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1e effect of in-cylinder fuel reforming on an n-heptane homogenous charge compression ignition engine has been studied. A
dedicated cylinder without a complex control system is proposed for fuel enrichment reforming, which can provide part of the
power for the engine.1e effects of different reforming species on engine performance and chemical reaction have been simulated
by a numerical study. By comparing the combustion characteristics of n-heptane with different equivalence ratios in the reformer
cylinder, the optimal n-heptane equivalence ratio has been determined. 1e enrichment of n-heptane produces sufficient hy-
drogen (H2) and carbon monoxide (CO), while the hydrocarbon content of the reforming species was low. It was found that the
addition of reforming species retards the combustion phase of n-heptane, thereby providing a means of controlling engine
performance. In addition, the laminar flame speed and the adiabatic flame temperature of n-heptane increased by adding H2 and
CO. Fuel reforming reduced the emission of ethylene, propyne, allene, propylene, butadiene, and nitrogen oxide, but it increased
the emissions of acetylene and CO. Moreover, chemical, dilution, and thermodynamic effects of the reforming gas have been
studied. 1e results showed that the chemical effect of the reforming species was less significant than the dilution and ther-
modynamic effects. 1ese simulation results showed that in-cylinder fuel reforming can effectively improve engine performance
and thereby reduce emissions.

1. Introduction

1e internal combustion engine (ICE) has superior power
performance, economy, and reliability and so rapidly be-
came the main vehicular power source. However, strict
regulations and energy shortage are urgent problems to be
solved in ICE research [1–3]. At present, there are many
strategies for improving energy efficiency and solving en-
vironmental problems.1ese strategies include homogenous
charge compression ignition (HCCI), Reactivity Controlled
Compression Ignition, and Partially Premixed Compression
Ignition [4–6], as well as the use of alternative fuels, such as
natural gas [7] and biodiesel [8]. HCCI engine combustion
involves premixed homogenous compression ignition. Since
the HCCI engine adopts compression auto-ignition, the
compression ratio can be greatly increased, which has the
potential to improve combustion efficiency and reduce fuel
consumption, thereby ensuring extremely low nitrogen

oxide (NOx) and particulate matter emissions [9, 10]. In fact,
the essential difference between these strategies and tradi-
tional internal combustion engines is that the reaction path
of fuel combustion is modified by changing the initial
conditions.

Coskun et al. [11] numerically studied the effect of
secondary injection on the combustion and emissions of an
HCCI engine. If secondary injection was delayed, hydro-
carbon emissions would increase. Zheng et al. [12] studied
the combustion and emission characteristics of an n-butanol
HCCI engine. 1ey found that n-butanol HCCI combustion
has advantages of ultra-low NOx and soot emissions. It is
widely accepted that because the combustion phase of HCCI
combustion mode is difficult to control, it must be mainly
controlled by chemical kinetics. 1erefore, an appropriate
fuel is needed to improve the combustion and emissions of
an HCCI engine. Guo et al. [13] pointed out that identifying
a fuel with a relatively low cetane number and short
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combustion time is key to improving the combustion and
emissions of an HCCI engine. 1erefore, more researchers
are seeking to optimize the performance and emissions of
the HCCI engine by means of fuel reforming [14].

For the ICE, fuel reforming can generally be divided into
two types.1e first method uses a reforming catalyst unit for
fuel reforming [15]. For example, Sail et al. [16] carried out
catalytic reforming of ethanol fuel to obtain a mixture
containing H2, CO, and methane and blended this mixture
with ethanol diesel fuel, which improved fuel economy and
reduced emissions. Geng et al. [17] established a low-tem-
perature fuel reforming (LTR) system to study the effect of
n-heptane reforming species on combustion characteristics.
1ey found that LTR combustion mode reduces soot gen-
eration, prolongs the ignition delay time, makes the dis-
tribution of OH free radical more uniform, and improves
engine combustion performance. Yao et al. [18] used a
palladium catalyst to catalyze methanol-reforming in a spark
ignition (SI) engine exhaust pipe. 1eir results showed that
methanol-reforming can improve the fuel economy of the SI
engine. Yap et al. [19] studied the effect of catalytic
reforming on the HCCI engine and found it to have a
stabilizing effect. However, catalytic reforming increases the
burden on the engine, and catalyst aging and poisoning also
restrict the use of catalytic reforming technology.1e second
reforming method is in-cylinder reforming within the en-
gine [20]. For example, Alger et al. [21, 22] developed a
dedicated exhaust gas recirculation (D-EGR) working mode
application for gasoline engines. In this study, exhaust with
rich stoichiometric mixtures of fuels from one cylinder of a
four-cylinder gasoline engine was directly discharged into
the intake manifold, which produced a constant EGR level of
25%. 1e results showed that this mode can improve fuel
efficiency and reduce emission. In order to improve the
performance of an SI natural gas engines, Zhu et al. [23, 24]
studied the effect of the fuel reforming in-cylinder on its
combustion. It was found to reduce emissions, while also
improving fuel economy. 1e main components of the
reforming gas were H2, CO, CO2, and N2. 1e process was
termed in-cylinder thermochemical fuel reforming and was
similar to the operation mode of the D-EGR concept. Wang
et al. [25] numerically studied the effect of low-temperature
integration products on HCCI engine performance. 1ey
proposed a flexible cylinder engine (FCE) working mode
applicable to an HCCI engine. 1eir simulation results
showed that FCE improved combustion and reduced
emissions. Willand et al. [26] developed a strategy of neg-
ative valve overlap (NVO) in-cylinder fuel reforming.
Urushihara et al. [27] used this concept to realize fuel
reforming in a gasoline HCCI engine. 1ey proposed a new
injection strategy that only part of the fuel is injected into the
NVO region, with the rest being injected in the intake stroke.
1eir research results indicated that this method could ef-
fectively reduce NOx emissions from the whole engine and
broaden the operation range of HCCI combustion.

In this study, a fuel reforming mode for an HCCI engine
with in-cylinder fuel enrichment is proposed. As shown in
Figure 1, the fuel is enriched in one cylinder of the engine,
termed the reforming cylinder. In-cylinder fuel reforming is

realized by in-cylinder fuel enrichment, and then all of the
reforming gas is discharged into the intake manifold. 1e
reforming gas contains H2 and CO, which is helpful in
improving engine performance and reducing emissions.
Unlike D-EGR, which focuses on the spark plug ignition
gasoline engine, this study concerns the HCCI diesel engine.
In contrast to the work of Wang et al. [25], the designed
dedicated cylinder is mainly used to transform diesel fuel
and to provide part of the power for the engine without a
complex control system, which saves on design costs.
Compared with other reforming strategies, it also avoids an
additional reforming unit (reaction catalytic unit) and saves
engine layout space. Moreover, other fuels can also be used
as the fuel of an HCCI engine, besides diesel. 1e main
reforming species are H2 and CO, which serve to improve
combustion and reduce emission. All reforming species and
new fuel are mixed with air before entering the cylinder, in
which they burn evenly. 1e addition of reforming species
changes the composition of the initial fuel and the reaction
path of fuel combustion. Because n-heptane has a high
cetane number and good chemical activity, it can be used as a
substitute for diesel [28]. For this study, n-heptane was
selected as the engine fuel, and the influence of fuel
reforming on the HCCI engine has been studied through
numerical simulation. We have mainly studied the fuel
reforming phenomenon of the HCCI engine from the
viewpoint of chemical dynamics.

2. Simulation Methods

1e detail chemical kinetic mechanism of n-heptane version
3.1 has been studied at the Lawrence Livermore National
Laboratory [29], which included 654 species and 2827 re-
actions. 1e detailed mechanism included the possible free
radicals, stable reactants, and products in the process of
n-heptane oxidation and allows for quantitative prediction
of the experimental results and simulation of the combus-
tion process of alternatives to diesel fuel in an HCCI. In
addition, in order to analyze the influence of fuel reforming
on NOx emission from an HCCI engine, a reduced NOx
mechanism consisting of 4 species and 13 reactions [30] was
appended to the detailed chemical kinetic mechanism of
n-heptane for the prediction of NOx emissions.

All calculation data are based on the closed internal
combination HCCI engine model of ANSYS CHEMKIN
17.0 [31]. 1e engine studied is an HCCI engine for ex-
perimental study in reference [32]. 1e engine specifications
are listed in Table 1. Parameters of the two different oper-
ating conditions are listed in Table 2. Of the four cylinders of
the engine, one is a reforming cylinder, while the other three
are normal cylinders. 1e reforming species are mixed with
new fuel and then injected into the engine. In order to study
the effects of fuels with different equivalence ratios on the
performance of reforming cylinder and the reforming
products, equivalence ratios in the reforming cylinder were
varied in the range 1.0–1.7, with that of the normal cylinder
set at 0.6. 1e initial temperature and pressure of the
reforming cylinder with n-heptane enrichment were set at
350K and 1 atm, respectively. 1e simulation process is
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considered as the period from the closing time of the inlet
valve to the opening time of the exhaust valve, and the initial
fuel of the normal cylinder is the mixture of new fuel and
reforming gas.

1e closed homogenous batch reactor, premixed laminar
flame speed calculation, and the chemical and phase equi-
librium calculator models of the ANSYS CHEMKIN 17.0
[31] software package were used to simulate the effects of
reforming gas on ignition delay, laminar flame speed, and
adiabatic flame temperature of n-heptane. In the simulation
of ignition delay, the initial pressure was set at 40 bar
considering the cylinder pressure of the HCCI engine. 1e
ignition delay time was defined as the time at which the
initial temperature of the fuel increases by 400K. In the
simulation of laminar flame speed, the initial temperature
was 450K, and the initial pressure was 1 atm. When sim-
ulating adiabatic flame temperature, the initial condition
was the same as that of laminar flame velocity. All of the
simulated initial fuels were a mixture of n-heptane and
reforming gas and were mixed according to the calibrated
mixing ratio.

3. Results and Discussion

3.1. !e Enriching Fuel Reforming Process. In the current
research, n-heptane fuel is enriched in the reforming cyl-
inder. 1us, equivalence ratio is an important parameter
affecting n-heptane combustion. Figure 2 shows the pressure
and temperature profiles of the reforming cylinder at dif-
ferent n-heptane equivalence ratios. Since the exhaust valve
of the HCCI engine is opened at 125 after the top dead center
(ATDC), the selected reforming species entering the normal
cylinder is the reforming gas at 125 ATDC. ΦFRis the
equivalence ratio of n-heptane in the reforming cylinder of
the HCCI engine. As can be seen from Figure 2(a), the
combustion phase is gradually delayed with the increase of
n-heptane equivalence ratio. 1e peak pressure in the cyl-
inder is maximized when the equivalence ratio is 1.2 and

then gradually decreases. As can be seen from Figure 2(b),
the peak temperature in the cylinder is maximized when the
equivalence ratio is 1.1 and then gradually decreases. 1is is
due to the reduction of oxygen concentration, incomplete
combustion of n-heptane, and reduction of total heat release.
At the same time, due to the high heat capacity of n-heptane,
the heat capacity of the whole system increases. 1e com-
bined effect of these factors leads to an increase in ignition
delay and a retardation of the combustion phase with in-
creasing n-heptane equivalence ratio. It also leads to a
downward shift of the temperature curve of the reforming
cylinder.

3.2. Reformed Gas Composition. Figure 3 shows the changes
in the mole fraction of the reforming gas in the reforming
cylinder with different n-heptane equivalence ratios. It can
be seen from Figure 3 that the main species in the reforming
cylinder are H2, CO, CO2, O2, andH2O. N2 is not included in
the present analysis, because it does not participate in the
chemical reaction. When the n-heptane equivalence ratio is
less than 1.3, the hydrogen content in the reforming gas is
very low. With the increase of n-heptane equivalence ratio,
the contents of H2 and CO gradually increase, while the
contents of CO2 and H2O gradually decrease. 1is shows
that n-heptane reforming takes place in the reforming
cylinder. 1e decomposition of n-heptane mainly occurs
before TDC. With the increase of the equivalence ratio, the
time of reforming is obviously delayed. Hence, it is very
important to choose an appropriate n-heptane equivalence
ratio.

Figure 4 shows the mole fractions of H2, CO, CO2, H2O,
O2, and n-heptane at different n-heptane equivalence ratios
of the HCCI engine at 125 ATDC. It can be seen that when
the equivalence ratio is 1.0, the H2 content is basically 0, and
with the increase of equivalence ratio, the O2 content is close
to 0. When the equivalence ratio of n-heptane is greater than
1.5, the content thereof in the reforming species gradually

Table 1: Engine specifications.

Parameters Value
Bore (mm) 115
Stroke (mm) 115
Connecting rod length (mm) 210
Compression ratio 17
Engine speed (r/min) 1400
Inlet valve closing (IVC) 135 BTDC
Exhaust valve opening (EVO) 125 ATDC

Table 2: Operation conditions of HCCI engine.

Reforming cylinder Normal
cylinders

Equivalence ratio 1.0–1.7 0.6
Initial gas temperature (K) 350 350
Initial gas pressure (atm) 1 1
Fuel n-heptane n-heptane

Air

Reformed gas

Exhaust gas

Figure 1: Schematics representation of the fuel reforming system
in an HCCI engine.

International Journal of Chemical Engineering 3



increases. Considering that the contents of n-heptane and
oxygen in the reforming gas should be minimized, and in
view of the cylinder pressure and temperature curves in
Figure 2, an n-heptane equivalence ratio of 1.5 was selected
as optimal for the reforming cylinder. 1e reforming
component at 125 ATDC was selected as the reforming gas
of the HCCI engine. 1e mole fraction of n-heptane in the
reforming cylinder was reduced from 2.78×10−2 to
1.07×10−37. It can be seen that n-heptane is reformed in the
reforming cylinder, and almost all of it is converted to
reforming species. In the reforming product, the mole
fractions of H2, CO, CO2, and H2O are 6.45×10−2,
1.08×10−1, 5.67×10−2, and 1.23×10−1, respectively. Because
the mole fractions of other reforming species are very low,
they can be ignored.

3.3. Effects of Enriching Fuel of the Engine

3.3.1. Effects of Reformed Gas on the Engine. When the
reforming gas is added to the normal cylinder, the initial fuel
becomes a mixture of new fuel and reforming species.
Figure 5 compares the pressure and temperature profiles of
the normal cylinder with different reforming species and the
simulation results of the normal cylinder burning pure
heptane. It can be seen that, with the addition of CO, the
peak pressure and peak temperature in the cylinder increase,
and the combustion phase is advanced. When H2 is added,
the peak pressure and peak temperature increase, but the
combustion phase is retarded.1is is qualitatively consistent
with the results of Guo et al. [13] and konsreeparp et al. [33]
on the effect of H2 enrichment on HCCI combustion. 1e
addition of CO and H2 increases the peak cylinder pressure
and temperature, because both H2 and CO promote com-
bustion in the cylinder. However, when all reforming species
are added, the peak pressure and temperature in the cylinder

decrease, and the combustion phase is retarded. 1is is
because the addition of reforming species reduces the charge
temperature in the cylinder and extends the ignition delay
time of the fuel. 1e temperature results are similar to the
pressure results.

Adding different reforming species to a normal cylinder
fueled with pure heptane may cause combustion phase
changes due to chemical, dilution, and thermodynamic
effects. In order to analyze these effects, Guo et al. [13] and
Neshat et al. [34] proposed a dummy species to analyze the
relative contribution of chemical, dilution, and thermody-
namic effects of hydrogen addition to the delay of com-
bustion phase. 1erefore, the chemical, dilution, and
thermodynamic effects of reforming species were calculated
by methods used in previous studies. Two new species CO∗
and H2∗ with the same thermodynamic data as CO and H2
are proposed. CO∗ and H2∗ do not participate in any
chemical reaction. When CO∗ and H2∗ replace CO and H2,
the influence of chemical reaction of CO and H2 will be
eliminated, so the influence of dilution and thermodynamic
effects can be analyzed in terms of CO∗ and H2∗. In this
study, the chemical effect was considered alone, while the
dilution effect and the thermodynamic effects were con-
sidered together. It is widely accepted that OH radicals affect
the ignition delay time. 1erefore, we studied the mole
fraction distribution of OH radicals in the presence of
different reforming species, and the results are shown in
Figure 6. In Figure 6, n-heptane + all species∗means that H2
and CO are replaced by H2∗ and CO∗. 1e addition of CO
and H2 increases the mole fraction of OH, as was also found
in section 3.3.2. When adding all the species of reforming
gas, the chemical effect is far less than the thermodynamic
and dilution effects. 1is is because the species of reforming
gas include CO2 and H2O, which will produce a dilution
effect upon the intake of air into the HCCI engine, inhibiting
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Figure 2: Pressure and temperature profiles of the reforming cylinder at different n-heptane equivalence ratios.
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Figure 3: Continued.
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Figure 3: Variations in the mole fraction of the reforming species at different n-heptane equivalence ratios. (a)ΦFR � 1.0. (b)ΦFR � 1.1. (c)
ΦFR � 1.2. (d) ΦFR � 1.3. (e) ΦFR � 1.4. (f ) ΦFR � 1.5. (g) ΦFR � 1.6. (h) ΦFR � 1.7.

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7

0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10

Equivalence ratio of FR cylinder

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

Mole fraction of H2

Mole fraction of CO

CO
 m

ol
e f

ra
ct

io
n

H
2 m

ol
e f

ra
ct

io
n

(a)

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7
Equivalence ratio of FR cylinder

Mole fraction of H2O
Mole fraction of CO2

0.11

0.12

0.13

0.14

0.04

0.06

0.08

0.10

0.12

H
2O

 m
ol

e f
ra

ct
io

n

CO
2 m

ol
e f

ra
ct

io
n

(b)

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7
Equivalence ratio of FR cylinder

Mole fraction of O2

Mole fraction of NC7H16

0.0

1.0

2.0

3.0

4.0

5.0

6.0

0.0

2.0×10-36

4.0×10-36

6.0×10-36

8.0×10-36

1.0×10-35

O
2 m

ol
e f

ra
ct

io
n

N
C 7

H
16

 m
ol

e f
ra

ct
io

n

×10-4

(c)

Figure 4: Mole fractions of H2, CO, CO2, H2O, O2, and n-heptane at different n-heptane equivalence ratios for the HCCI engine at 125
ATDC.
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the oxidative decomposition of n-heptane, and delaying the
combustion phase. However, the chemical effects of H2 and
CO are significantly greater than the dilution and ther-
modynamic effects. H2 and CO are less than the dilution and
thermodynamic effects of all species. 1e dilution and
thermodynamic effects of CO are greater than H2. Whereas
H2 participates in the low-temperature reaction of n-hep-
tane, CO does not. It can clearly be seen from Figure 6 that
the mole fraction of OH radical decreases due to addition of

the virtual component. 1e addition of H2 delays the for-
mation of OH radical. 1is is because, in the oxidation
process of n-heptane, the first low-temperature oxidation
reaction occurs according to the simplified reaction pathway
shown in Figure 7. n-Heptane mainly undergoes hydrogen
abstraction through low-temperature reactions such as
RH+H�R+H2, RH+O2 �R+HO2, RH+OH�R+H2O,
where RH represents n-C7H16, R represents C7H15-n radi-
cals, Q represents C7H14-n radicals, and KET denotes keto-
hydroperoxide. When H2 is added to the normal cylinder, it
will produce dilution and thermodynamic effects and reduce
the oxygen concentration. H2 also inhibits the low tem-
perature reaction of n-heptane RH+H�R+H2, and H2
competes with other radicals to consume OH according to
H2 +OH � H2O+H, which inhibits the low-temperature
reaction of n-heptane RH+OH�R+H2O. 1erefore, the
addition of H2 will lead to a retardation of the combustion
phase, which is similar to the results of Guo et al. [13]. 1e
CO content in the reforming gas is higher than that of H2
and there will be a certain dilution effect when CO is added.
Nevertheless, CO will first react with oxygen according to
CO+O2 � CO2 +O, thereby producing O radicals, pro-
moting the oxidative decomposition of n-heptane, and
advancing the combustion phase.

3.3.2. Combustion Characteristics. In order to analyze the
influence of different reforming species on ignition delay
time, Figure 8 shows the ignition delay time of n-heptane
and its reforming species mixture. It can be seen that the
simulation results of the ignition delay time of the n-hep-
tane + all species mixture are quite different from those for
pure heptane when all species are added, which is mainly due
to the dilution and thermodynamic effects of the reforming
species. For the mixture of n-heptane and H2, it can be seen
that the ignition delay increased, whereas it decreased
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Figure 5: Comparisons of normal cylinder pressure and temperature with different reforming species.
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slightly for the mixture of n-heptane and CO, which is also
consistent with the results in section 3.3.1.

Figure 9 shows the effects of CO, H2, and all species on
n-heptane laminar flame speed. It can be seen that the
laminar flame speed could be increased by adding H2 and
CO mixed with n-heptane. 1e laminar flame speed of
n-heptane +CO is obviously greater than that of
n-heptane +H2. In order to delineate the mechanism by
which CO and H2 increase the laminar flame speed of
n-heptane, the concentration distribution of O, H, and OH
radicals in the laminar flame speed was analyzed, and the
results are shown Figure 10.

Figure 10 shows the axial distributions of O, H, and OH
radicals in the laminar flame of different reforming mixtures
and n-heptane. In the process of fuel combustion, O, H, and
OH radicals are important free radicals that affect the fuel
combustion and oxidation process because of their high

activity. It can be seen from the proposed mechanism,
whereby H2 and CO promote n-heptane combustion, that
both of them increase the mole fraction of O, H, and OH in
the combustion laminar flame. 1e free radical concentra-
tion distribution of n-heptane +CO is significantly higher
than that of n-heptane +H2. 1e difference between the
promoting effects of H2 and CO on n-heptane combustion is
mainly due to the different elementary reactions. In
Figure 10(b), it can be seen that the mole fraction of
n-heptane + all species is higher than the mole fraction of H
radical in pure heptane. 1e rate of production (ROP) of O,
H, and OH radicals of the main reactions of n-heptane + all
species is shown in Figure 11. 1e main reactions of H
radical formation are R2: O+H2 � H+OH, R3: OH+H2 �

H+H2O, and R24: CO+OH � CO2 +H.1erefore, both H2
and CO can promote the formation of H. However, the
laminar flame speed of n-heptane + all species is lower than
that of pure heptane, because the dilution and thermody-
namic effects of the reforming species are greater than the
chemical effect.

1e effect of CO, H2, and all species on the adiabatic
flame temperature of n-heptane is shown in Figure 12. It can
be seen that the adiabatic flame temperature is increased by
adding H2 and CO. 1e addition of all species reduces the
adiabatic flame temperature of pure n-heptane. According to
the analysis of laminar flame speed, the addition of CO and
H2 promotes the formation of H, which in turn can promote
the formation of other radicals, resulting in an increase of
adiabatic flame temperature.

3.3.3. Emission Characteristics. 1e unburned hydrocarbon
emission of the HCCI engine is high. 1erefore, we analyzed
the influence of reforming species on the unburned hy-
drocarbon emissions of the n-heptane HCCI engine. 1e
addition of reforming species modifies the reaction path of
the HCCI engine with n-heptane as fuel, so the emissions
from the engine will also be affected. In this study, the effects
of reforming species on the emissions of acetylene (C2H2),
ethylene (C2H4), propyne (C3H4-P), allene (C3H4-A), pro-
pene (C3H6), and 1,3-butadiene (C4H6) were analyzed.
Figure 13 shows the effects of the addition of H2, CO, and all
reforming species on the mole fraction of hydrocarbon
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emissions. It can be seen that the addition of all reforming
species significantly reduces the peakmole fractions of C2H2,
C2H4, C3H4-P, C3H4-A, C3H6, and C4H6, but the mole
fraction of C2H2 increases in the later stage of combustion
compared with the combustion of pure n-heptane. 1e
addition of H2 increases the peak mole fraction of C2H2 and
C3H4-P.1e addition of CO has little effect on the peak mole
fraction of hydrocarbon emission, but the mole fractions of
C3H4-P and C3H4-A increase in the later stage of com-
bustion compared with the combustion of pure n-heptane.

Figure 14 shows the effect of adding H2, CO, and all
reforming species on NOx emissions from an HCCI engine.
1e simulation results show that adding H2 and CO will
increase the NOx emissions from the engine, due to the
abovementioned increased temperature in the cylinder. 1e

addition of all reforming species will reduce the temperature
in the cylinder and reduce NOx emissions. 1erefore, fuel
reforming can reduce NOx emissions from the HCCI engine.

Figure 15 shows the effect of adding H2, CO, and all
reforming species on CO emissions from the HCCI engine.
It can be seen that the concentration of CO is very high in the
initial stage, because the reforming species include CO. 1e
addition of H2 also leads to a slight increase in CO emission.
1is may be due to its diluting effect results in a decrease in
oxygen concentration and incomplete combustion. 1e
addition of CO will clearly increase its initial concentration
and hence the emission of CO in the later stage of com-
bustion. As mentioned above, the addition of reforming
species results in a decrease in in-cylinder temperature and

1.5 2.0 2.5

0.0

1.0

2.0

3.0

4.0

5.0

Axial distance (cm)

O
 m

ol
e f

ra
ct

io
n

×10-3

n-heptane
n-heptane+all species n-heptane+CO

n-heptane+H2

(a)

1.25 1.50 1.75 2.00 2.25

0.0

5.0×10-4

1.0×10-3

1.5×10-3

2.0×10-3

2.5×10-3

3.0×10-3

Axial distance (cm)

H
 m

ol
e f

ra
ct

io
n

n-heptane
n-heptane+all species n-heptane+CO

n-heptane+H2

(b)

1.5 2.0 2.5 3.0

0.0

1.0

2.0

3.0

4.0

5.0

6.0

Axial distance (cm)

O
H

 m
ol

e f
ra

ct
io

n

×10-3

n-heptane
n-heptane+all species n-heptane+CO

n-heptane+H2

(c)

Figure 10: Axial distributions of O, H, and OH radicals in laminar flame of different reforming species and n-heptane.
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incomplete combustion. Incomplete combustion will lead to
increased CO emissions when the exhaust valve is opened.

On this basis, appropriate strategies for improving HCCI
engine performance and reducing emissions are proposed.1is
strategy is a special cylinder without a complex control system,
which is used for fuel enrichment and reforming and can
provide part of the power for the engine. Compared with other
reforming strategies, it avoids additional reforming units (re-
action catalytic units) and saves engine layout space. Besides, in

addition to diesel, other fuels can also be used for HCCI en-
gines. It was found that the addition of a reforming component
delays the combustion stage of n-heptane, which provides a
method to control engine performance. Fuel reforming can
also reduce emissions.Moreover, the simulation results showed
that in-cylinder fuel reforming can effectively improve engine
combustion and emission characteristics. Furthermore, future
studies will examine the effects of in-cylinder reforming for
different types of fuels on HCCI engine performance.
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Figure 13: Distributions of hydrocarbons in different reforming mixtures in the normal cylinder.
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4. Conclusions

1e effects of n-heptane enrichment on in-cylinder fuel
reforming characteristics and HCCI engine performance
have been studied by numerical simulation. Besides, the
effects of reforming species on the combustion of n-heptane
have been analyzed through detailed mechanistic consid-
erations. 1e main conclusions drawn are as follows:

(1) 1e enrichment of n-heptane can produce sufficient
H2 and CO, while the hydrocarbon content of
reforming species is low. By comparing different

equivalence ratios of n-heptane in the reforming
cylinder, the appropriate equivalence ratio of the
optimal value has been determined.

(2) 1e addition of reforming species retards the igni-
tion delay time and the combustion phase, which
serves to improve the performance of the HCCI
engine. Besides, the addition of H2 retards the
combustion phase of the HCCI engine due to the
dilution and thermodynamic effects, and its chemical
effect through the reaction OH+H2 � H+H2O,
which consumes OH radicals and retards the low-
temperature reaction of n-heptane. 1e addition of
CO to n-heptane fuel advances the combustion
phase of the HCCI engine. Although CO had di-
luting and thermodynamic effects, its chemical effect
is more significant, producing more free radicals
through the reaction CO+O2 � CO2 +O, thereby
promoting the low-temperature reaction of
n-heptane.

(3) H2 and CO increased the laminar flame speed and
adiabatic flame temperature of n-heptane. Both H2
and CO promoted in-cylinder combustion in the
n-heptane HCCI engine, increasing the combustion
temperature and pressure in the cylinder. However,
the addition of all reforming species reduces the peak
pressure and temperature in the cylinder.

(4) 1e different effects of reforming species on HCCI
combustion of n-heptane have been studied in-
cluding their chemical, dilution, and thermodynamic
effects. 1e results showed that the dilution and
thermodynamic effects of reforming species on
n-heptane are more significant than the chemical
effect.

(5) Fuel reforming reduces the emission of C2H4, C3H4-
P, C3H4-A, C3H6, C4H6, and NOx. However, it in-
creases the emissions of C2H2 and CO.
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