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,e natural gas (NG)/diesel dual-fuel engine has attracted extensive attention in recent years, and the influence of ignition delay
on the engine is very important. ,erefore, the research on the ignition delay of NG/diesel dual fuel is of great significance. In this
work, a simplified n-dodecane mechanism was used to study the effect of methane mixture ratio on the n-dodecane ignition
process. ,e results showed that the ignition delay time increased with the increase of methane content by changing the mixing
ratio of methane and n-dodecane. However, the effect of methane on the ignition delay time gradually decreases when the content
of the n-dodecane mixing ratio is greater than 50%. It was also found that with the increase of n-dodecane content, the reduction
degree of the ignition delay time of the whole reaction system decreased and the negative temperature coefficient (NTC) behavior
increased. Moreover, when the initial pressure increased from 20 bar to 60 bar, the thermal effect of methane also increases from
7.03% to 9.55%. ,e relationship between ignition characteristics of methane-n-dodecane and temperature was studied by
changing the initial temperature. Furthermore, the evolution of species in the ignition process of the whole reaction system was
analyzed, and the decomposition of n-dodecane first occurs in the reaction n-C12H26 +O2 �R+HO2 to form R and free radicals;
however, the reaction CH4 +OH�CH3+H2O dominates with the increase of the methane mixing ratio and inhibits the ignition
process. ,rough the analysis of reaction paths, sensitivity, and rates of production and consumption of methane/n-dodecane, it
was explained how n-dodecane accelerates methane ignition through the rapidly formed free radicals.

1. Introduction

With the increasingly severe energy situation and envi-
ronmental crisis, the engine emission regulations are be-
coming more and more strict and the research of alternative
fuel has attracted more attention. At present, the main al-
ternative fuels for internal combustion engines are NG [1],
methanol [2–4], ethanol [5], hydrogen [6], etc. Amongmany
alternative fuels, NG is one of the most widely used alter-
native fuels in internal combustion engines. Compared with
diesel and gasoline, NG is a clean alternative fuel for engines,
which is almost free of sulfur, dust, and other harmful
substances. Besides, NG has abundant reserves that have
been widely the subject of interest by the international
community [7]. Because the main component of NG is
methane with high octane number, which has good anti-
knock performance, the diesel pilot ignition NG engine can

operate at a high compression ratio so that its thermal ef-
ficiency can reach the level of a diesel engine and its power
performance is guaranteed [8, 9]. NG can be used in the
high-reactivity fuel ignition dual-fuel engine and reactivity
controlled compression ignition (RCCI) engine [10].
Compared with the traditional diesel engine, the combustion
temperature of the NG engine is significantly lower, which
greatly reduces the emissions of soot and nitrogen oxides
(NOx) [11–13]. In addition, the whole diesel/NG mixture is
an excessively thin mixture, and the compression ratio can
be improved by eliminating the auto-ignition behavior of the
end gas [14].

,e combustion strategy of dual-fuel engines is more
complex than that of pure diesel engines, which has been the
focus of researchers [15, 16]. Cordiner et al. [17] studied the
combustion and emission characteristics of dual-fuel en-
gines by means of experiments and numerical simulation.
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,ey found that the dual-fuel engines could reduce par-
ticulate matter (PM) and NOx emissions, but hydrocarbons
(HC) and carbonmonoxide (CO) emissions increased under
dilute combustion conditions. ,e analysis of the influence
of each control parameter on the engine performance is
helpful to the development of a high-performance dual-fuel
engine—including injection strategy, exhaust gas recircu-
lation (EGR) rate [18], and substitution rate [19, 20].
Abagnale et al. [21] studied the performance of the NG/
diesel dual-fuel engine through six different fuel combina-
tions experiments. ,e results showed that the maximum
burst pressure, the maximum temperature, and the NOx
emission in the cylinder increased with the increase of the
methane substitution ratio. Sunmeet et al. [22] tested and
studied the combustion and emission performance of diesel/
NG RCCI engines. ,ey studied the different NG substi-
tution rates and analyzed the combustion and emission
characteristics of the traditional dual-fuel mode and RCCI
mode by changing the exhaust gas recirculation (EGR) rate.
,e results showed that with the increase of EGR rate, NOx
emission decreased significantly but smoke increased sig-
nificantly. Besides, EGR could reduce CO and HC emissions
of RCCI engines under partial load.

,ere are two main working modes of the diesel/NG
dual-fuel engine, namely pure diesel mode and dual-fuel
mode. ,e delayed ignition time of pure diesel mode is less
than that of dual-fuel mode [23–25]. For the diesel pilot
ignition NG dual-fuel engine, the factors affecting the ig-
nition delay of diesel and NG mixture are very complex and
it is difficult to find out in the test case. ,erefore, it is
necessary to study the chemical kinetic ignition character-
istics of methane/n-dodecanemixtures with different mixing
ratios. ,e actual NG and diesel fuels are complex mixtures.
,erefore, in order to facilitate theoretical research, only
methane is taken into consideration, while other compo-
nents of NG were ignored [26]. ,erefore, methane is
generally used as an alternative fuel for NG.,ere are several
hundred main components of diesel including cycloalkanes,
straight-chain alkanes, and aromatic hydrocarbons [27].
Because the molecular size of n-dodecane is close to that of
ordinary diesel, it has recently been used as an alternative
fuel to simulate diesel combustion [28–31]. ,e main
physical and chemical characteristics of n-dodecane and
methane are shown in Table 1. At present, there are few
numerical studies on methane-n-dodecane dual fuel. Fu and
Aggarwal [32] studied the effect of methane on the ignition
of n-heptane. However, the effect of methane on the ignition
delay of n-heptane has not been systematically analyzed.
Tekgül et al. [33] used large eddy simulation to study the
spray ignition characteristics of methane and n-dodecane
dual fuel. ,ey found that methane prolonged the ignition
delay of n-dodecane. However, the interaction between
methane and n-dodecane and the effect of methane con-
centration on ignition delay are not explained. Kahila et al.
[34, 35] numerically studied the ignition process of
n-dodecane in lean methane-air mixture under engine-re-
lated conditions. ,ey studied pilot spray ignition problem
under fixed mass injection rate and different injection du-
rations and compared two simplified n-dodecane reaction

mechanisms and the effects of different diesel pilot spray
quantities on the ignition characteristics of n-dodecane in a
methane environment. However, only the methane content
remains unchanged, and the effect of methane concentration
on n-dodecane is not considered.

In this study, the ignition delay phenomenon of diesel/
NG dual-fuel combustion was analyzed by chemical kinetics.
,e core of this study is to understand the oxidation of
n-dodecane and methane. Firstly, many researchers have
studied the chemical kinetic mechanism of methane. Khan
et al. [36] compared the San Diego [37], the GRI-Mech 3.0
[38], and the USC-Mech 2.0 [39] mechanisms. ,e research
results showed that the GRI-Mech 3.0 mechanism has the
best prediction effect on the laminar flame speed of meth-
ane-hydrogen blend. Gimeno-Escobedo et al. [40] studied
the reduced methane-hydrogen mixtures mechanism from
the GRI-Mech 3.0 mechanism. ,e results showed that
validation for zero-dimensional and one-dimensional cal-
culations have a small error between the predicted and
original mechanism. Besides, the mechanism was applicable
to a variety of methane-hydrogen mixtures. However, in the
detailed Lawrence Livermore National Laboratory (LLNL)
[41] n-dodecane mechanism, the species and reaction of C1-
C3 can be used to describe the oxidation process of methane.
,erefore, other chemical kinetic mechanisms of methane
are not selected in this work. In this contribution, the de-
tailed LLNL mechanism was preliminarily simplified, most
of the components and reactions were retained, and the
ignition delay of methane-n-dodecane was analyzed in
detail. Moreover, the simulation included different initial
temperatures and different mixing ratios of methane and
n-dodecane to consider different engine operating condi-
tions. Finally, reaction path analysis, sensitivity analysis, and
rate of production analysis were carried out to explain the
characteristics of dual-fuel ignition.

2. Simulation Methods

2.1. Mechanism and Kinetic Model Development.
Methane is one of the important intermediates in the ig-
nition process of n-dodecane so the oxidation mechanism of
n-dodecane has included the submechanism of methane
oxidation, which can be used as the chemical kinetic model
of themixture.,e LLNLmechanism is considered to be one
of the most detailed chemical kinetic mechanisms describing
the oxidation of n-dodecane, consisting of 2885 species and
11,754 reactions. ,e n-dodecane mechanism reduction was
performed using the direct relation graph (DRG) [42] and
the directed relation graph with error propagation (DRGEP)

Table 1: Selected fuel properties.

Fuel n-Dodecane Methane
Chemical formula n-C12H26 CH4
Molecular weight (g/mol) 170.33 16.04
H/C ratio 2.1667 4
Density (g/L) 749.5 0.71
Lower heating value (MJ/kg) 44.147 50.0
Boiling point (K) 489.3 111.66
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[43]. ANSYS CHEMKIN Reaction Workbench software was
used to conduct the reduced mechanism [44]. In order to
obtain a more accurate and simple mechanism to describe
the oxidation process and ignition characteristics as accurate
as possible, a new simplified chemical kinetic mechanism of
n-dodecane and methane dual fuel has been developed in
this paper. ,is new reduced mechanism is based on the
Lawrence Livermore National Laboratory (LLNL) mecha-
nism. First, the LLNL mechanism was simplified by speci-
fying the evaluation criterion was specified as an initial set of
components including reactants (CH4, n-C12H26, and O2),
products (CO2, and H2O), and important intermediate
products (CH2O, CH3, CO, and H2O2). Considering the
important role of free radicals in the mixed system, H, O,
and OH were also added as the initial important compo-
nents, and the ignition delay time was selected as the target.
,e reduction was performed at a pressure of 1–60 atm, an
initial temperature of 700–1600K, and an equivalence ratio
of 0.5–1.5. ,e reduced mechanism based on the above
simplification methods consisted of 526 species and 2551
reactions. Because this paper only analyzes the influence of
methane content on the ignition characteristics of
n-dodecane, a simple reduced step is carried out. In this case,
the key species and related reaction pathway are retained,
and the accuracy is not much lost.

2.2.ModelValidation. ,e ignition delay time was predicted
using the CHEMKIN package simulation data [45]. ,e
problem type was used to constrain the volume and solve the
energy equation with the closed homogeneous model that
calculates the ignition delay time. ,e ignition delay time
was defined as the time when the initial temperature of the
fuel increases by 400K. Figure 1 shows the comparison
between the detailed mechanism and the 526 species
mechanism ignition delay times of n-dodecane at pressures
of 20 bar and equivalence ratio of 0.5 and 1.0.,e 526 species
mechanism is in good agreement with the detailed mech-
anism and experimental data of Vasu et al. [46].

,e premixed laminar flame speed calculator models of the
CHEMKIN software package are used to simulate the laminar
flame speed of n-dodecane. Figure 2 shows the laminar flame
speed of 526 species at an equivalence ratio of 0.6–1.5, at-
mospheric pressure, and unburned fuel temperatures of 403
and 470K. Compared with the experimental data of Kumar
and Sung [47], Ji et al. [48], and Hui and Sung [49], it can be
seen that the prediction of laminar flame speed is very good.

For the ignition of methane as a single fuel, Table 2 lists
the 33 most important reactions of methane in the com-
bustion process compiled by Manias et al. [50] and analyzes
the effect of adding stable intermediate products CH2O and
H2O2 on fuel auto-ignition. ,ese two intermediate com-
ponents are produced by the low-temperature reaction in
the n-dodecane mixture. It can be seen from Table 2 that the
simplified mechanism includes all reactions. In a dual-fuel
engine, the methane/air mixture operates at an equivalence
ratio below 1.0. In order to evaluate the methane oxidation
performance, Figure 3 compares ignition delay times of the
reduced mechanism simulation results with the

experimental data of Petersen et al. [51] at initial pressures of
50 bar and 150 bar. At the same time, the Aramco1.3 [52]
mechanism is also used as a reference result. Figure 3 shows
that the reduced mechanism can well predict these trends.

Figure 4 shows the laminar flame speed of 526 species and
Aramco1.3 mechanisms at atmospheric pressure and an un-
burned fuel temperature of T� 300K. Compared with the ex-
perimental data of Gu et al. [53] and Rozenchan et al. [54], it can
be seen that the prediction of laminar flame speed is very good.
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Figure 1: Ignition delay times validation for n-dodecane. ,e
experimental data used for comparison were taken from Vasu et al.
[46].
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Table 2: ,e important reactions of the methane ignition process.

Reaction Reduced mechanism
1 H+O2⟷O+OH ✓ (⟷)
2 O+H2⟷H+OH ✓ (⟷)
3 OH+H2⟷H+H2O ✓ (⟷)
4f H+OH (+M)⟶H2O (+M) ✓ (⟷)
5f H+O2 (+M)⟶HO2 (+M) ✓ (⟷)
6f HO2 +OH⟶H2O+O2 ✓ (⟷)
7f HO2 +HO2⟶H2O2 +O2 ✓ (⟷)
8f H2O2 (+M)⟶OH+OH (+M) ✓ (⟷)
9f H2O2 +OH⟶H2O+HO2 ✓ (⟷)
10f CO+OH⟶CO2+H ✓ (⟷)
11f HCO+O2⟶CO+HO2 ✓ (⟷)
12f CH2O+O2⟶HCO+HO2 ✓ (⟷)
13f CH2O+OH⟶HCO+H2O ✓ (⟷)
14f CH2O+CH3⟶HCO+CH4 ✓ (⟷)
15f CH2O+HO2⟶HCO+H2O2 ✓ (⟷)
16f CH3O (+M)⟶CH2O+H (+M) ✓ (⟷)
17f CH3O+O2⟶CH2O+HO2 ✓ (⟷)
18f CH3 +H (+M)⟶CH4 (+M) ✓ (⟷)
19 CH4 +H⟷CH3+H2 ✓ (⟷)
20f CH4 +OH⟶CH3+H2O ✓ (⟷)
21f CH4 +HO2⟶CH3+H2O2 ✓ (⟷)
22f CH3 +HO2⟶CH3O+OH ✓ (⟷)
23 CH3 +HO2⟷CH4+O2 ✓ (⟷)
24f CH3 +O2⟶CH2O+OH ✓ (⟷)
25 CH3 +O2 (+M)⟷CH3O2 (+M) ✓ (⟷)
26f CH3O2 +CH2O⟶CH3O2H+HCO ✓ (⟷)
27f CH3O2 +CH4⟶CH3+CH3O2H ✓ (⟷)
28f CH3O2 +CH3⟶CH3O+CH3O ✓ (⟷)
29f CH3O2 +HO2⟶CH3O2H+O2 ✓ (⟷)
30f CH3O2 +OH⟶CH3OH+O2 ✓ (⟷)
31f CH3O2H⟶CH3O+OH ✓ (⟷)
32f CH3 +CH3 (+M)⟶C2H6 (+M) ✓ (⟷)
33f C2H4 +OH⟶C2H3 +H2O ✓ (⟷)
(⟷) stands for the reversible reaction.
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In general, the simplified mechanism is in good agree-
ment with the experimental data for the ignition delay and
laminar flame speed of the methane-air mixture. In the next
section, the ignition characteristics of methane and
n-dodecane dual fuel will be analyzed.

2.3. Numerical Setup. In this paper, the influence of the
mixture composition of the dual fuel on ignition delay is
analyzed, so the correlation equation is described by the
mixture of n-dodecane, methane, and air. Assuming that the
molar composition percentages of N2 and O2 in the air are
79% and 21%, respectively, the stoichiometric equation for
hydrocarbon fuel CxHy is defined as follows:

CxHy + z O2 + 3.76N2( ⟶ xCO2 +
y

2
 H2O + 3.76zN2.

(1)

where z � x + (y/4).

Here, the equivalence ratio of ϕtotal and ϕCH4
is defined as

follows:

ϕtotal � ϕCH4
+ ϕn−C12H26

, (2)

ϕCH4
�

XCH4
/XAir

XCH4
/XAir stoic

, (3)

XFuel � Xn−C12H26
+ XCH4

, (4)

where XFuel, XAir, Xn−C12H26
, and XCH4

represent the fuel
mole fractions, the air mole fractions, the n-dodecane mole
fractions, and the methane mole fractions, respectively.

Since the dual-fuel combustion process consists of three
parts—n-dodecane, methane, and air—the sum of the de-
fined mole fraction is unity.

XAir + Xn−C12H26
+ XCH4

� 1. (5)

3. Results and Discussion

3.1. Effects of the Equivalence Ratio ofMethane on the Ignition
Delay. Based on the chemical dynamic mechanism of the
present work, the ignition delay time of methane-n-
dodecane dual fuel under different mole fractions of
n-dodecane mixing was simulated. Kahila et al. [34, 35] used
the large eddy simulation to study the ignition character-
istics of using n-dodecane to ignite the methane/air mixture
in dual-fuel engine relevant conditions with the spray
condition being corresponded with the engine combustion
network (ECN) spray A. In this work, since the homoge-
neous reactor model in the CHEMKIN package is used, the
initial temperature of n-dodecane/methane/air mixture is set
to 900K, and the initial pressure was maintained at 60 bar.
,e problem type is the constrain volume and solver energy
equation. On this basis, the simulation conditions are
changed. Figure 5 shows the ignition characteristics of
n-dodecane/methane/air mixture at initial temperatures of
900K and 1200K and an initial pressure of 60 bar. ,e heat
loss is set to 0 J/s in the simulation calculation. ,e ignition
problem under different mole fractions of n-dodecane at a
fixed methane equivalence ratio was studied. Figure 5(a)
shows that the ignition delay time first decreases and then
increases with the increase of n-dodecane mole fraction
when the initial temperature of the methane/air mixture is
900K. ,is can be explained by the fact that when the mole
fraction of n-dodecane is close to zero, the reaction rate is
greatly limited and the ignition is relatively difficult because
methane is a low reactivity fuel, resulting in a long ignition
delay time. In addition, the oxygen fraction and temperature
of the reaction zone will be reduced with the increase of
n-dodecane mole fraction because n-dodecane will produce
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a rich combustion zone and has high vaporization latent
heat, and eventually, the ignition delay will increase. Fur-
thermore, the general trend is similar to that at 900K when
the initial temperature rises to 1200K.

In the present study, the ignition delay time of methane-
n-dodecane dual fuel with different n-dodecane mixing
ratios was simulated. ,e mixing ratios of n-dodecane were
0%, 1%, 4%, 10%, 20%, 50%, and 100%. Figure 6 shows the
relationship between ignition delay and n-dodecane
blending ratio at a pressure of 60 bar, an initial temperature
of 700–1200K, and an equivalence ratio of 0.5–1.5. It can be
seen from Figure 6 that the ignition process of methane-n-
dodecane dual fuel shows a certain negative temperature
coefficient (NTC) behavior at medium and low tempera-
tures. Many studies [32, 56] reported that the oxidation of
large alkanes is characterized by two-stage ignition and NTC
behavior. When the n-dodecane mixing ratio decreases, the
ignition delay time increases, and the NTC behavior of the
total ignition delay time tends to be flat.

It can be seen from Figure 7 that the ignition delay time
of methane-n-dodecane dual fuel changes nonlinearly with
the increase of n-dodecane mixing ratio and the changing
trend is consistent, which decreases with the increase of
n-dodecane mixing ratio. When the n-dodecane mixing
ratio is low, the influence of n-dodecane content on the
ignition delay time of methane-n-dodecane dual fuel is more
significant, while when the n-dodecane mixing ratio is
higher than 50%, the effect of n-dodecane content on the
ignition delay time of the dual fuel gradually decreases. ,is
is because with the increase of n-dodecane content in unit
time, the number of collisions between n-dodecane and
oxygen molecules increases, but the collision trend will
gradually flatten, which leads to the influence of n-dodecane

content on the ignition delay time of the dual fuel tends to be
gentle with the increase of n-dodecane mixing ratio.
,erefore, with the increase of n-dodecane content, the
reduction degree of the ignition delay time of the whole
reaction system decreases.

It can be seen from Figure 5 that the addition of methane
will increase the ignition delay of n-dodecane, and the higher
the methane content, the more obvious the increase of ig-
nition delay. ,is may be due to the thermal effect caused by
the high heat capacity of methane and the chemical reaction
caused by the addition of methane. Li et al. [57] numerically
studied the effect of methane addition on the ignition
characteristics of n-heptane. A new species CH∗4 with the
same thermodynamic data as CH4 was proposed, CH∗4 will
not take part in any chemical reaction, and only the in-
fluence of the thermal effect of this species on the ignition
process was considered. When CH∗4 replaces CH4, the in-
fluence of the CH4 chemical reaction will be eliminated, so
CH∗4 can be used to analyze the influence of the thermal
effect. Figure 8 shows different effects of methane addition
on the ignition delay time of stoichiometric combustion of
n-dodecane and oxygen at an initial temperature of
700–1200K and pressures of 20 bar and 60 bar. It can be
found that the influence of the methane thermal effect is the
most significant in the region of NTC behavior, but it is
significantly lower than that of the chemical reaction.
Compared with Figures 8(a) and 8(b), it can also be seen that
the ignition delay decreases with the increase of the pressure.

In order to distinguish the effects of thermal effect and
chemical reaction, the evolution of OH radicals and tem-
perature with an initial temperature of 900K was selected.
,e ignition delay time defined here was the maximummole
fraction point of OH radical. From Figure 9, when methane
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is stoichiometric with oxygen, the ignition delay of
n-dodecane is 58.51% at the initial pressure of 20 bar, of
which 51.48% is caused by the chemical reaction of methane
and 7.03% by the thermal effect of methane. When the initial
pressure is 60 bar, the ignition delay of n-dodecane is
52.63%, of which 43.08% is caused by the chemical reaction
of methane and 9.55% is caused by the thermal effect of
methane. With the increase of pressure, the thermal effect of
methane also increases.

,e results show that the thermal effect of methane is the
most obvious in the middle-temperature region and the

chemical reaction of methane plays a key role in the ignition
delay in the low- and high-temperature regions. In order to
explain the effect of methane chemical reaction on the ig-
nition delay of n-dodecane, the reaction path analysis, the
rate of production analysis, and the sensitivity analysis will
be carried out.

3.2. Evolution of Species. In order to determine the species
rate control in the ignition process of the high-reactivity fuel
n-dodecane and the low-reactivity fuel methane, the
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Figure 6: Ignition delay of different n-dodecane mixing ratios.
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chemical kinetics of methane-n-dodecane dual fuel was
analyzed. Besides, the consumption of the dual fuel and the
change of free radical concentration during ignition were
investigated.

Figure 10 shows the change curve of free radical mole
concentration and temperature for 50% methane and 50%
n-dodecane dual fuel obtained by simulation under the
initial conditions of P� 20 bar and ϕtotal � 1.0. In addition,
three initial temperatures including 700K, 900K, and
1100K were compared. ,e ignition process of methane-n-
dodecane dual fuel can be divided into two stages (also called
the two-stage ignition process), and the second stage ignition

is the total ignition process. Figure 10 shows that methane-
n-dodecane mainly shows two stages of heat release at initial
temperatures 700K and 900K: low-temperature heat release
(LTHR) and high-temperature heat release (HTHR). Most
of the free radical accumulation of methane-n-dodecane is
completed in the LTHR stage until the HTHR stage. Besides,
increasing the mixture’s initial temperature can reduce the
dual-fuel ignition delay time, and n-dodecane is decom-
posed faster than methane. Moreover, the accumulation of
HO2 and CH2O mainly occurred in the LTHR and the
accumulation of H2O2 reaches the peak in the HTHR stage.
N-dodecane first decomposes to produce a large number of
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Figure 7: Ignition delay of different n-dodecane mixing ratios at an initial temperature of 900K and ϕtotal � 0.5, 1, and 1.5.
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free radicals. Compared with n-dodecane, methane cannot
provide enough heating and free radical pool accumulation
during LTHR. ,is can be due to the weak bond of
n-dodecane molecules, which leads to faster decomposition.
,is explains that n-dodecane can be used as a pilot oil to
ignite methane. As shown in Figure 10(c), with the increase
of the mixture’s initial temperature, the heat release process
of methane and n-dodecane changes from LTHR andHTHR
to single-stage HTHR. When the initial temperature reaches
1100K, the mole fraction of methane increases because
n-dodecane is rapidly decomposed into methane with the
increase of initial temperature, increasing methane mole
fraction.Methane and n-dodecane are completely consumed
at the same time. Furthermore, n-dodecane decomposes
faster than methane.

Figure 11 shows the simulated curves of free radical
concentration and temperature of methane-n-dodecane
dual fuel with different mixing ratios at P� 20 bar,
ϕtotal � 1.0, and T� 700K. It can be seen that the ignition
delay time decreases with the increase of n-dodecane mixing
ratio, which is a good explanation for the previous section.
With the increase of the n-dodecane mixing ratio, the time
for methane to be consumed completely is decreased, which
indicates that n-dodecane promotes methane consumption
to a certain extent. Besides, the conversion rate of
n-dodecane slows down with the increase of the methane
mixing ratio, and the higher the methane mixing ratio, the
more obvious this effect. ,is may be related to the chemical
reaction caused by methane, which will be analyzed in the
next section. Moreover, the heat release process of methane
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Figure 9: Effect of different methane equivalence ratios on the evolution of temperature and OH radicals.
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and n-dodecane changes from LTHR and HTHR to single-
stage HTHR with the increase of the n-dodecane mixing
ratio. When the concentration of free radicals accumulates
enough, the second stage of ignition occurs. At the first stage
of ignition, the concentration of n-dodecane decreases
rapidly, which indicates that a large amount of n-dodecane is
consumed during the first stage of ignition. After the first
stage of ignition, the consumption rate of n-dodecane begins
to decrease and then the concentration of methane decreases
rapidly during the second stage of ignition. Finally, methane
and n-dodecane are consumed completely during the second
stage of ignition.

It can be seen from Figures 10 and 11 that the contents of
methane and n-dodecane change after the initial level is
maintained for a period of time. Comparing the LTHR
under these conditions, it can be said that the time when the

content of methane and n-dodecane is maintained at the
initial level is just equal to the ignition process of the first
stage. Before the first stage of ignition, the concentration of
fuel in the whole reaction system changes a little. At this
time, the dual-fuel is in the preparation stage and some
severe chemical reactions begin to appear in the reaction
system until the first stage of ignition.

3.3. Analysis of the Dominant Reactions and Reaction Path-
ways Affecting the Ignition. According to the consumption
trend of methane-n-dodecane dual fuel in the previous
section, the reaction rate and the reaction pathway of the
main consumption reaction elements of the dual-fuel during
the ignition process were determined. As shown in Fig-
ure 12, n-dodecane undergoes dehydrogenation,
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Figure 10: Species evolution of methane-n-dodecane mixtures at different initial temperatures at ϕtotal � 1.0, P� 20 bar.
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isomerization, twice oxidation, and so on to produce a
variety of isomers, where R represents C12H25-n radicals, Q
represents C12H24-n radicals, and KET represents ketohy-
droperoxide. Figure 12 shows that different methane con-
version rate reaction pathways of 50% methane and 50%
n-dodecane dual-fuel oxidation at initial T� 900K and
P� 60 bar. ,e methane conversion rate at this point is
defined as molar conversion, which is the percentage of the
number of molar units consumed.

At the initial stage of the reaction, methane consumption
is very small. ,e ignition process of n-dodecane dominates
the transition from low-temperature reaction to high-tem-
perature reaction. As shown in Figure 12(a), the decompo-
sition of n-dodecane first occurs in the reaction n-C12H26 +
O2�R+HO2 to form R. Since there are many isomers, all the

following elementary reactions are replaced by symbols.
According to the reaction pathway of n-dodecane, the oxi-
dation of R is mainly through R+O2 �RO2. Because
R+O2 �RO2 is a dominant reaction at low temperatures, it
produces RO2, which leads to the reaction of RO2 �QOOH,
QOOH+O2�O2QOOH, O2QOOH�C12KET+OH, and
C12KET�OH+Oxygenated. In the above reaction, the OH
produced by C12KET�OH+Oxygenated reacts with
n-dodecane and methane: n-C12H26 +OH�R+H2O, and
then R contributes to R+O2�RO2, CH4+OH�CH3+H2O.
Methane consumes OH radicals, inhibits the oxidation path
of n-dodecane at low temperatures and increases reaction
time. When the conversion of methane is 10%, as shown in
Figure 12(b), many intermediate products (aldehydes, ke-
tones, etc.) and important free radicals (OH, HO2, etc.) will be
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Figure 11: Species evolution of different methane-n-dodecane mixing ratios at ϕtotal � 1.0, P� 20 bar, and T� 700K.
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produced in this process, which provides a good initial
condition for the subsequent reaction. When the conversion
of methane is 50%, it can be seen from Figure 12(c) that the
addition of methane seems to promote the reaction of
n-dodecane and make up for the negative effect of OH radical
consumption, so the effect of methane is very small at this
time. In summary, the effect of methane on the ignition delay
of n-dodecane is mainly in the early stage of oxidation
process, which will increase the ignition delay time of
n-dodecane.

,rough the above analysis, the role of OH radicals in
chemical kinetics and the main reason for the short ignition
delay time of n-dodecane combustion are explained. In this
study, the ignition delay sensitivity of the simplified

mechanism of 526 species was analyzed to further evaluate
the oxidation process.

In order to explain the influence of different mixing ratios
of methane and n-dodecane on the ignition process in this
study, five typical mixing ratios were analyzed and the reaction
sensitivity analysis was carried out for the important reactions
at 60 bar. ,e sensitivity coefficient Si is defined as follows:

Si �
τ 2ki(  − τ 0.5ki( 

1.5τ ki( 
, (6)

where Si is the sensitivity coefficient of ignition delay time, τ
is ignition delay time, and ki is the rate of the ith reaction. A
negative Si indicates that the reaction can promote the
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ignition of the fuel, whereas a positive Si indicates that the
reaction inhibited the ignition of the fuel.

Figure 13 shows the normalized sensitivity coefficient of
ignition delay time with various methane-n-dodecane
mixtures. It is obvious that for pure methane fuel (n-C12H26-
CH4: 0%–100%), the reaction sensitivity coefficient of related
species of n-dodecane is 0 because there are no related
species of n-dodecane involved in the reaction.,e reactions
R1 (H+O2�O+OH) and R96 (CH4 +OH�CH3 +H2O)
have a high negative sensitivity coefficient. For R105
(CH3 +HO2 �CH3O+OH), a low-reactive methyl radical is
consumed to form a high-reactive OH radical, so it also has a
negative sensitivity coefficient. However, for the reaction of
methyl, R144 (2CH3 (+M)�C2H6 (+M)) consumes the
methyl radical and R106 (CH3 +HO2 �CH4 +O2) consumes
methyl to formCH4, which inhibits the ignition process, so it
has a high positive sensitivity coefficient. For pure dodecane
fuel (n-C12H26-CH4: 100%-0%), R1212 (n-
C12H26 +OH�C12H25-1 +H2O) reactions consume the
highly active OH radical and inhibit the ignition process,
and therefore, they have a high positive sensitivity
coefficient.

According to the sensitivity coefficients of different
mixing ratios of methane and n-dodecane in Figure 13, it can
be seen that R96 dominates with the increase of methane
mixing ratio and inhibits the ignition process. Although
R1225 (n-C12H26 +HO2 �C12H25-2 +H2O2) can promote

the ignition process in the presence of methane, R96 can
inhibit the ignition process more obviously in the case of a
higher methane mixing ratio. However, this type of reaction
has a less significant inhibitory effect at a lower methane
mixing ratio. For example, in Figure 7, when the methane
mixing ratio is less than 50%, the effect is not so obvious. In
addition, in all the reactions of methane with methyl, the
sensitivity coefficient of all the reactions decreases obviously
with the increase of the n-dodecane mixing ratio, which
weakens the influence of methane on the ignition process.

In the ignition process of methane-n-dodecane mixture,
free radicals such as H and OH play a very important role in
the ignition process. Almost all the elementary reactions are
initiated, propagated, and terminated by free radicals. In this
section, the influence of the mixture ratio of n-dodecane on
the reaction rate of production (ROP) of free radicals was
studied. ,e rate of production and consumption of H and
OH free radicals are shown in Figure 14 under the condi-
tions of ϕtotal � 1.0, T� 900K, and P� 60 bar.

Figure 14(a) shows the production and consumption of
H radicals. From Figure 14(a), the main reactions are R1, R2
(O+H2 �H+OH), R3 (OH+H2�H+H2O), R24
(CO+OH�CO2 +H), and R26 (HCO+M�H+CO+M).
,e reaction R1 consumes H radicals. Besides, the reaction
rates of R2, R3, R24, and R26 increase with the decrease of
methane mixing ratio, and more H radicals are produced,
which promotes the reaction of R1. It can be seen that the
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International Journal of Chemical Engineering 13



reaction that plays a leading role in the formation of H
radicals gradually turns from R3 to R24, which will be the
main path for the formation of H radicals. Compared with
R2 and R3, the reaction rate of R24 is greatly increased,
resulting in the increase of H radical concentration and the
acceleration of chain branching with the increase of the
n-dodecane mixing ratio.

As can be seen from Figure 14(b), R1 and R2 are the
main reactions to produce OH radicals, while R3 and R24
are the main reactions to consume OH radicals. With the

decrease of methane mixing ratio, the reaction rates of R1
and R2 to generate OH radicals increase, which leads to the
increase of OH concentration and promotes the total re-
action rate. In conclusion, the reaction rate of R24 increases
with the increase of the n-dodecane mixing ratio, thus
forming more H and promoting the production of more O
and OH radicals in the reaction R1. ,is will promote the
oxidation of the whole reaction system.

In order to explain the influence of the mixing ratio of
methane and n-dodecane on the ignition process, the reaction
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Figure 14: Rates of production and consumption for H and OH radicals under different methane-n-dodecane mixing ratios.
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Figure 15: Rates of production and consumption for CH4 and n-C12H26 radical through the key reactions with various methane-n-
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rates of production and consumption of CH4 and n-C12H26
were calculated at ϕtotal � 1.0, T� 900K, and P� 60bar. ,e
rates of production and consumption for methane are shown in
Figure 15(a). ,e main reaction of methane consumption is H
abstraction with O, H, and OH radicals including R5
(CH4+H�CH3+H2), R96 (CH4+OH�CH3+H2O), and
R97 (CH4+O�CH3+H2O). ,e consumption of methyl and
the formation of methane are mainly through the reaction R94
(CH3+H(+M)�CH4(+M)). It is obvious that the reaction rate
increases with the increase of the methane mixing ratio, es-
pecially R96. ,e rates of consumption for n-dodecane are
shown in Figure 15(b). ,e main consumption reactions of
n-dodecane start from the initial stage, which explains the rapid
decrease of the mole fraction of n-dodecane in Figure 10. R1211
(n-C12H26+H�C12H25-6+H2), R1212 (n-C12H26+OH�C12
H25-1+H2O), and R1213 (n-C12H26+OH�C12H25-2+H2O)
are the main consumption reactions of n-dodecane. Moreover,
the total consumption rate of n-dodecane increases with the
increase of the n-dodecane mixing ratio.

In a word, with the increase of n-dodecane content, the
H-abstraction reaction of n-dodecane occurs first and the
methane oxidation consumption is significantly reduced.
Free radicals are formed in the initial stage of n-dodecane
consumption, which improves the activity of the whole
system and reduces the ignition delay time.

4. Conclusions

In order to study the ignition characteristics of a diesel pilot
ignition nature gas dual-fuel engine, the ignition process of the
methane-n-dodecane mixture was analyzed in detail from the
perspectives of free radicals and fuel oxidation based on the
simplified LLNL mechanism. ,e main conclusions are as
follows:

(1) ,e ignition delay time was the shortest under dif-
ferent mole fractions of n-dodecane at different
methane equivalence ratios and temperatures. In
addition, the ignition delay time of the system in-
creased with the increase of methane content because
the addition of methane inhibited the decomposition
of n-dodecane. When the initial pressure increases
from 20 bar to 60 bar, the influence of the chemical
effect of methane and ignition delay will be reduced,
which may provide a valuable reference for dual-fuel
engines, especially in the intake process and com-
pression process of the engine.

(2) Methane/n-dodecane dual fuel exhibited a two-stage
heat release phenomenon at an initial temperature of
700K. ,e results showed that the two-stage heat
release time decreased with the increase of the
n-dodecane mixing ratio. Increasing the initial
temperature and pressure of the mixture in the re-
action system could shorten the ignition delay time
of the dual fuel. Besides, the ignition process of the
methane-n-dodecane mixture showed a certain NTC
behavior. With the decrease of the n-dodecane
mixing ratio, the NTC behavior of the total ignition
delay time tended to be flat.

(3) With the increase of the n-dodecane mixing ratio, the
time of methane complete consumption gradually
decreased, which promoted methane consumption to
a certain extent. In addition, the conversion rate of
n-dodecane slowed down with the increase of
methane mixing ratio, and the higher the methane
mixing ratio, the more obvious the effect. When the
n-dodecane mixing ratio was lower, the effect of
n-dodecane content on the ignition delay time of the
dual fuel was more significant. Furthermore, the effect
of n-dodecane content on the ignition delay time of
the dual fuel gradually decreased when the
n-dodecane mixing ratio was greater than 50%. ,e
addition of methane decreased the final temperature
of the methane/n-dodecane mixture system, which
has a reference value for the practical dual-fuel engine,
especially for the emission problem.

(4) By analyzing the reaction path, sensitivity, and re-
action rate of methane and n-dodecane, it can be
inferred that the reason for ignition delay was the
free radical competition between n-dodecane and
methane. ,e addition of n-dodecane increased the
concentration of free radicals and promoted the
oxidation of methane. Because the decomposition
rate of n-dodecane was faster than that of methane,
the ignition delay time decreased with the increase of
the n-dodecane mixing ratio.

,is study can expand the theoretical basis of ignition
delay phenomenon. ,e current research showed that the
ignition process of methane-n-dodecane mixture had
guiding significance for the research of dual-fuel engines. In
addition, experimental studies on different NG and diesel
components are also needed in order to provide more ig-
nition process data.
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