated into a base-reduced PRF mechanism. The mechanism
has been validated with available experimental data including
shock tube ignition delays, laminar flame speeds, and species
profiles from premixed flames. HCCI combustion data for the
mixtures of n-heptane and the butanol isomers are also collected
to validate the performance of the proposed mechanism on two
different diesel engines. The paper starts with the mechanism
formulation, followed by details of mechanism adjustment and
validation, and finally experimental and simulation results for
HCCI combustion processes of n-heptane/butanol mixtures are
presented and discussed.

Mechanism Formulation

Base-Reduced PRF Mechanism
The reduced PRF–methanol–ethanol–DTBP mechanism devel-
oped by Wang et al. (2013b); Wang et al. (2014a) was taken as
the base mechanism. This reduced PRF mechanism was con-
structed hierarchically, from the core H2–C1–C2 sub-mechanism,
then the C3 intermediate mechanism and finally the simplified
reaction pathways for n-heptane and iso-octane from C7–C8 to
C3 species. The core mechanism was taken from the detailed
C1–C2 mechanism developed by Metcalfe et al. (2013) (Aramco
Mech 1.3). The methanol and ethanol sub-mechanisms were also
included in this core mechanism. A reduced DTBP kinetic mech-
anism was constructed based on available literature mechanisms
and it was incorporated into the base mechanism. This sub-
mechanism was considered in the reduced mechanism to charac-
terize the reactivity enhancement effects ofDTBP tomethanol and
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ethanol. The most important intermediate species during DTBP
oxidation, t-C4H9O, which arises through the decomposition
reaction DTBP= 2t−C4H9O, is also an important intermedi-
ate species for t-C4H9OH oxidation. Therefore, the DTBP sub-
mechanism is also included in the current mechanism. In Wang
et al.’s study (Wang et al., 2014a), a detailed C1 core mechanism
was required to reproduce the reactivity enhancement effect of
DTBPwithmethanol and ethanol, thus the prediction capability of
the coremechanism is assured. This base-reducedmechanism has
been extensively validated with various experimental data, includ-
ing ignition delays, laminar flame speeds, species profiles from
flames, and combustion data from HCCI, premixed charge com-
pression ignition (PCCI), RCCI, and DICI engines. Details about
the base mechanism can be found in Wang et al. (2013b, 2014a).

Butanol Mechanism
The detailed oxidation mechanism for the four butanol isomers
developed by Sarathy et al. (2012) was taken as the parent mecha-
nism for themechanism reduction. This detailedmechanism con-
tains both low-temperature and high-temperature reaction path-
ways for all butanol isomers and has been extensively validated
with available experimental data. Since the core C2 mechanism
and intermediate C3 mechanism show reliable performance under
various validation conditions, the present reduced butanol sub-
mechanisms were constructed by formulating simplified reaction
pathways from the butanol molecule to the species that already
exist in the base PRFmechanism. In other words, the butanol sub-
mechanisms are treated as modules, which can be assembled with
the base PRF mechanism to formulate more generic mechanisms.
Direct relation graph with error propagation (DRGEP) (Pepiot-
Desjardins and Pitsch, 2008; Shi et al., 2010), reaction pathway,
rate of production, and sensitivity analyses were used for the
mechanism reduction. In the reduction process, the ignition delay
and laminar flame speed were chosen as the targets and were
validated against either the detailed mechanism or experimental
data after each reduction step Wang et al. (2013b, 2014a).

Table 2 shows the major steps involved in the reaction path-
ways for the butanol isomers. It is seen that the structures of
the reduced mechanisms are similar to the typical alkane oxi-
dation mechanism, which contain the complete low-temperature
and high-temperature reaction pathways. The low-temperature
branching reactions, listed from step-4 to step-8 in Table 2, are
mostly retained for the butanols. In order to keep the reduced
mechanisms as small as possible to improve computational effi-
ciency, only one H atom abstraction product was kept for each
isomer except n-butanol, for which was found that the laminar

TABLE 2 | Major reaction pathways in the reduced butanol isomer mecha-
nisms.

Step-1 Unimolecular fuel decomposition
Step-2 H atom abstraction (OH, HO2, O2, O, CH3O2)
Step-3 Fuel radical decomposition
Step-4 Addition of O2 to fuel radicals
Step-5 ROO radical isomerization
Step-6 Addition of O2 to QOOH
Step-7 O2Q̇OOH= keto-hydroperoxide+OH
Step-8 Keto-hydroperoxide decomposition

flame speed highly depends on reactions involving nC4H8OH-
1 and nC4H8OH-3. Thus, reactions related to these two species
were kept in the reduced n-butanol sub-mechanism. Due to the
fact that very limited experimental ignition delay data are available
for mechanism validation under engine-like conditions during
the mechanism reduction, the prediction results from the detailed
parent mechanism were taken to serve as the target.

Mechanism Formulation
After mechanism reduction, the reduced butanol isomer
sub-mechanisms were incorporated into the base
PRF–methanol–ethanol–DTBP mechanism to formulate an
integrated reduced PRF-alcohol-DTBP mechanism. Only 5–7
species and 14–21 reactions from each butanol sub-mechanism
were required to be incorporated into the base PRF mechanism.
This results in an integrated PRF-alcohol mechanism with 108
species and 435 reactions. The integrated mechanism contains
oxidation mechanisms for the following fuels: n-heptane, iso-
octane, methanol, ethanol, DTBP, and the four butanol isomers.
The thermodynamic and transport properties for all the species
in the reduced butanol mechanisms were taken from the detailed
parent mechanism of Sarathy et al. (2012).

Mechanism Adjustment
Due to the different core mechanisms between the detailed
butanol and reduced PRF mechanisms, some adjustment and
optimization were required to improve the prediction accuracy of
the integrated mechanism. It has been pointed out that even if a
standalone mechanism performs well, this does not ensure that
the combined mechanism also can accurately predict the ignition
and combustion characteristics of fuel mixtures. The interactions
between different sub-mechanisms in the integrated mechanism
can greatly affect the overall performance of a mechanism.

In the current study, similar issues were seen after simply comb-
ing the sub-mechanisms to formulate the integrated mechanism.
The prediction capabilities of the integrated mechanism for the
neat fuels, such as n-heptane and the butanol isomers, were almost
identical to their, respectively, standalone mechanisms. However,
the performance of the integratedmechanism in butanol–heptane
HCCI combustion simulations deviated from the experimental
results, which motivated the above-mentioned concerns.

It is known that butanol is a forceful competitor for the OH
radical formed from n-heptane, and the OH radical produced
from high reactivity n-heptane is consumed by alcohol compo-
nents. This retards the ignition delay compared to neat n-heptane
(Karwat et al., 2012; Zhang et al., 2013). As a result, the con-
sumption rate of n-heptane is reduced while the oxidation rate of
butanol is enhanced. Zhang et al. (2013) found that during the
oxidation of n-butanol/n-heptane mixtures the consumption of
n-heptane was inhibited while that of n-butanol was enhanced
since their competition for OH radicals is mainly produced in the
low-temperature reaction stage of n-heptane.

Figure 1 shows evolution processes of n-heptane/butanol mix-
tures in adiabatic homogeneous constant volume reactor simula-
tions, wherein a representative condition prior to ignition from
n-butanol/n-heptane HCCI combustion (see HCCI Combustion
below) is taken as the initial condition for simulation, performed
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FIGURE 1 | Evolution of butanol, n-heptane, and CH2O in adiabatic
homogeneous constant volume reactor simulations for base and
updated mechanisms.

with the Reaction Design (2008). The solid lines in Figure 1
indicate the base-integrated mechanism without any adjustments.
It is seen that the consumption rates of both n-butanol and iso-
butanol are actually faster than n-heptane and show two-stage
oxidation processes. The mostly possible reason for this phe-
nomenon is that the reaction rate of butanol+OH is too fast,
and that most of the OH radicals generated from the n-heptane
low-temperature branching reactions are stolen to take part in
butanol+OH reactions.

Haas et al. (2011) measured the relative reactivity of mixtures
of butanol and n-heptane in an ignition quality tester (IQT), and
it was found that the reactivity of butanol/n-heptane mixtures
does not agree with their research octane number (RON) or
cetane number (CN) when a single neat fuel was used. Specif-
ically, it was found that although the neat n-butanol has the
highest reactivity, followed by sec-butanol and iso-butanol, and
tert-butanol has the lowest reactivity, which has been proved by
many kinetic studies (Sarathy et al., 2012; Stranic et al., 2012; Bec
et al., 2014). However, mixtures of tert-butanol and n-heptane
exhibit the highest reactivity (highest CN) compared to the other
three-butanol isomers. The different C–H bond energy in the
molecule was used to explain the phenomenon. The lowest C–H
bond energy in the n-heptane molecule is around 98.6 kcal/mol
(Hudzik et al., 2014), while the lowest C–H bond energies in n-
butanol, sec-butanol, and iso-butanol are close, about 95 kcal/mol.
However, tert-butanol has the highest C–H bond energy among
these fuels (103.9 kcal/mol) (Sarathy et al., 2012). In the mixtures
of butanol and n-heptane, the most reactive OH radical produced
through the n-heptane low-temperature branching reaction is
the key factor that affects the overall reactivity. Butanol and n-
heptane compete with each other for the OH radical. Due to the
lower bond energies in n-butanol, iso-butanol, and sec-butanol,
theoretically the reaction rate of H atom abstraction through the
OH radical for these three butanol isomers should be higher than
tert-butanol. Therefore, n-butanol, iso-butanol, and sec-butanol

actually serve as OH sinks in this process, which reduces the
amount of available reactive OH radical that can participate in
the n-heptane low-temperature branching reaction, thus greatly
reduces the overall reactivity. However, since the tert-butanol
molecule has the highest C–H bond energy, the reaction rate of
H atom abstraction through OH is considerably lower than for
the other three isomers and n-heptane. Therefore, OH radicals
generated from n-heptane have a higher tendency to be involved
in low-temperature reaction pathways, which further promote the
production of OH radicals, and result in the highest reactivity for
tert-butanol/n-heptane mixtures.

Therefore, the H atom abstraction reaction rates through OH
for the four butanol isomers were adjusted to follow above anal-
ysis. The reaction constants of several other reactions in the
reduced butanol mechanisms were also adjusted tomatch ignition
delays predicted by the detailed mechanism and experimental
results. Since the base PRF mechanism has been extensively vali-
dated with various experimental data, it was kept intact.

However, it was found that these optimizations were
still not sufficient to reproduce the highest reactivity
behavior of tert-butanol/n-heptane mixtures in HCCI
combustion. Sensitivity analysis was then conducted for
tert-butanol/n-heptane mixtures to identify the reactions that
are important to the reactivity. It was found that the reaction
tC4H9OH+CH3O2 ⇔ tC4H9O+CH3O2H (tert-butanol and
methylperoxy radical⇔ tC4H9O and methyl peroxide) plays
an important role in determining the mixture’s reactivity. This
reaction is important due to the fact that tC4H9O undergoes the
following reactions: tC4H9O→CH3COCH3 (acetone)+CH3
(methyl radical)→CH3O2 (methylperoxy radical)→CH3O2H
(methyl peroxide)→CH3O (methoxy radical)+OH (hydroxyl
radical), which eventually produces additional OH radicals to
promote the ignition. This is also the most important pathway
in the DTBP oxidation mechanism, since the DTBP molecule
quickly decomposes into two tC4H9O radicals, which was
found to be partially responsible for the reactivity enhancement
of DTBP to serve as a cetane improver (Wang et al., 2014a).
Therefore, the reaction rate of tC4H9OH (t-butanol)+CH3O2
(methylperoxy radical)⇔ tC4H9O+CH3O2H (methyl peroxide)
was increased and the reaction constants for other reactions,
mainly the tC4H9OH+HO2 ⇔ tC4H9O+H2O2 were also
adjusted to match the ignition delays predicted by the detailed
mechanism. The evolution processes of the fuels and CH2O
with the updated mechanism are also shown in Figure 1. It is
seen that the consumption and oxidation processes are more
reasonable, and that fast consumption of butanol only occurs after
a long ignition preparation stage. Figure 2 shows comparisons of
ignition delays for mixtures of the butanol isomers and n-heptane
under the adiabatic homogeneous constant volume condition.
The mixtures consist of 75% (mole) butanol and 25% n-heptane
(mole), and the pressure and equivalence ratio are 40.0 bar and
0.3, respectively, which are very close to the operating condition
in the butanol/n-heptane HCCI engine experiments, which
will be presented in the Section “HCCI Combustion.” It is seen
that the mechanism is capable of capturing the reactivity trend
among the butanol isomers. The mixture tert-butanol/n-heptane
shows the highest reactivity, followed by n-butanol, which is
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FIGURE 2 | Comparison of ignition delays among various
butanol/n-heptane mixtures. Seventy-five percent butanol and 25%
n-heptane (mole fractions).

close to tert-butanol, and the ignition delays of sec-butanol/n-
heptane and iso-butanol/n-heptane mixtures are much longer
than tert-butanol and n-butanol, which agrees with the results
found by Zheng et al. (2015) and Haas et al. (2011), and also the
HCCI combustion results of the current study. The complete
mechanism is provided as Supplementary Material and can be
downloaded from the Engine Research Center (2013).

Mechanism Validation

Validations of the base PRFmechanism have been extensively dis-
cussed in the authors’ previous works, and thus are not presented
here. Details about the mechanism can be found in Wang et al.
(2013b, 2014a).

Ignition Delay
Limited experimental ignition delays are available for the vali-
dation of butanol mechanisms, especially under low-temperature
conditions (700–1000K), which is very important for advanced
combustion concept simulations. Therefore, the ignition delays
predicted by the parent detailed mechanism were taken to val-
idate the reduced mechanism. Figure 3 shows comparisons of
the ignition delays predicted by the detailed and current reduced
mechanisms under two equivalence ratio conditions at an initial
pressure of 40.0 bar. The simulations were conducted with the
Reaction Design (2008) and ignition delay is defined as the time
of maximum (dT/dt). It is seen in Figure 4 that the ignition delays
predicted by the current reduced mechanism agree quite well
with the detailed mechanism for the four butanol isomers under
different conditions.

In addition to the comparisons between mechanism predic-
tions, the experimental ignition delays measured by Stranic et al.
(2012) (temperature 1050–1600K, pressure 17–48 bar, equiv-
alence ratio 0.5 and 1.0), Heufer et al. (2011) (temperature
770–1250K, pressure 10–42 bar, equivalence ratio= 1.0), Vranckx

et al. (2011) (n-butanol, temperature 795–1200K, pressure
61–92 bar, equivalence ratio= 1.0), Zhu et al. (2013) (constrained-
reaction-volume (CRV) strategy to measure the ignition delay of
n-butanol, temperature 716–1121K, pressure 20–40 bar, equiva-
lence ratio= 0.5, 1.0, and 2.0), and Bec et al. (2014) (CRV) strategy
for sec-, iso-, and tert-butanol, temperature 828–1095K, pressure
20–30 bar, equivalence ratio 0.5 and 1.0) were also taken to vali-
date the proposedmechanism.Figure 4 shows ignition delay com-
parisons between simulations and experiments for the butanol
isomers. It is seen that the current reduced mechanism provides
reasonably good predictions for all the butanol isomers under
different conditions. The relative differences among the butanols
are well captured by the mechanism. For the neat butanols, tert-
butanol shows the longest ignition, n-butanol shows the shortest
ignition delay, while the other two are between these two isomers.

Additional low-temperature ignition delay validations for neat
n-butanol are also shown in Figure 4, and good agreements are
obtained with the current reduced mechanism. Although there
are other available experimental data for the validation of n-
butanol/n-heptane mixtures, they are all under high temperature
and low-pressure conditions, such as the works of Karwat et al.
(2012) and Zhang et al. (2013), and are thus not included in the
current study.

Laminar Flame Speeds
Figure 5 shows comparisons of laminar flame speeds between the
predictions of the current mechanism and experimental results
from Veloo and Egolfopoulos (2011) and Wu and Law (2013).
Veloo and Egolfopoulos (2011) measured the flame propagation
of four butanol isomers in counter flow flames under atmospheric
pressure and an unburned mixture temperature of 343K. Wu
and Law (2013) also measured the laminar flame speeds for four
butanol isomers in a heated, dual-chamber vessel at pressure
1–5 bar, and unburned temperature of 353 and 373K. The uncer-
tainty of the measurements was estimated to be within 2.0 cm/s.
The simulations were conducted with the ReactionDesign (2008).
It is seen that satisfactory agreements between the simulations
and experiments are obtained with the current reduced mecha-
nism. The relative differences among the butanol isomers are also
captured by the proposed mechanism.

Species Profiles in Premixed Flame
Oßwald et al. (2011) conducted a detailed molecular beam mass
spectrometry (MBMS) investigation of the four butanol isomer’s
flame chemistry in flat, premixed, laminar low-pressure (40mbar)
flames. Fuel-rich (equivalence ratio= 1.7) butanol/oxygen/25%
argon flames were investigated using different MBMS techniques
and the measurements were taken to validate the present mech-
anism. The uncertainty of the measurements may be as low as
20%, depending on the detected species, but can reach up to two
to four times difference with the estimation of the cross sections.
The flames consisted of 16.5% butanol/58.1% O2/25.4% Ar (mole
fraction) under ambient pressure of 4 kPa and an inlet flow rate of
32.3 cm/s. Details about the experimental setup can be found in
Oßwald et al. (2011). Figure 6 shows the predictions of the major
reactants and products with the reducedmechanism. It is seen that
the overall agreements are reasonably good for all isomers.
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FIGURE 3 | Comparison of ignition delays between detailed and reduced mechanism at two equivalence ratio conditions. Detailed mechanism taken
from Sarathy et al. (2014).

FIGURE 4 | Comparisons of ignition delays predicted by the reduced mechanism and experiments. Experimental data taken from Heufer et al. (2011),
Vranckx et al. (2011), Stranic et al. (2012), Zhu et al. (2013), and Bec et al. (2014).

HCCI Combustion

In the current study, HCCI combustion processes of butanol/n-
heptane mixtures were also conducted to further validate the pro-
posed mechanism. Mixtures of butanol/n-heptane were chosen
due to the fact that the reactivity of butanol, even the isomer with
the highest reactivity, n-butanol, still has a RON of 93, for which
it is difficult to achieve stable HCCI combustion without intake
heating. Thus n-heptane was blended with the butanol isomers

to improve the fuel reactivity. HCCI experiments were conducted
on two different engines. The engine specifications and operating
conditions for the HCCI operation are listed in Table 3.

In theCAT (Caterpillar) SCOTE engine, a pistonwith compres-
sion ratio (CR) of 14.88 was used and mixtures of two butanol
isomers (n-butanol and iso-butanol) and n-heptane were tested
in the experiments. Two port fuel injectors were mounted in
the intake manifold to introduce the premixed fuels into the
cylinder. Intake pressure and temperature were controlled by
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FIGURE 5 | Comparisons of laminar flame speeds between predictions and experiments. Experimental data taken from Veloo and Egolfopoulos (2011) and
Wu and Law (2013).

FIGURE 6 | Comparison of species profiles for the four butanol isomers between experiments and simulations. Experimental data taken from Oßwald
et al. (2011).

external compressor and intake conditioner. The ratios between
the butanol isomers and n-heptane could be flexibly adjusted by
changing the injection duration of each injector, and thus the
overall reactivity of the fuel could be well controlled. No EGR was
applied in theCAT engine, and the blending ratio between butanol
and n-heptane was changed to maintain the same CA50 timing
(crank angle at which 50% accumulated heat release is reached)

between n-butanol and iso-butanol under different conditions.
The indicated mean effective pressure (IMEP) was about 6.5 bar,
and the pressure traces of 300 individual cycles were captured
by a pressure transducer and averaged to get the averaged in-
cylinder pressure. In the YC (YuChai) engine, mixtures with fixed
blending ratios between the four butanol isomers and n-heptane
(75%/25% mole fraction) were used as fuels and EGR was also
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TABLE 3 | Engine specifications and HCCI operating conditions.

Engine type CAT SCOTE YC

Bore*stroke (mm) 137.2× 165.1 105× 125
Displacement (L) 2.44 1.081
Compression ratio 14.88:1 15.8:1
Chamber type RCCI piston Bowl in piston
Fuel injection Port injection Port injection

Operating conditions

Engine (r/min) 1300 1500
IMEP (bar) ≈6.5 ≈4.5
Pin (bar) 1.35–1.8 1.5
T in (K) 313–323 343
EGR (%) 0 10–40
Phi 0.28–0.35 0.3
Fuel type n-/i-C4H9OH/n-C7H16 Butanol/n-C7H16

n-C7H16 ratio (%) 3.3–32.8 25

applied in the experiments. Mixtures of butanol isomers and n-
heptane were introduced through an injector mounted in the
intake manifold to ensure the homogeneity of the in-cylinder
mixtures. Intake pressure and temperature were also controlled
by an external compressor and intake heater to maintain con-
stant intake conditions. EGR and exhaust back pressure valves
were used to adjust the EGR rate. The total fuel mass per cycle
was changed to maintain a constant equivalence ratio of 0.30
under the different EGR rate conditions, resulting in an IMEP
of about 4.5 bar. In this engine, a piston with CR 15.8 was used
and the pressure traces of 50 individual cycles were averaged to
get the averaged in-cylinder pressures. The apparent heat release
rate (AHRR) was then calculated based on these experimentally
measured in-cylinder pressures, and other combustion param-
eters, such the ignition delay and CA10 timing, could then be
obtained.

The KIVA CFD code (Amsden, 1999) was used and coupled
with the proposed mechanism for the HCCI engine combus-
tion predictions. The SpeedCHEM chemistry solver was used
to improve the computational efficiency (Perini et al., 2012;
2014). Homogeneous charges were assumed in the computational
domain at the start of the simulation [at intake valve closing
(IVC)], and the simulation ended at exhaust valve opening (EVO).
Two-dimensional computational meshes for both the CAT and
YC engines were used in the simulations and the geometry of the
engine grids can be found in Wang et al. (2013b). The IVC tem-
peratures in the simulationswere obtained from zero-dimensional
simulations and the cooling effect of the premixed fuels was also
taken into consideration in the simulations.

CAT Engine HCCI Combustion
Figure 7 shows comparisons of in-cylinder pressures and AHRR
between the simulations and experiments for n-butanol/n-
heptane and iso-butanol/n-heptane mixtures under different
intake pressure and temperature conditions on the CAT engine.
It is seen that good agreements are obtained with the current
mechanism. The ignition timing, pressure rise rate, in-cylinder

peak pressure, and combustion durations all agree quite well
with the experimental results, which indicate that the proposed
mechanism is able to capture the HCCI combustion processes
of n-butanol and iso-butanol under various operating condi-
tions.

In addition to the available HCCI experimental data for n-
butanol and iso-butanol, numerical simulations were also con-
ducted to simulateHCCI combustion processes ofmixtures of sec-
butanol/n-heptane and tert-butanol/n-heptane under the same
conditions. The n-heptane blending ratios in these two mixtures
were also changed to maintain similar CA50 timings compared
to those of n-butanol and iso-butanol. Figure 8 shows compar-
isons of the n-heptane blending ratios and CA50 timings among
the butanol isomers under the different conditions. The intake
pressures and temperatures are also listed on the x-axis in the
figures.

It is seen that the predicted CA50 timings of both n- and iso-
butanol/n-heptane mixtures are very close to those of the experi-
mental results. The comparison of the n-heptane blending ratios
under the different conditions among the butanol isomers indi-
cates that the mixture of n-butanol and n-heptane has the highest
reactivity, followed by tert-butanol, and then iso-butanol and sec-
butanol, which does not agree with the conclusions presented in
Figure 2. However, this can be explained in Figure 9, which shows
the ignition delays of the butanol isomer/n-heptane mixtures as
a function of n-heptane blending ratio in the mixture under the
850K, 40.0 bar, and 0.35 equivalence ratio condition, which is
very close to the in-cylinder condition prior to ignition for the
1.35 bar intake pressure and 323K intake temperature condition
in the CAT HCCI experiments. It is seen that the reactivity of the
tert-butanol/n-heptane mixture is higher than the n-butanol/n-
heptane mixture only if the n-heptane blending ratio is higher
than 20% in the mixture. This is reasonable since no matter how
difficult the H atom abstraction reaction is with tert-butanol, the
presence of n-heptane still dominates the overall reactivity. Thus,
even if there is no OH radical absorption from butanol in the
mixture, due to the much lower reactivity of neat tert-butanol,
the reactivity enhanced by the OH radicals that are released from
tert-butanol H atom abstraction reactions still cannot compensate
for the low reactivity of tert-butanol itself. The following HCCI
experiments on the YC engine also justify this point.

YC Engine HCCI Combustion
Figure 10 shows comparisons of in-cylinder pressures and
AHRRs for all the butanol isomer/n-heptane mixtures under dif-
ferent EGR rate conditions on the YC engine. Again, it is seen
that the present mechanism is able to accurately capture the HCCI
combustion processes of all the fuels under different operating
conditions. Since one of the major targets for the development
of a reduced mechanism is to capture the combustion process
in real combustion devices, the current results suggest that the
performance of the mechanism is reliable, at least under pure
chemical kinetically controlled lean HCCI conditions.

Figure 11 shows comparisons of in-cylinder pressures between
the experiments and simulations for the tested mixtures at 20%
EGR rate condition. As already shown in Figure 3, the reactivity
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FIGURE 7 | Comparisons of in-cylinder pressure and AHRR between simulations and experiments in the CAT engine.

FIGURE 8 | Comparisons of CA50 timings and n-heptane blending
ratios to maintain similar CA50 among the butanol isomers.

of the tert-butanol/n-heptane mixture is the highest among the
four butanol isomers once the n-heptane blending ratio exceeds
20%. The current HCCI combustion data also show a similar
trend, the tert-butanol/n-heptane mixture (75%/25% in mole)
shows the shortest ignition delay, followed by n-butanol and then
iso-butanol and sec-butanol. The reasons for those results were
explained in the mechanism adjustment section, namely both the
fuel+OH and fuel+CH3O2 reactions are responsible for the
higher reactivity of tert-butanol/n-heptane mixtures. The simula-
tions also capture this trend, which again confirms the reliability
of the proposed mechanism.

Figure 12 shows comparisons of the CA50 timings between
experiments and simulations under different EGR rate conditions.
It is clearly seen that the simulations capture the experimental
trends. The relative reactivity among the butanol isomers and
n-heptane is well reproduced by the simulations. Mixtures of tert-
butanol and n-heptane show the earliest CA50 timing, followed
by n-butanol and then iso-butanol and sec-butanol. For n-butanol,
sec-butanol, and iso-butanol, the CA50 timing agrees with their

FIGURE 9 | Ignition delays as function of n-heptane blending ratio for
the butanol isomers.

RON trends, namely that n-butanol has the lowest RON while
iso-butanol has the highest. Combined with the previous works
conducted for PRF, methanol, and ethanol HCCI combustion, it
is therefore concluded that the current reduced mechanism can
be used for engine combustion simulations with alcohols.

Conclusion

In the current study, a reduced PRF-Alcohol-DTBP mecha-
nism with 108 species and 435 reactions has been proposed
for HCCI combustion simulations. The proposed mechanism is
formulated based on a base-reduced PRF mechanism, and the
detailed butanol mechanisms developed by Sarathy et al. (2012)
were reduced and incorporated into the base mechanism. The
model can predict the ignition and combustion processes of PRF,
methanol, ethanol, DTBP, and the four butanol isomers. Exper-
imental HCCI combustion results for butanol isomer/n-heptane
mixtures were also obtained from two different diesel engines to
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FIGURE 10 | Comparisons of in-cylinder pressure and AHRR between simulations and experiments for butanol/n-heptane mixtures under different
EGR rate conditions in the YC engine.

FIGURE 11 | Comparison of in-cylinder pressures between simulations
and experiments for four butanol/n-heptane mixtures.

validate the mechanisms. The major conclusions can be summa-
rized as follows:

1. An integrated PRF–methanol–ethanol–butanol–DTBP kinetic
mechanism with 108 species and 435 reactions has been
developed for HCCI combustion simulations. The proposed
mechanism has been validated with various experimental data,
including shock tube ignition delays, laminar flame speeds,
species profiles from premixed flames, and also HCCI engine
combustion data, and yields good agreements for a wide range
of validation conditions.

2. Kinetic analysis shows that, although the reactivity of neat
tert-butanol is the lowest, mixtures of tert-butanol/n-heptane
exhibit the highest reactivity among mixtures of the butanol
isomers and n-heptane if the n-heptane blending ratio exceeds
about 20%.

3. It is found that the highest C–H bond energy in the tert-
butanol molecule is partially responsible for this result. The
high C–H bond energy reduces the OH radical absorption

FIGURE 12 | Comparisons of the CA50 timings between simulations
and experiments for four butanol/n-heptane mixtures.

ability of tert-butanol, which results in more available OH
radicals in the system to promote ignition.

4. In addition to the bond energy effect, it was found that the reac-
tion tC4H9OH+CH3O2 ⇔ tC4H9O+CH3O2H also plays an
important role during this process. The tC4H9O radical is
also the major intermediate species in DTBP oxidation, which
produces CH3O2 and CH3O2H, and eventually the OH radical
is generated through this pathway.

5. HCCI combustion data from two different diesel engines
for butanol isomer/n-heptane mixtures were used to validate
the proposed mechanism. The chemical kinetic mechanisms
are able to capture HCCI combustion processes of various
butanol/n-heptane mixtures over a range of operating con-
ditions. In addition, the HCCI experiments also show that
mixtures of tert-butanol/n-heptane have the highest reactivity
among the tested fuels, which is in agreement with Hass et al.’s
results (Haas et al., 2011), and the present simulations also
capture this trend.

6. The overall results indicate that the current mechanisms can
be used for HCCI engine combustion predictions of PRF and
alcohol fuels. However, further improvements can still bemade
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when more validation data become available, especially igni-
tion delay data under low-temperature conditions.
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