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Natural gas/diesel dual-fuel engine has become an urgent need to alleviate the energy crisis and reduce emissions. As an additive,
reforming gas can improve the combustion process of dual-fuel engines because it improves the combustion rate and compensates
for the low reactivity of natural gas. Therefore, it is of great significance to study the ignition characteristics of natural gas diesel
blends by adding H, and syngas. Based on ANSYS Chemkin 17.0 software, the ignition delay time was solved by a closed uniform
model. The effects of H, and syngas on the ignition performance of a natural gas/diesel engine were studied. The results showed
that the ignition delay time of the methane/n-heptane mixture was prolonged after adding H, in the range of medium and low
temperatures. This was due to the fact that reaction R3 (OH + H, = H + H,0) was an endothermic reaction, which consumed OH
radicals and inhibited the ignition process. In the high-temperature range, adding H, reduced the ignition delay time of the
mixture system, which was because of the significant increase in the sensitivity coefficients of RI(H + O, = O + OH) and R3 and the
generation of OH radicals. Therefore, the reduction in ignition delay caused by H, addition in the high-temperature regions was
mainly attributed to R3 and R1. In syngas, CO reduced the ignition delay time of methane/syngas/n-heptane. However, the
addition of CO could reduce the importance of R3 in the reaction process—resulting in the weakening of the influence of H, on
ignition delay. This study can expand the theoretical basis of ignition characteristics of methane/n-heptane mixture with H, and

syngas under dual-fuel engine-relevant conditions.

1. Introduction

With the increasingly severe energy situation and the ag-
gravation of the environmental crisis, the regulation of
engine emission has become more and more strict and the
research of natural gas (NG) engines has attracted more and
more attention [1]. NG is a clean and efficient alternative fuel
for engines, which almost does not contain sulfur, dust, or
other harmful substances [2]. In addition, NG is rich in
reserves and has been widely concerned by the international
community.

The high octane number, the high ignition point, and the
low activity of NG engines make it difficult to direct
compression ignition, which usually needs external energy
such as spark plug or diesel to ignite the fuel mixture. In the
dual-fuel operation mode of NG/diesel, low-pressure NG is

introduced into the intake manifold and then ignited by pilot
diesel injected directly into the cylinder [3-5]. NG engines
can use a higher compression ratio because of the high
octane number of NG [6]. At the same time, earlier ignition
time can be used to improve fuel efficiency, such as reactivity
controlled compression ignition (RCCI) engine [7, 8]. In this
technology, low reactive fuel (e.g., gasoline, ethanol, or NG)
is premixed into the cylinder by intake port, while high
reactive fuel (e.g., diesel) is injected by early injection or
multiple direct injections. In this way, the preparation time
of the mixture can be prolonged and the fuel activity gra-
dient can be formed in the cylinder, to improve the com-
bustion efficiency and reduce emissions [9]. In addition, the
NG fuel has a wide ignition limit and the engine can run in
the condition of lean mixture. Compared with the traditional
diesel engine, the combustion temperature of NG engine is
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significantly lower, which greatly reduces the emissions of
soot, carbon dioxide, and nitrogen oxides (NOx) [10].

Despite these advantages, NG engines may have high
cycle variability and high unburned hydrocarbon (HC) and
carbon monoxide (CO) emissions under lean-burn condi-
tions due to low flame speed and combustion efficiency
[11, 12]. Although the post-treatment systems such as se-
lective catalytic reduction (SCR) [13] and oxidation catalyst
[14] can be used, it is relatively expensive and increases the
system complexity of NG engine, so it is difficult to be
popularized and applied. Compared with NG, hydrogen
(H;) has high chemical activity. H, seems to be a promising
alternative fuel for internal combustion engines [15]. H, is
an ideal fuel combined with natural gas because of its wide
flammability limit, which can make up for the limited lean-
burn ability and slow combustion speed of NG [16]. In
addition, H, is a kind of carbon-free fuel, and it can reduce
the carbon emission of compression ignition engines. H,
and reformer gas (syngas includes H, and CO) have been
considered as suitable blended fuels for internal combustion
engine applications [17]. At present, many scholars are
studying the preparation and combustion of syngas in in-
ternal combustion engines [18]. Flavio et al. [19] studied the
advantages of diesel reforming in dual-fuel combustion
strategy using three different reforming processes: partial
oxidation reforming, steam reforming, and autothermal
reforming. They found that the net efficiency of the engine
could be improved by reforming the fuel. To improve engine
fuel economy and reduce emissions, Sail et al. [20] con-
ducted catalytic reforming of ethanol fuel to obtain a
mixture containing H,, CO, and CH,. The results show that
the engine performance can be improved, and the emission
can be reduced by mixing the reforming products H,, CO,
and CH, with ethanol diesel. Guo et al. [21] numerically
simulated the combustion and emission characteristics of
homogeneous charge compression ignition engine. The
research shows that hydrogen has dilution and chemical
effect on the combustion stage of n-heptane fueled engine,
especially the dilution effect. Geng et al. [22] studied the
effect of n-heptane reforming components on combustion
characteristics. They found that low-temperature fuel
reforming combustion can reduce soot generation. Zhu et al.
[23] studied the potential of cylinder thermal chemical fuel
reforming (TFR) to improve engine performance. They
found that TFR has the potential to further reduce emissions
with higher compression ratio. In fact, the essential differ-
ence between syngas engine and NG/diesel dual-fuel engine
is that the reaction path of fuel combustion can be changed
by changing the initial conditions [24]. Therefore, it is quite
important to know more about the ignition characteristics of
H, and CO.

Although many works of literature on diesel and NG
dual-fuel combustion have been published including the
zero-dimensional model [25, 26] and the three-dimensional
spray study [27, 28], however, previous studies mainly fo-
cused on the ignition characteristics of diesel and NG
mixture when diesel is injected into NG. There is still an
obvious gap in understanding the ignition and flame
characteristics of H, and CO additives in different
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combinations of dual-fuel blends. Therefore, it is quite
important to understand the influence of syngas on the
ignition characteristics and the chemical properties of the
dual-fuel mixture. However, it is time-consuming and ex-
pensive to understand the influence of syngas addition on
the emission and the combustion characteristics of the dual-
fuel engines only through experiments. Numerical simula-
tion is a fast and economical method, which can help to
understand the complicated combustion, spray, pollutant
formation, and evaporation process in a dual-fuel engine
[29].

Therefore, this work focuses on the effect of H, and
syngas on ignition properties under dual-fuel engine-
relevant conditions. N-heptane has a high cetane number
and good chemical activity, so it can be used as a sub-
stitute for diesel [30]. NG is a mixture with methane as
the main component, so methane is selected as the al-
ternative fuel of NG [31]. The main purpose of this work
was to use the chemical kinetic mechanism of n-heptane
[32] to simulate the effect of syngas addition on the
ignition characteristics of a dual-fuel engine. In addition,
the new contribution of this work is to study the in-
fluence of the addition of syngas on the oxidation process
of n-heptane/methane dual fuel from the low-tempera-
ture reaction path of n-heptane/methane. The reaction
rate of production (ROP) and the sensitivity analysis
under dual-fuel engine-relevant conditions were studied
to explain the phenomenon in the simulation results.
This work provides a reference for the research of dual-
fuel engine fuel reforming.

2. Simulation Methods

2.1. Mechanism Selection and Validation. In this study, the
reduced chemical kinetic mechanism of n-heptane and
different NG components developed by Hockett et al. [32]
was selected. Then, it was called the CSU mechanism, which
consisted of 141 species and 709 reactions. Due to the lack of
chemical mechanism and experimental data of ignition and
flame characteristics of more than three fuels, such as
methane/H,/n-heptane and methane/syngas/n-heptane, this
study only validated the ignition characteristics of single fuel
and dual fuel under engine-relevant conditions. The ignition
delay time was predicted using the ANSYS Chemkin 17.0
software simulation data [33]. The problem type was used to
constrain the volume and solve the energy equation with the
closed homogeneous model that calculates the ignition delay
time.

Figure 1 shows the comparison between the experi-
mental values and the CSU mechanism of n-heptane [34],
methane [35], methane/n-heptane [36], methane/H,
[37, 38], and H,/CO [39] in different operating conditions
(temperature, pressure, equivalence ratio, and gas compo-
nent content). It can be seen that the predicted values of
ignition delay agree well with the experimental values in
different temperature, pressure, and equivalence ratio
ranges, which indicates that the current CSU mechanism can
reproduce the ignition characteristics of n-heptane, meth-
ane, H,, and syngas.



International Journal of Chemical Engineering

10 10 100
2 > «
£ £ E 10/
L
E 1 E £
k) % 1
< . 3 <
g 01; g g
E NC,H, p=t 2 01
.§° M phi=1.0 & NC;Hyq Eo CH4
= p = 40 bar phi= 0.5
0ot 001 - 0.01 . . . .
08 09 1.0 11 12 13 14 15 08 09 10 11 12 13 14 1s 06 07 08 09 10 1.1
1000/T (1/K) 1000/T (1/K) 1000/T (1/K)
——p=13bar —— p=40bar $=05 —— p=10atm
—— p=20bar —— p=50bar $=1.0 —— p=25atm
$=2.0 —— p=44atm
(a) (b) (c)
100 10 10
3
FIRCE E £ 1
& & B
< "é <
£ 14 g Ol6; g 014
ES CH, 5 3
= phi=1.0 a
0.1 . . . . 0.01 T T T T T T T 0.01 . . . . .
06 07 08 09 10 11 055 0.60 0.65 0.70 0.75 0.80 0.85 060 065 070 075 080 085 0.90
1000/T (1/K) 1000 (1/T) 1000 (1/T)
— p=10atm ® 96% CH,-4% NC;H ¢ © 60% CH,-40% H,
p =25atm * 90% CH,-10% NC,;H,¢ * 80% CH,-20% H,
o 70% CH,-30% NC_H,
e 50% CH,-50% NC,H,
(d) (e) ()
107 .
20% H,-80%CH, 10; 50% H,-50% CO
- =10 = phi= 0.5
R E
£ 10° <
2 £ 1
= =
<
£ 10 2 0.1 4
2 s -
R b=
5o
107 r r r : : 0.01 1 — . . . .
050 055 0.60 0.65 070 075 0.80 07 08 09 10 L1 12
1000/T (1/K) 1000 (1/T)
—— p=0.5MPa e p=1bar
—— p=1.0MPa o p=4 bar
e p=16 bar
(8 (h)

FIGURE I: Ignition delay time validation for multiple conditions of n-heptane [34], methane [35], methane/n-heptane [36], methane/H,
[37, 38], and H,/CO [39]. Solid line: simulation; symbols: experiment.

Figure 2 shows the comparison between the two different
detailed mechanisms and the CSU mechanism ignition delay
times for single-fuel combustion of H,, carbon monoxide,
and methane at p = 80 bar and ¢=0.5. The two detailed
mechanisms are the n-pentane mechanism developed by
Healy et al. [40] at the National University of Ireland Galway
(NUIG) and the n-heptane mechanism developed by Curran
et al. [41] at Lawrence Livermore National Laboratory

(LLNL), respectively. Under engine-related conditions, the
temperature is usually higher than 900 K and the pressure is
usually higher than 40 bar [8]. The ignition delay time of
these single fuels is longer than that of n-heptane. Compared
with the ignition delay time of H,, methane, and carbon
monoxide, the ignition delay time of carbon monoxide is the
shortest. For n-heptane, the negative coeflicient temperature
(NCT) behavior usually occurs in the middle-temperature
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region. To study the ignition characteristics of a dual-fuel
engine with H, and syngas, the ignition process of dual fuel
will be discussed in this study for the addition of H, and
syngas at different temperatures.

2.2. Numerical Settings. In this study, the influence of the H,
and syngas addition of dual fuel on ignition delay is ana-
lyzed, so the correlation equation is described by the mixture
of n-heptane, methane, H,, syngas, and air. Assume that the
molar composition percentages of N, and O, in the air are
79% and 21%, respectively. The equivalence ratio of hy-
drocarbon fuel is defined as follows:

¢ — (XFuel/XAir) (1)
(XFuel/XAir)stoic
Here, the fuel molar ratio is defined using the parameter
a.
— X add ( 2)
Xen,

where X 44 represent the Xy; (H, mole fractions) and Xy +
Xco (syngas mole fractions), respectively. The sum of fuel
and air is unity and defined as a mole fraction
XFuel + XAir =1L

To analyze the ignition process of multicomponent fuel
with different n-heptane contents, four different n-heptane
equivalence ratios 0-0.5 (8 = Xyc u, /X0, =0, 2.436 X 107,
2.112x107%, and 4.545x107°) under engine-relevant con-
ditions were established. Therefore, the effect of H, and
syngas on the ignition delay time of methane/n-heptane can
be clearly analyzed by changing the ratio of H, and syngas to
methane.

3. Results and Discussion

3.1. Methane and n-Heptane Blend. Before studying the
effect of H, and syngas addition on the dual fuel, the effect
of methane addition on the ignition characteristics of
n-heptane should be understood. Figure 3 shows the ig-
nition delay time versus the initial temperature. It can be
seen from Figure 3 that the ignition process of methane/n-
heptane dual fuel shows a certain NTC behavior at the
medium- and low-temperature ranges. Xiao and Aggarwal
[42] reported that the oxidation of large alkanes is
characterized by two-stage ignition and NTC behavior.
When the n-heptane mixing ratio decreases, the ignition
delay time increases, and the NTC behavior of the total
ignition delay time tends to be flat. The ignition delay time
of methane/n-heptane dual-fuel changes nonlinearly with
the increase in methane mixing ratio, and the changing
trend is consistent and increases with the increase in
methane mixing ratio. This also shows that the ignition
time of n-heptane is prolonged after adding methane, and
the changing trend is large in the range of medium and
low temperatures. With the increase in initial pressure
and equivalence ratio, the addition of methane has the
same effect on ignition delay of n-heptane.

To discuss the influence of different compositions and
pressure on the ignition delay time under dual-fuel com-
bustion conditions, the normalized ignition delay time in

this study is defined using the parameter 7, .

__tar
Thorm — > (3)
TNC7H16

where 7, represents the ignition delay time of dual fuel and
Tne,n,, represents the ignition delay time of n-heptane.
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FIGURE 3: Ignition delay time of different methane/n-heptane mixing ratios at p = 40 bar, 80 bar, and different equivalence ratios.

Figure 4 shows the normalized ignition delay time of
different methane/n-heptane mixing ratios at p = 40 bar, 80
bar, and different equivalence ratios. It can be seen that the
change in equivalence ratio has a greater influence on ig-
nition delay time in the range of medium and low tem-
peratures, while it has a little influence on ignition delay in
the condition of high temperature. In the middle- and low-
temperature regions, the normalized ignition delay time of
the lean mixture is significantly higher than that of the
stoichiometric mixture and the rich mixture. Ghaderi
Masouleh et al.’s [26] research results support this view.
Moreover, the normalized ignition delay time increases with
the increase in methane content, especially at low.

Figure 5 shows the species and temperature evolution of
different methane/n-heptane mixing ratios at T=900K,
¢ =1,and p = 40 bar. It can be seen that the accumulation of
HO, mainly occurred in the low-temperature reaction stage
and the accumulation of H,O, reaches the peak in the high-
temperature exothermic stage. N-heptane decomposes
earlier than methane and produces a lot of free radicals. This

can be due to the weak bond of n-heptane molecules, which
leads to faster decomposition. This explains that n-heptane
can be used as a pilot fuel to ignite methane. Furthermore,
the concentration of free radicals decreases and the ignition
delay time increases with the increase in methane content,
which is a good explanation for the previous study.

3.2. Effect of H, Addition. Figure 6 shows the ignition delay
time changes in the methane/H,/n-heptane system with
varying a. As mentioned in the previous numerical setting
section, changing f will change the equivalence ratio of
n-heptane, while changing « will change the mole fraction
ratio of methane to H,. It can be seen that when the  value
increases, the NTC behavior becomes more obvious and the
ignition delay time decreases. However, the change in ig-
nition delay time with the initial temperature at different «
values shows that the influence of initial temperature on
ignition delay is obvious. At low temperatures, ignition delay
time increases gradually with the increase in H, content and
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FIGURE 5: Species and temperature evolution of different methane/n-heptane mixing ratios at T=900K ¢ =1, and p = 40 bar.

vice versa at high temperatures. When the n-heptane
equivalence ratio increases, the influence of methane and H,
on ignition delay time weakens. However, the effect of large
amounts of H, addition on ignition delay is obviously en-
hanced. To better understand the effect of initial temperature
on the ignition process, an evaluation of thermal and species,
ROP, and sensitivity analysis will be carried out to explain
the phenomenon in the simulation results.

Figure 7 shows the time evolution of reactants and some
important free radicals at f=4.545x 107> and initial tem-
peratures of 900 K and 1000 K, respectively. From this point
on, the ignition delay time is defined as the time when OH
radical reaches the maximum mole fraction. From Figure 7,
the ignition delay time increases with the increase in H,
fraction in the mixture when the initial temperature is 900 K

and vice versa when the initial temperature is 1000 K. The
low-temperature reaction of n-heptane generates an HO,
radical, and there are two peaks of the HO, radicals, which
gradually decrease after the first peak and HO, transforms
into H,0,. However, H, decomposes before methane,
consuming OH radicals, and the concentration of H,0,
decreases sharply forming OH radicals. When the initial
temperature is 1000 K, the two-stage ignition characteristics
disappear.

Figure 8 shows the effect of initial temperature and « on
temperature and intermediate radical mole fraction evolu-
tion at f=4.545x107%, p = 40 bar, and ¢=1. It is worth
noting that RO, stands for C;H;50,, which is also a sign of
ignition delay time in the first stage of the low-temperature
reaction. It can be seen that the ignition delay changes from
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respectively.

two stages to one stage with the increase in initial tem-
perature. It can also be seen from the temperature curve that
when the initial temperature is 900 K, the ignition delay time
increases with the increase in H, content, and combustion
temperature and free radical concentration are lower in the
initial combustion stage. However, when the initial tem-
perature is greater than 1000K, the ignition delay time
advances with the increase in H, content and the ignition
delay time is more advanced with the increase in temper-
ature. In the initial combustion stage, the combustion
temperature and free radical concentration are higher.
Furthermore, the amplitude of the second peak of HO, and
the corresponding OH peak becomes larger. In all cases, the
addition of H, will increase the final temperature of the
reaction system.

Figure 9 shows the ratio of the second-stage ignition
delay time at the different initial temperatures. When the
initial temperature is in the low-temperature region, the
ignition delay time increases with the increase in H, content.
When the temperature is in the high-temperature region, the

ignition delay time advances with the increase in H, content.
These aspects will be further studied in the next sensitivity
analysis. It can be seen that in the high-temperature region,
the ratio of delayed ignition time in the second stage is closer
to 1 with the increase in the n-heptane equivalence ratio. The
effect of n-heptane on the ignition delay of the system has
been discussed in Figure 6, which indicates that the free
radicals of highly reactive fuel decomposed at low-tem-
perature reaction have a great effect on the ignition delay.

Before sensitivity analysis, the ignition process and re-
action path of n-heptane need to be analyzed briefly.
Considering the initial temperature range of this study,
n-heptane is mainly oxidized at the medium- and low-
temperature regions. Firstly, n-heptane occurs via H atom
abstraction to form alkyl (R) radicals and then R radical is
oxidized to form alkylperoxy (RO,) radicals, which is iso-
merized to form various isomers such as alkyl hydroperoxy
(QOOH) radical. Then, the second oxidation reaction is
carried out to form peroxy alkyl hydroperoxy (QOOHO,)
radical and later the decomposition reaction is carried out to
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F1GURE 7: Effect of initial temperature and « on species evolution for methane/H,/n-heptane mixtures at $=4.545x 102, p = 40 bar, and

$=1.

form ketohydroperoxide (NC,KET) and OH radical. This is
the complete oxidation process of n-heptane. On the basis of
the above discussion, the first 16 representative reactions in
Table 1 [43, 44], which are also very important in the
previous sensitivity analysis, are selected for sensitivity
analysis under three different « values.

To explain the influence of different mixing ratios of
methane/H,/n-heptane on the ignition process in this study,
three typical mixing ratios were analyzed and the reaction
sensitivity analysis was carried out for the important reactions
at 40 bar. The sensitivity coefficient S; is defined as follows:

_ 7(2k) - 7(0.5K;)

T 15r(ky) )

where §; is the sensitivity coeflicient of ignition delay time, T
is the ignition delay time, and k; is the pre-exponential factor

of the iy, reaction. A negative S; indicates that the reaction
can promote the ignition of the fuel, whereas a positive S;
indicates that the reaction inhibited the ignition of the fuel.

Figure 10(a) shows the sensitivity analysis of the im-
portant reactions for ignition of methane/H,/n-heptane
mixtures in the NTC region. For the case of « =0, the main
hydrocarbon reactions in the NTC region are R547-R670
when the initial temperature is 900 K. For the case of « =0.5
and 1, the results show that the sensitivity to the above
reactions is basically unchanged after adding H,. More
importantly, Figure 10 shows that the effect of R3 is more
and more obvious, and the reaction inhibits the ignition of
the fuel. With the increase in H, addition, the ignition rate in
the NTC region slows down. It should be noted that the
reaction is endothermic and consumes OH radicals.
Therefore, the increase in ignition delay caused by the ad-
dition of H, in the NTC region is mainly attributed to R3.
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and ¢=1.

TaBLE 1: Important reactions for the ignition processes of methane/
H,/n-heptane mixtures.

Number Elementary reactions A

R1 H+0,=0+0H 3.547E+15
R3 OH+H,=H+H,0 2.16E+8
R9 H + 0,(+M) = HO,(+M) 1.475E+12
R16 H,0,(+M) =20H(+M) 2.951E+ 14
R78 CH,+OH=CH;+H,0 5.83E+4
R85 CH3+H02:CH4+02 1.16E+5
R496 NG,H,¢+ OH = C,;H -1 + H,0 257E+7
R501 NC7H16 + H02 = C7H15—2 + H202 126.4
R509 NC,H,¢ + Oy = C;H,5-2 + HO, 28E+13
R547 C7H15—4 = C2H5+C5H10-1 1.143E+ 18
R629 C7H1502—2 = C7H14— 1+H02 1.0075E + 43
R632 C,H,50,-3 = C,H,,-3+HO, 1.0044E + 39
R635 C7H150z-2 = C7H14OOH2—4 2.5E+10
R637 C,H,:0,-4 = C,H,,00H4-2 5.0E+ 10
R668 C7H14OOH3—502 = C7H14OOH3'5+02 1.389E +23
R670 C,H,,00H1-30,=NC,KET;;#0H  25E+10

For R78, compared with the ignition process of n-heptane
air, the reaction is inhibited and the ignition delay time is
prolonged. However, with the increase in H,, the influence
of R78 is weakened and the influence of R3 is enhanced.
Therefore, H, has a stronger inhibitory effect on the ignition
process.

Figures 10(b) and 10(c) show the sensitivity analysis of
the important reactions for ignition of n methane/H,/n-
heptane mixtures in the high-temperature region. The re-
sults show that the sensitivity coefficient of R3 changes from
positive to negative, from inhibition to promotion, which
would produce more H radicals. In addition, reaction R1
also plays a leading role and the H radical produced by R3
will produce more OH radicals through the reaction RI.

When the H, content increases, the sensitivity coefficients of
the two reactions increase significantly. Therefore, the de-
crease in ignition delay caused by adding H, in the high-
temperature region is mainly attributed to R3 and R1.

The rates of production and consumption are an im-
portant basis for the chemical kinetic study of fuel oxidation.
OH and HO, are the most important free radicals to link the
reaction path of methane/H,/n-heptane. The curves of ROP
with temperature are shown in Figure 11. The dominant
reactions related to the above free radicals are listed at the
initial temperatures of 900 K, 1000 K, and 1100 K. It can be
seen that with the increase in H, content, the production and
consumption rate of OH increase significantly, and the total
reaction rate of OH increases—indicating that the addition
of H, promotes the corresponding reaction rate. Further
increasing the concentration of OH in the free radical pool
results in the increase in the total reactivity of the system.
This can also explain that the addition of H, in Figure 8 will
increase the final temperature of the reaction system.
However, the total reaction rate of HO, has little effect with
the addition of H,.

3.3. Effect of Syngas Addition. In this study, the volume ratios
of H, and CO in the syngas are 3:1 and 1: 1. Figure 11 shows
the ignition delay time changes in a methane/syngas/n-
heptane system with varying «. As mentioned in the pre-
vious numerical setting section, changing f3 will change the
equivalence ratio of n-heptane, while changing « will change
the mole fraction ratio of methane to syngas. Compared with
the methane/H,/n-heptane blends previously observed, the
effect of syngas addition on the ignition delay time of
methane/syngas/n-heptane blends is similar. However, in
the middle- and low-temperature regions, the ignition delay
time decreases with the increase in CO content in syngas and
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FIGURE 10: Reaction sensitivity analysis of the ignition delay time for various « values in the different temperature ranges for methane/H,/n-

heptane mixtures at f=4.545x 1072, p = 40 bar, and ¢ = 1.

the influence of the high-temperature regions is very small,
which is the same as the conclusion of Aggarwal et al. [45]. In
the same way, thermal and species evaluation, ROP, and
sensitivity analysis were used to explain the phenomena in
the simulation results.

Figure 12 shows the time evolution of reactants and
some important species at f=2.112x 10> and initial tem-
peratures of 900 K and 1000 K, respectively. Similar to the
analysis in the previous section, Figure 12 shows that when
the initial temperature is 900K, the ignition delay time
increases with the increase in syngas fraction in the mixture.
When the initial temperature is 1000 K, the result is the
opposite. When the initial temperature is 900 K, the ignition
process has the characteristics of two-stage ignition. The
low-temperature reaction of n-heptane generates an HO,

radical. There are two peaks of the HO, radical, which
gradually decrease after the first peak and HO, transforms
into H,O,. This is the same result as the previous section’s
addition of hydrogen. Moreover, the increase in CO mole
fraction is due to the decomposition of hydrocarbon to
produce CO, and the consumption reaction of CO mainly
occurs near the ignition time. When the initial temperature
is 1000 K, the two-stage ignition characteristics disappear.
Figure 13 shows the effect of initial temperature and « on
temperature evolution at f=2.112x10"%, p = 40 bar, and
¢ =0.5. It can be seen that the addition of syngas will increase
the final temperature of the mixed system of methane/n-
heptane. When the initial temperature is 900 K, the initial
temperature rise increases with the increase in CO content in
syngas. However, when the initial temperature is 1000 K, the
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FIGURE 11: Rates of production and consumption of OH and HO, for various « values in the different temperature ranges for methane/H,/
n-heptane mixtures at f=4.545x 1077, p = 40 bar, and ¢ =1.

decreases obviously when CO is added, but it has little effect
at the high-temperature regions.

Figure 15 shows the ratio of the second-stage ignition
delay time at the different initial temperatures. The effect of

initial temperature rise decreases due to the decrease in H,
content in the mixture. It can be explained that in Figure 14,
the ignition delay time of methane/syngas/n-heptane mix-
ture system at the medium- and low-temperature regions
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F1GURE 12: Effect of initial temperature and « on species evolution for methane/H,/n-heptane mixtures at $=2.112x 1072, bar, and ¢ = 1.

syngas addition on ignition delay is similar to that of H,
addition in the previous part. However, with the increase in
CO content in syngas, the effect on ignition delay in the
second stage is weakened, and it is obvious in the low-
temperature region. These aspects will be further studied in
the next sensitivity analysis.

Based on the sensitivity analysis of the key reactions
in the previous part, two important reactions about the
CO oxidation process are added as shown in Table 2.
Figure 16 shows the sensitivity analysis of the important
reactions for ignition of methane/syngas/n-heptane
mixtures. Figure 14 shows that increasing CO content in
syngas will lead to a decrease in ignition delay. Com-
pared with the same proportion of H, added in Figure 10,

it can be seen that the influence of H, on the mixture
system is greater than that of CO, which can also be said
that the addition of CO has little influence on the
chemical properties of the ignition process. This is be-
cause the activation energy of CO+0,=C0O,+0 is
relatively large and fewer O atoms are generated, which
will not accelerate the reaction process [24]. The oxi-
dation of CO requires a small amount of OH radicals
(CO+OH=CO,+H), and the H atom promotes the
chain branching reaction, which is the main reason why
CO can reduce the ignition delay time. However, the
addition of CO will reduce the importance of R3 in the
reaction process—resulting in the weakening of the effect
of H, on ignition delay.
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TaBLE 2: Important reactions for the ignition processes of CO.

Number Elementary reactions A
R23 CO+0,=C0,+0 1.05E+12
R24 CO+0OH=CO,+H 1.784E +5
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Ficure 16: Continued.
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4. Conclusion

In this study, the effects of H, and syngas on the ignition
characteristics of the methane/n-heptane mixture under
different conditions were investigated numerically. Com-
bined with sensitivity analysis and the ROP analysis, the
effect of H, and syngas addition on the whole reaction
process was revealed. The main conclusions are as follows:

(1) The results showed that the decomposition rate of
n-heptane was faster than that of methane, the ad-
dition of methane could obviously inhibit the igni-
tion delay time of dual fuel, and the addition of
methane could delay the decomposition of n-hep-
tane. Therefore, the ignition delay time of n-heptane
was prolonged by the addition of methane.

(2) The ignition delay time of the methane/n-heptane
mixture was prolonged after H, addition in the
middle- and low-temperature ranges. This was due to
the fact that R3 was an endothermic reaction, which
consumed OH radicals, inhibited the reaction pro-
cess, and reduced the rise of temperature and free
radical concentration in the initial stage. In the high-
temperature range, adding H, shortened the ignition
delay time of the mixture system. This was due to the
significant increase in sensitivity coefficients of R1
and R3 and the generation of OH radicals, which
promoted the reaction process. Therefore, the re-
duction in ignition delay caused by H, addition in
high-temperature region was mainly attributed to R3
and R1.

(3) At different initial temperatures of methane/syngas/
n-heptane mixture, the ignition delay time of
methane/syngas/n-heptane mixture decreased with
the addition of CO in the medium- and low-

temperature regions, and the influence of the high-
temperature region was very small. Besides, the
consumption of CO mainly occurred near the ig-
nition time.

(4) The addition of H, and syngas slightly increased the
final temperature of the methane/n-heptane mixture
system, which has a reference value for the practical
dual-fuel engine, especially for the emission
problem.

Through chemical kinetic analysis, the main reaction
that affects the ignition process of methane/n-heptane/re-
formed gas mixture is further studied. This research can
expand the theoretical basis of the influence of reformed gas
on ignition delay. Studies have shown that adding reformed
gas to dual-fuel engines needs to consider the influence of H,
and CO contents. The chemical effect of hydrogen has a great
impact on dual-fuel engines. This provides guidance for the
control of the combustion phase of dual-fuel engines, es-
pecially in the study of the influence of different natural gas
equivalent ratios on dual-fuel engines.
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