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ABSTRACT: Syngas has the potential to become an alternative fuel for internal
combustion engines. In this work, a detailed mechanism containing 1389 species
and 5942 reactions was developed to examine the combustion of syngas/gasoline
blends. The influence of syngas addition on the ignition delay time (IDT) and
laminar flame speed of gasoline fuel was studied. Two influencing factors were
considered: the mixing ratio of syngas and the H2/CO ratio in syngas. The changes
in heat release, free radical concentrations, and emissions were also studied. Syngas
can boost the system’s reaction activity and promote ignition in the high-
temperature area over 1000 K. However, the diluting effect is visible at low
temperatures below 1000 K, leading to an IDT lag. The effect of the H2/CO ratio
on the IDT was not as pronounced as expected. The addition of syngas can inhibit
the knock combustion of the engine to a certain extent, but it will also lead to a
violent exothermic process and a decrease in the total release of heat. Syngas
addition increases the concentration of small molecule radicals and promotes the
laminar flame speed. At higher temperatures and pressure levels, the trend of syngas/gasoline laminar flame speed is more dependent
on changes in OH radical concentrations. The addition of syngas favors the promotion of complete combustion and the reduction of
HC emissions but also results in an additional increase in CO. Combustion at lower temperatures has lower CO and HC emissions.

1. INTRODUCTION
In recent years, China’s fast economic and social development
has resulted in an increase in energy consumption and a greater
reliance on fossil fuels, posing a threat to energy security.1 On
the other side, the country’s large quantity of cars2 has put a
significant strain on the urban environment. Furthermore,
stricter emission regulations3 have been introduced. All these
bring challenges to the development of cleaner fuels for internal
combustion engines. Syngas contains a high percentage of
hydrogen, which has the potential to become a hydrogen-rich
fuel for internal combustion engines.
Syngas as an internal combustion engine fuel has been studied

by many researchers. Although it performs well in combustion
efficiency and emission,4−6 syngas fuel can lead to a decrease in
engine volumetric efficiency power when the synthetic gas fuel
was fully used.7 This may result in the output power and torque
of the engine decrease by 20−40%.8,9 Therefore, internal
combustion engines are not suitable for using 100% syngas as
fuel. Partial replacement of diesel or gasoline fuels with syngas
can reduce fuel consumption and obtain lower power derating.10

A blended fuel strategy using a mixture of fossil fuel and syngas
has been studied by Ji et al.,11,12 Singh and Mohapatra,13 and
Krishnamoorthi et al.14 The addition of syngas can also help to
improve the combustion efficiency and extend the lean burn
limit.8 Under certain conditions, the efficient and clean
combustion can be achieved.15,16 From the above studies, it

was found that the application of syngas in dual fuel mode has
more potential. Despite all the results obtained, more research
and optimizations are still needed to achieve better combustion
characteristics.
Chemical kinetic models of fuel are the basis for combustion

process simulation studies. Reliable chemical kinetic models are
particularly important for combustion and emission studies, as
well as the optimization of combustion systems on engines.
Syngas addition affects ignition delay time (IDT) and laminar
flame speed, expanding the range of combustion equivalence
ratios (ϕ) of fuel.17 To be able to predict the performance of
reformer gas (same as syngas, the latter are all called syngas) and
n-heptane fuel blends in homogeneous charge compression
ignition (HCCI) engines, Kongsereeparp and Checkel18 and
Neshat et al.19 constructed mechanisms for fuel blends of syngas
with n-heptane, respectively. And their results showed that the
reformer gas delayed the ignition and combustion of the fuel in
HCCI engines. Azimov et al.20 constructed a dual fuel
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mechanism for n-heptane and syngas, and good prediction
results were obtained in validation. Ra et al.21 and Xu et al.15

similarly constructed a dual-fuel chemical kinetic model with
good prediction results for n-heptane and syngas and analyzed
the effects of syngas addition on the reactivity controlled
compression ignition (RCCI) engines. Jain et al.17 and Kozlov et
al.22 proposed and validated the mechanism of syngas/isooctane
hybrid fuels. The addition of syngas was found to have an impact
on isooctane ignition, sensitivity reactions, and reaction paths.
Neshat et al.23,24 constructed a chemical kinetic model
applicable to blended fuels with syngas and primary reference
fuels (PRF, isooctane, and n-heptane). In the HCCI model,
syngas addition affects the engine performance and emissions, as
well as the peak of free radicals. The analysis based on the second
law of thermodynamics is found to be also beneficial in
controlling the irreversibility and heat transfer losses of the
engine. By studying the effect of syngas addition on isooctane

and n-heptane fuels in HCCI engines, Reyhanian andHosseini25

constructed a corresponding chemical kinetic model and found
that the addition of syngas has a more significant chemical effect
on n-heptane than on isooctane. Recent study came from Khan
et al.26 They investigated the effect of H2, CO, and syngas
addition on Haltermann gasoline. Two detailed chemical kinetic
models were constructed for comparative analysis and included
n-heptane, isooctane, toluene, and ethanol. At the Markstein
length, H2 led to instability, while CO enhanced the stabilization
effect.
Although both n-heptane and isooctane are PRF and

surrogates for gasoline, multicomponent surrogates that can
better reflect the nature of fuels are hardly used. In addition,
basic research on the effects of syngas addition on fuel
combustion and emissions is still lacking. In this context, it is
interesting to study the combustion behavior of syngas and
multicomponent gasoline surrogate. The main objective of this

Figure 1. (a and b) Comparison of predicted and experimental data. The ignition data measured by Kalitan and Petersen31 at ϕ = 0.5 and pressures of
1.1−1.2 and 11.9−19.2 atm. The laminar flame speed data came from Sun et al.32 and Frassoldati et al.33 at 298 K, 1MPa, H2/CO = 1:1, and He/O2 =
7:1.

Figure 2. (a and b) Validation of ignition delay time and laminar flame speed of the gasoline surrogate. The shock tube ignition data were measured by
Fikri and co-workers.35 The measurements of laminar flame speed came from Zhao et al.36
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paper is to develop a detailed chemical kinetic mechanism and to
investigate the combustion behavior of a syngas/gasoline
mixture under engine conditions. The model was verified
using experimental data for syngas, gasoline, and syngas/
isooctane. Based on this mechanism, the effects of the syngas
blending ratio and internal H2 ratio on the IDT, laminar flame
speed, exothermic rate, small molecule concentration, and
emissions were further investigated.

2. MECHANISM CONSTRUCTION AND VALIDATION
To simulate the effect of syngas addition on the IDT and laminar
flame speed of gasoline fuel, numerical simulations were
performed using the closed homogeneous reactor model and
PREMIX code in Chemkin-Pro software. The starting point of
the calculation was given by the initial temperature, pressure,
syngas composition, and equivalence ratio (ϕ). During the
simulations, the criterion of the ignition state when the

maximum temperature gradient of the system temperature
with time occurs was defined.27

The starting point of the research was the construction of the
syngas/gasoline dual fuel mechanism. The chemical kinetic
models of syngas constructed byDavis et al.,28 Keŕomnes̀ et al.,29

and Li et al.30 were considered. Figure 1 compares the IDTs and
laminar flame speeds of the three syngas mechanism predictions.
The shock tube ignition data were measured by Kalitan and
Petersen.31 The experimental data of laminar flame speed came
from Sun et al.32 and Frassoldati et al.33 as shown in Figure 1.
From the reported results, the Davis mechanism was selected
due to its better prediction accuracy.
Similarly, the mechanism of the LLNL gasoline surrogate

developed by Mehl et al.34 was also verified. The ignition data of
gasoline were obtained from Fikri and co-workers35 at an
equivalence ratio (ϕ) of 1.0 and pressures of 20 bar and 47.4−
51.2 bar. The measurements of laminar flame speed came from
Zhao et al.36 The gasoline surrogate has four components with a

Figure 3. (a and b) Validation of ignition delay times of the syngas/gasoline mechanism.

Figure 4. (a and b) Validation of laminar flame speeds of the syngas/gasoline mechanism.
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composition ratio of n-heptane (20%)/isooctane (25%)/
toluene (45%)/diisobutylene (10%) by volume. As shown in
Figure 2, the LLNL mechanism was consistent with the
experimental data, which indicates that the mechanism has
high accuracy.
A detailed chemical kinetic model of the syngas/gasoline

blends was obtained by merging the Davis syngas mechanism
into the LLNL mechanism, including 1389 species and 5942
reactions. Due to the lack of experimental data on syngas/
gasoline blended fuel, the mechanism cannot be directly verified.
Therefore, the existing experimental data on syngas, gasoline,
and syngas/isooctane are used to verify the mechanism. Figure 3
compares the IDTs between the simulation and experimental
data.31,35 The results of the laminar flame speed are shown in
Figure 4. Huang et al.37 measured the laminar flame speed of
syngas/isooctane blends in air at 0.1 MPa and 298 K; Zhao et
al.36 and Jerzembeck et al.38 obtained the laminar flame speed of
gasoline fuel in air at different temperatures and pressures.
The results shown in Figures 3 and 4 indicate that the

mechanism of the syngas/gasoline mixture has high accuracy in
predicting the IDTs and laminar flame speeds. Our mechanism
can well demonstrate the combustion properties of syngas,
gasoline, and their mixtures, and the predicted results are
reliable. This mechanism will serve as the basis for the next
section of the study.

3. RESULTS AND DISCUSSION
3.1. Effect of Syngas on the Ignition of Gasoline

Surrogate/Air Mixtures. To investigate the effect of syngas
fuel blending on the IDTs, six syngas/gasoline blends with

different blending ratios were constructed. The volume ratio of
gas components in syngas was fixed at H2/CO = 1:1, and the
liquid volume ratio of n-heptane/isooctane/toluene/diisobuty-
lene in four-component gasoline surrogate fuels was 20/25/45/
10, as shown in Table 1.
Figure 5 shows the various situations of the IDTs for Case 1−

6 mixed fuel. The temperature ranged from 600 to 1300 K, and
the pressures were 1 and 5 MPa. The obtained results show that
the IDTs of the mixed fuel with a higher syngas ratio are not
always higher than those with a lower syngas ratio. This
phenomenon is reversed when the initial temperature exceeds a
critical temperature of approximately 1000 K. Thus, the
simulation results can be divided into a low-temperature region
(T < 1000 K) and a high-temperature region (T > 1000 K).
In the low-temperature region, the IDTs of the mixture with a

higher proportion of syngas are always longer than those with
less syngas. In other words, the addition of syngas increases the
IDTs of the fuel in the low-temperature reaction stage.
Considering that the reaction rate of the system is mainly
dominated by the oxidation reaction of gasoline C7−C8
macromolecules in the low-temperature region, the addition of
syngas diluted the concentration of gasoline fuel, resulting in the
slow oxidation rate of hydrocarbon molecules and a relative lag
in the IDTs. On the other hand, in the high-temperature stage,
the IDTs of the mixture with a high syngas ratio are slightly
lower than those with a lower syngas ratio. It can be seen that
with the initial temperature of the system rising to more than
1000 K, the effect of C0 small molecules in syngas on improving
the reaction system activity is clear. At this time, the reaction rate
of the system was more dependent on the reaction of small

Table 1. Composition in Cases 1−6

syngas gasoline surrogate

case H2 CO n-heptane isooctane toluene diisobutene volume proportion of syngas

1 0 0 20 25 45 10 0
2 5 5 18 22.5 40.5 9 10%
3 15 15 14 17.5 31.5 7 30%
4 25 25 10 12.5 22.5 5 50%
5 35 35 6 7.5 13.5 3 70%
6 45 45 2 2.5 4.5 1 90%

Figure 5. (a and b) Ignition delay times in Cases 1−6 under different pressures, ϕ = 1.0.
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molecules and the ignition time was relatively earlier. In
addition, the negative temperature coefficient (NTC) behavior
of different fuel mixtures becomes less obvious when the initial
pressure changes from 1 to 5 MPa, which also indicates that the
addition of C0 molecules in syngas reduces the temperature
range of the intermediate transition reaction zone.
The simulation results are further analyzed based on the GDI

working mode of the gasoline engine. The knock combustion
restricting the performance of the GDI engine is due to the low-
temperature spontaneous combustion of the unburned mixture
in the cylinder. Therefore, the delay on ignition caused by the

incorporation of syngas is beneficial to the suppression of the
spontaneous combustion of the unburned mixture. Figure 5
shows that mixed gasoline fuel with syngas can shorten the IDT
in the high-temperature reaction region. Near the spark plug of
the engine, the mixture is heated to more than 1000 K by a high-
energy spark to produce a large number of active free radicals
and ignite quickly. Therefore, the fuel blend near the spark plug
can be seen as reacting directly to high temperatures and igniting
quickly. The introduction of syngas can reduce the IDT of
gasoline fuel near the spark plug, allowing the “fire core” to be
produced more quickly. Therefore, in the cylinder combustion

Table 2. Composition in Cases 7−10

syngas gasoline surrogate

case H2 CO n-heptane isooctane toluene diisobutene H2 proportion

7 0 50 10 12.5 22.5 5 0
8 15 35 10 12.5 22.5 5 30%
9 35 15 10 12.5 22.5 5 70%
10 50 0 10 12.5 22.5 5 100%

Figure 6. (a and b) Ignition delay times in Cases 7−10 under different pressures, ϕ = 1.0.

Figure 7. (a and b) Laminar flame speed in Cases 1−6 in the equivalence ratio range of 0.4−1.5 at different temperatures and pressures.
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process of a GDI engine, the addition of syngas can inhibit the
occurrence of knock combustion from two aspects: prolonging
the spontaneous ignition time of the unburned mixture in the
low-temperature oxidation zone and shortening the ignition lag
period of the mixture in the high-temperature zone near the
spark plug.
In addition, considering the different ways of obtaining

syngas, the ratio of H2 to CO in actual syngas fuel is uncertain.
Therefore, to make the research results more widely
representative, the influence of the H2/CO ratio in syngas on
the ignition delay of the mixture was studied. Four syngas/
gasoline mixtures in Cases 7−10 were selected with a constant
syngas blending ratio but gradually increasing the H2 ratio in
syngas, as shown in Table 2.
The effect on the IDTs caused by the ratio of H2 to CO in

syngas is shown in Figure 6. Its influence is similar to that caused
by the blending ratio of syngas in gasoline. The entire
temperature region can still be roughly divided into the low-
temperature oxidation region and the high-temperature
oxidation region. In the low-temperature region, the IDTs of
the mixed fuel increase with the increase in the proportion of the
H2 component in the syngas, but the opposite is true in the high-
temperature oxidation part. It can be seen that a larger H2
fraction increases the oxidation reaction rate of the system in the
high-temperature region, while in the low-temperature phase, it
dilutes the macromolecular concentration of gasoline, thus
inhibiting the oxidation reaction process. However, the
influence of different H2 ratios in syngas on IDT does not
show significant differences. This indicates that in actual
combustion, as long as the appropriate syngas/gasoline ratio is

selected, the ignition and combustion requirements of the GDI
engine can be met.

3.2. Effect of Syngas on the Laminar Flame Speed of
Gasoline Surrogate/Air Mixtures. The laminar flame speed
is one of the important parameters of fuel combustion. This
section considers the effects of the mixing ratio of syngas and the
internal ratio of syngas. The variation in the laminar flame speed
with equivalence ratios under normal temperature and pressure
(298 K and 0.1 MPa) and high temperature and high pressure
(500 K and 2 MPa) was studied, as shown in Figure 7.
Under different inlet conditions, the increase in the

proportion of syngas accelerates the laminar flame speeds. The
reason for this phenomenon is that the H2 component in syngas
can enhance the reactivity of the reaction system, increase the
flame propagation speed, and play a role in stabilizing
combustion. At the same time, it shortens the time of the
flame front passing to the end mixture. This trend has a certain
effect on inhibiting the detonation combustion of gasoline
engines. In addition, the equivalent ratio corresponding to the
peak point of the flame speed is also larger, indicating that the
addition of syngas can make the blended fuel reach the peak
flame propagation speed at higher concentrations.
In addition, it can be found that the equivalence ratio

corresponding to themaximum laminar flame speed in Figure 7a
is larger than that in Figure 7b. Taking Cases 1−5 as examples,
the corresponding equivalence ratio is 1.1 in Figure 7a, which is
reduced to 1.0 in Figure 7b, indicating that more air is required
for the fastest propagation of syngas/gasoline blends at higher
temperatures and pressures. The large proportion of syngas
leads to a large difference between Case 6 and the other data,
indicating that syngas greatly affects the laminar flame speed.

Table 3. Composition in Cases 11−16

syngas gasoline surrogate

case H2 CO n-heptane isooctane toluene diisobutene H2 proportion

11 0 90 2 2.5 4.5 1 0
12 18 72 2 2.5 4.5 1 20%
13 36 54 2 2.5 4.5 1 40%
14 54 36 2 2.5 4.5 1 60%
15 72 18 2 2.5 4.5 1 80%
16 90 0 2 2.5 4.5 1 100%

Figure 8. (a and b) Laminar flame speed in Cases 11−16 in the equivalence ratio range of 0.4−1.5 at different temperatures and pressures.
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The influence of the H2/CO ratio on the laminar flame speeds
was also considered. The internal component ratio of gasoline
substitutes is the same as that in the previous proportion. To
make the effect of the H2/CO ratio in syngas on the laminar
flame speeds of syngas/gasoline blends more obvious, the
mixing ratio of syngas is fixed at 90% by volume fraction and the
H2/CO ratio changes from 0:90 to 90:0, as shown in Table 3.
The laminar flame speeds in Cases 11−16 with equivalence
ratios under different inlet conditions are shown in Figure 8.
The obtained results show that the laminar flame speeds of the

mixed fuel with different H2/CO ratios in syngas vary with the
equivalence ratio. When the equivalence ratio is 0.4, the laminar
flame speeds of all cases are very small and very close. When the
equivalence ratio increases, the laminar flame speed of the
mixture fuel with a higher volume fraction of H2 in the syngas
increases faster, as shown in Figure 8, and the variation curve of
all cases gradually becomes steeper. This indicates that more H2
components in the syngas help to accelerate the flame
propagation speed and improve the combustion stability in
the lean combustion region.

By comparing Figure 8a,b, it is determined that the laminar
flame speeds in Cases 11−16 decreased at higher temperature
and pressure levels and the equivalence ratio corresponding to
the peak flame velocity changed from 1.2 at room temperature
and atmospheric pressure to 1.1, indicating that the amount of
air required for the combustion of the syngas/gasoline mixture
to reach the fastest flame propagation velocity at higher
temperature and pressure levels decreased.

3.3. Concentration Analysis of Active Free Radicals.
The concentrations of free radicals such as H and OH in the
flame front were shown to be closely connected to the laminar
flame propagation speed of fuel in reference.39 To learn more
about the combustion properties of the mixture, this work
investigates the laminar flame speeds of syngas/gasoline
mixtures with the concentrations of H and OH radicals in the
one-dimensional laminar flame reaction system.
Under different conditions, themole fraction of H,OH, andH

+ OH radicals and laminar flame speeds in Cases 3 and 6 are
shown in Figures 9 and 10. The trends of all parameters increase
first and subsequently decrease as ϕ increases. The curve shape

Figure 9. (a and b) H, OH, and H + OH concentrations and laminar flame speeds in Cases 3 and 6, T = 298 K, P = 0.1 MPa, and ϕ = 0.4−1.5.

Figure 10. (a and b) H, OH, and H + OH concentrations and laminar flame speeds in Cases 3 and 6, T = 500 K, P = 2 MPa, and ϕ = 0.4−1.5.
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of the laminar flame speed and the related ϕ of the peak heat
release rate are largely compatible with the total H + OH
concentration. Both the H and OH radical concentrations affect
the sum of the H + OH radical concentrations.
In Figure 9, the OH mole fraction of Case 3 peaked at

approximately ϕ = 1.0, while the H peaked at approximately ϕ =
1.2, with the H radical peak concentration only slightly higher
than the OH radical peak concentration. At ϕ = 1.1, the sum of
theH+OH concentrations reached its maximum, which was the
same as the maximum laminar flame speed. The concentration
of OH radicals reaches its greatest value at approximatelyϕ = 1.0
in Case 6, whereas the equivalence ratio increases to 1.3 when
the concentration of H radicals reaches its maximum value. The
addition of more syngas, particularly H2, increases the peak
concentration of H radicals much more than the peak
concentration of OH radicals, resulting in the H + OH
concentration in Case 6 reaching its maximum value at a larger
ϕ (approximately 1.2). The peak laminar flame speed
significantly increases compared to Case 3, which is the deep-
seated reason for the delay of the peak laminar flame speed to the
equivalence ratio in Cases 6 to 1.2.
Figure 10 shows that the peak concentration of H radicals is

only 1/3−1/2 that of OH radicals, although H radicals and OH
radicals both reach their maximum values at equivalence ratios

of 1.2 and 1.0, respectively, which differs from the data in Figure
9a. As previously stated, the H and OH mole fractions affect the
variation curve of the laminar flame speed and H + OH
concentration. Therefore, it can be concluded that at higher
temperatures and pressures, the variation of syngas/gasoline
laminar flame speeds with equivalence ratios will be more
dependent on the change of OH radical concentration, which
also leads to the change of the equivalence ratio corresponding
to the peak point of laminar flame speed at high temperatures
and high pressures.
The effect of the H2 ratio in syngas on active radical

concentrations and laminar flame speeds was studied. The
variations in the H, OH, andH +OH radical concentrations and
laminar flame velocity of the syngas/gasoline mixture in Cases
12−15 were analyzed under different conditions, as shown in
Figures 11 and 12. The equivalence ratio increased from 0.4 to
1.5. The H + OH concentration curve was found to be
essentially compatible with the laminar flame velocity curve and
achieved its maximum value at an equivalent ratio of
approximately 1.2. Thematching peak value grows in proportion
to the H2 fraction in the syngas.
When the equivalence ratio increases from 0.4 to 1.0, the

concentration of the OH radical is always greater than the
concentration of the H radical and the growth rate of the OH

Figure 11. (a−d) H, OH, and H + OH concentrations and laminar flame speeds in Cases 12−15, T = 298 K, and P = 0.1 MPa.
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concentration slows down, while the growth rate of the H
concentration accelerates. When the equivalence ratio is greater
than 1.0, the concentration of H free radicals exceeds that of OH
free radicals and the latter begins to decline from this point,

while the former begins to increase toward an equivalence ratio
of 1.3. Furthermore, it was discovered that when H2 was added
to syngas, the peak concentration of H free radicals was
substantially higher than that of OH free radicals.

Figure 12. (a−d) H, OH, and H + OH concentrations and laminar flame speeds in Cases 12−15, T = 500 K, and P = 2 MPa.

Figure 13. (a and b) Peak heat release rate and accumulated heat production in Cases 1−6 at ϕ = 1.0.
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Figure 14. (a and b) Peak heat release rate and accumulated heat production in Cases 7−10 at ϕ = 1.0 and P = 3 MPa.

Figure 15. (a−d) Net heat production in Cases 1 and 6, T = 298 K, and P = 0.1 MPa.
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Although the concentration peaks of the H and OH free
radicals are still near equivalence ratios of 1.2 and 1.0, as shown
in Figure 12, their molar concentrations are substantially
different. The peak concentration of H radicals was higher
than that of OH radicals at 298 K/0.1 MPa but only 1/3−1/2 of
the peak concentration of OH radicals at 500 K/2 MPa. Similar
to earlier findings, the fluctuation of syngas/gasoline laminar
flame speeds with equivalency ratios is more dependent on the
variation of OH radical concentration in the flame front at higher
temperatures and pressures.

3.4. Effect of Syngas on the Heat Release of Gasoline
Surrogate/Air Mixtures. Although the incorporation of
syngas can reduce the tendency of engine knock combustion,
due to its low calorific value, a higher mixing ratio of syngas is not
better. The effect of syngas addition on heat release was further
analyzed.
Figure 13 shows the increasing proportion of syngas in the

mixed fuel in Cases 1−6. The obtained results indicate that
although the addition of syngas increases the peak of the heat

release rate of the blended fuel, the accumulated heat production
continuously decreases and the time of heat release of the mixed
fuel with a higher syngas ratio is shorter for the combustion
process belonging to the heat release process. The syngas
addition will increase the reaction rate in the high-temperature
region, leading to a more intense exothermic process. However,
limited to the low calorific value of syngas, it does not increase
the levels of total heat quantity, which is one of the main reasons
that limits the amount of added syngas. In addition, the peak of
the heat release rate at the high temperature of the 1000 K fuel
oxidation zone is always higher than that at 600 K, while the
trend of accumulated heat production is the opposite. This
shows that the exothermic reaction in the high-temperature
stage is more intense, but the exothermic reaction that begins in
the low-temperature reaction stage of the combustion process
can release more heat.
The influence of theH2/CO ratio in syngas on the exothermic

process is shown in Figure 14. In Figure 14a, with the increasing
proportion of H2, the peak heat production rate gradually

Figure 16. (a−d) Net heat production in Cases 1 and 6, T = 500 K, and P = 2 MPa.
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increases and the accumulated heat production gradually
decreases. The difference between the peak heat release rates
in Cases 7 and 10 is approximately 1000 kW. However, in Figure
14b, the two parameters increase to varying degrees with
increasing H2 ratios and the peak heat release rate in Cases 7−10
varies by approximately 4000 kW. Although H2 contributes to
the complete combustion of fuel, the increase in the H2 ratio has
little effect on the accumulated heat production during
combustion (approximately 0.05 J at a low temperature and
0.025 J at a high temperature). Therefore, a higher initial
reaction temperature and higher H2 ratio in syngas can help
shorten the exothermic time and make the combustion and
exothermic processes more intense.
In Figure 14a,b, the trend of accumulated heat production is

different with the increase of hydrogen. Since the calorific value
of hydrogen is lower than that of CO, the increase of H2 and the
decrease of CO lead to a decrease in the calorific value of the fuel
mixture and, therefore, a decrease in the heat released from the
fuel. At the same time, the increase in hydrogen promotes
complete combustion and reduces HC and CO emissions, when

more heat is released. Both of these effects have an impact on the
cumulative heat production. At 600 K, the heat loss due to the
low calorific value is greater than the heat added by complete
combustion, so the accumulated heat is reduced. At 1000 K, the
system is more active and reactive, which also leads to
inadequate reactions and higher HC and CO emissions. The
heat added by complete combustion is greater than the losses
due to the low calorific value. Thus, at 1000 K, the accumulated
heat increases with the increase of hydrogen. This is consistent
with the emission performance observed in Figure 20 in Section
3.5.
Next, starting from the heat release curve of the one-

dimensional flame propagation process of the mixed fuel, the
thickness of the laminar flame is quantitatively characterized by
the one-dimensional heat release interval size of the laminar
flame. Case 1 of the pure gasoline condition and Case 6 of the
syngas mixing condition are taken to indirectly analyze the heat
release process and structural characteristics of the laminar flame
in one-dimensional space, respectively. The conditions of the
study were 298 K at 0.1 MPa and 500 K at 2 MPa, and the

Figure 17. (a−d) Heat release in Cases 12 and 15, T = 298 K, and P = 0.1 MPa.
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equivalence ratio increased from 0.8 to 1.4. The obtained results
are shown in Figures 15 and 16.
The obtained results show that the net heat production in

Case 6 is higher than that in Case 1 under the same conditions.
The initial position and end position of heat release are earlier
than those in Case 1 (the flame front is also more forward), and
the process of heat release is more intense. In addition, with the
increase in equivalence ratio, the peak heat release of the two
mixtures first increases and then decreases. The equivalence
ratio corresponding to the maximum net heat production is in
the range of 1.0−1.2, which is consistent with the trend of
laminar flame speed with the equivalence ratio. Comparing
Figures 15 and 16, it is found that the laminar flame morphology
was quite different. In terms of the thickness of the heat release
zone, the size of the heat release zone in Figure 16 is
approximately 1/10 of that in Figure 15. For example, when
the equivalence ratio is 1, the thickness of the heat release zone
in Case 6 is approximately 0.02 cm in Figure 15, while it is only
0.002 cm in Figure 16. However, in the difference in net heat
production, the latter (587 kW/cm3) is hundreds of times

greater than that of the former (3.6 kW/cm3). It can be
speculated that at higher temperature and pressure levels, the
laminar flame of syngas/gasoline blends releases more heat in a
thinner one-dimensional flame front.
Considering the influence of theH2/CO ratio in syngas on the

heat release and flame front structure in the combustion process
of hybrid fuel, Cases 12 and 15 were selected for comparative
analysis of the one-dimensional heat release curves. As shown in
Figures 17 and 18, the combustion air equivalence ratio varies
from 0.8 to 1.4 and the temperature and pressure are 298 K and
0.1 MPa, and 500 K and 2 MPa.
The obtained results shown in Figure 17 show that under the

initial conditions of 298 K and 0.1 MPa, with ϕ increasing from
0.8 to 1.4, the net heat production of both cases first increases
and then decreases and the difference between Cases 12 and 15
is also the same. The maximum value of the difference was 3.0
kW/cm3 obtained at ϕ = 1.2. In addition, Case 15, with a higher
H2 ratio, always had a higher exothermic peak than Case 12.
The difference in heat release between Cases 12 and 15 under

500 K/2 MPa conditions shown in Figure 18 is far less obvious

Figure 18. (a−d) Heat release in Cases 12 and 15, T = 500 K, and P = 2 MPa.
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than that in Figure 17. Even when ϕ = 1.4, the net heat
production in Case 12 exceeds that in Case 15 by 30 kW/cm3. In
terms of the thickness of the one-dimensional heat release zone,
the size of the flame heat release zone at 500 K/2 MPa is
approximately 1/10 of that under normal temperature and
pressure. This result is consistent with the abovementioned
conclusion that at higher temperature and pressure levels, the
laminar flame of syngas/gasoline blends emits more heat at a
smaller scale.
Furthermore, the starting and ending positions of the heat

release in Cases 12 and 15 are essentially constant under the two
working conditions, indicating that the H2 ratio in the syngas has
no effect on the thickness of the laminar flame heat release zone
(as shown in Figures 17 and 18). This conclusion differs
dramatically from the findings of earlier studies on the effect of
the syngas/gasoline ratio. As a result, it is possible that the
thickness of the one-dimensional laminar flame exothermic zone
of a syngas/gasoline combination is largely determined by the
premixed syngas/gasoline ratio and is practically unaffected by
the ratio of H2/CO in syngas.

3.5. Effect of Syngas on HC and CO Emissions of
Gasoline Surrogate/Air Mixtures. As mentioned above,
adding syngas to gasoline fuel can suppress the occurrence of

knock combustion in gasoline engines, but the mixing ratio of
syngas is limited by related factors. One limitation is the heat
release of combustion mentioned above. On the other hand, the
restriction comes from emissions. In this section, the emissions
of HC and COduring the combustion of syngas/gasoline blends
are considered.
Figures 19 and 20 show the effect of the syngas blending ratio

and H2 ratio in syngas on the emission, respectively. The
pressure is 3 MPa, the equivalence ratio is 1.0, and the initial
reaction temperatures are 600 and 1000 K, respectively.
The obtained results show that with the increase in syngas

proportion in the blended fuel, the emission concentration of
HCdecreases, while the emission concentration of CO gradually
increases. Both HC and CO emissions at 600 K are less than
those at 1000 K, indicating that starting from the low-
temperature oxidation stage is conducive to reducing the
emissions of HC and CO. Although the high temperatures
increase activity and the reaction rate, it may also cause more
severe incomplete combustion. On the other hand, with the
increase in H2 in syngas, the emissions of HC and CO linearly
decrease, whether the reactions start at low or high temperature,
which indicates that H2 in syngas contributes to the full

Figure 19. (a and b) Emissions of HC and CO in Cases 1−6 with different temperatures at pressures of 3 MPa and ϕ = 1.0.

Figure 20. (a and b) Emissions of HC and CO in Cases 7−10 with different temperatures at pressures of 3 MPa and ϕ = 1.0.
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combustion of syngas/gasoline blends and reduces the
emissions of related pollutants.

4. CONCLUSIONS
A detailed chemical kinetic mechanism for syngas/gasoline
blends has been constructed, containing 1389 species and 5942
reactions. In the mechanism validation, the predicted results are
in good agreement with the experimental data. The effect of
syngas addition on the ignition and combustion characteristics
of gasoline fuels was investigated using this mechanism.
Important observations are as follows:

(1) With the addition of syngas, IDT in the high-
temperature region decreases, but in the low-temperature
region, IDT increases. Increasing the H2/CO ratio has
little effect on the IDT when the syngas blending ratio is
50%. The addition of syngas can inhibit the occurrence of
knock combustion from two aspects: prolonging the
spontaneous ignition time of the unburned mixture in the
low-temperature oxidation zone and shortening the
ignition lag period of the mixture in the high-temperature
zone near the spark plug.
(2) The addition of syngas, especially the increase in the
proportion of H2, promotes the activity of the reaction
system and increases the laminar flame speed of the fuel. It
is also good for inhibiting knock combustion and
improving combustion stability. Furthermore, as the
temperature and pressure increase, the amount of air
required to reach the maximum laminar flame speeds
decreases.
(3) The OH and H radical concentrations affect the
variation trend of laminar flame speeds of syngas/gasoline
with equivalence ratios. The addition of syngas,
particularly the increase in the H2 component, boosted
the concentration of H free radicals. The equivalent ratio
corresponding to the peak value of the H + OH
concentration was delayed under normal temperature
and pressure conditions, causing the laminar flame speed
peak to be delayed. The fluctuation in flame speed with
the equivalency ratio is more dependent on the
concentration of OH radicals in the flame front at higher
temperatures and pressures.
(4) The peak of the heat release rate in the zero-
dimensional combustion process accelerates as the
fraction of syngas in the mixed fuel increases, but the
accumulated heat production decreases. The peak of the
heat release rate increases as the fraction of H2 in syngas
increases, and the change in accumulated heat production
is dependent on the temperature level. At high temper-
atures, the increase in heat due to complete combustion is
greater than the heat loss due to the calorific value
reduction and the overall accumulated heat production
increases. The flame front was found to be closer to the
fuel inlet when the quantity of syngas in themixed fuel and
the H2/CO ratio in the syngas were increased, and the
exothermic process was more intense. The heat release
thickness of a one-dimensional laminar flame is largely
determined by the premixed syngas/gasoline ratio and is
practically unaffected by the H2/CO ratio in syngas.
(5) The addition of syngas, especially the increase in the
proportion of H2, favors the promotion of complete
combustion and the reduction of HC emissions but also

brings an additional increase in CO. Combustion at lower
temperatures has lower CO and HC emissions.
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