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ABSTRACT: An experimental study was carried out on a modified single-cylinder
dual-fuel engine in reactivity-controlled compression ignition (RCCI) mode using pilot
fuels with different physicochemical properties, and the effects of the pilot fuels and the
two-stage injection strategy on the combustion and emission characteristics of the
RCCI mode were explored. The results show that when coal-to-liquid (CTL) is used
with a high cetane number as the pilot fuel, the reactivity stratification of the fuel-air
mixture is more pronounced. With the advancement of pilot injection timing (SOI1),
the heat release rate (HRR) of the CTL/gasoline mode gradually changes from a
bimodal pattern to a unimodal pattern. Among them, the bimodal HRR includes CTL
premixed combustion and gasoline flame propagation, as well as CTL diffused
combustion and gasoline multipoint spontaneous combustion, while the unimodal
HRR represents CTL premixed combustion and gasoline multipoint spontaneous
combustion. However, the HRR of the fossil diesel/gasoline RCCI combustion mode
always exhibits a unimodal form. With the advancement of the main injection timing (SOI2), the gravity center of heat release
(CA50) is more advanced when using CTL as the pilot fuel due to the short ignition delay. Overall, compared to fossil diesel, using
CTL as the pilot fuel is conducive to controlling the pressure rise rate, which expands the operating range of the RCCI combustion
mode. Besides, for both pilot fuels of CTL and fossil diesel, the advancement of SOI1 lowers particle emissions, and the
advancement of SOI2 reduces NOx emissions, while the two-stage injection achieves higher indicated thermal efficiency.

1. INTRODUCTION
Under the background of “carbon peaking and carbon
neutrality,” the internal combustion engine industry is facing
the double challenge of energy and the environment. With the
growth of global energy demand and the worsening ecological
environment, the coal-to-liquid (CTL) technique, which
converts solid coal into liquid fuels in coal-abundant countries,
is being developed to adjust and optimize the energy structure,
guarantee energy security, and reduce environmental pollu-
tion.1 The characteristics of Chinese energy are “coal-rich, oil-
poor, and gas-poor,” and coal is very important for the
economic and social development of China in the short term.2

Compared with fossil diesel, CTL from indirect coal
liquefaction (DICL) has a high cetane number (CN), lower
aromatics, and a lower boiling range. The combustion of CTL
is more stable and produces lower PM, CO, and HC
emissions,3 so it is a high-quality diesel alternative fuel.4

Besides, CTL as the base fuel can be intermixed with fossil
diesel fuels in any ratio and has broad application prospects in
internal combustion engines.5,6

To achieve high efficiency and clean combustion in
compression ignition (CI) engines, scholars have conducted
many new combustion technologies, including homogeneous

charge compression ignition,7 premixed charge compression
ignition (PCCI),8 and reactivity-controlled compression
ignition (RCCI).9 Cheng et al.10 studied the realization of
the PPC combustion mode in a heavy-duty diesel engine with
a single injection strategy, and the results showed that both
early and late fuel injection strategies contributed to a more
homogeneous mixture and made the diffusion combustion
phase disappear. Klingbeil et al.11 found that early or late
injection with large exhaust gas recirculation (EGR) rates
resulted in ultralow emissions for heavy-duty diesel engines
under low speeds and under low loads, while the early injection
strategy resulted in better emission results at high speeds and
low loads. Besides, the RCCI mode, which can improve engine
thermal efficiency and reduce ultralow NOx and PM emissions,
is therefore receiving a lot of attention. RCCI combustion
mode generally injects the low-reactivity (low CN) fuel into
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the engine intake and directly injects the fuels with high-
reactivity (high CN) into the cylinder. These two fuels form a
homogeneous fuel-air mixture in the cylinder, which can
control the combustion phasing and slow down the pressure
rise rate (PRR) and the heat release rate (HRR).12 Liu et
al.13−16 carried out some experiments on the combustion
characteristics of RCCI combustion mode using different
characteristics of fuels combined with an injection strategy.
The results show that they have a great influence on the
combustion characteristics of RCCI, fuel proportion, equiv-
alence ratio, injection sequence, or injection timing.

Because of the high CN of CTL, it can be used for PCCI
and RCCI combustion modes. In our research group, PCCI
and RCCI combustion modes were studied in a CI engine
using CTL as the base fuel. Sun et al.17 blended CTL with
gasoline to form a wide distillation fuel and injected it into the
cylinder. The combustion and emission characteristics of the
PCCI combustion mode were studied under various starts of
injection (SOI) along with the addition of EGR. Experimental
results showed that the blending of CTL/gasoline resulted in a
higher premixed combustion ratio (PCR) and reduced NOx
and particulate emissions. Zhang et al.18,19 conducted
experimental studies on the combustion and emission
characteristics of CTL/gasoline and CTL/n-butanol dual-fuel
modes. The results showed that the RCCI using CTL as the
ignition fuel had a shorter combustion duration (CD), a 2%
increase in the indicated thermal efficiency (ITE), and the peak
pressure rise rate (PPRR) and NOx emissions were reduced by
46.1 and 20.1%, respectively. The CTL/n-butanol dual fuel
mode with a 30% n-butanol ratio showed a 49.5% reduction in
NOx emission and a 40.9% reduction in particulate matter
emission compared with the pure CTL mode. Sun et al.20

carried out an experiment on engine combustion and emission
characteristics of CTL/gasoline and diesel/gasoline RCCI
combustion mode under low load. The results showed that
both CTL/gasoline and diesel/gasoline RCCI combustion
modes contain distinguishable low-temperature and high-
temperature heat release, and CA50 of the CTL/gasoline
RCCI combustion mode was more advanced. In addition, the
CTL/gasoline RCCI combustion mode reduced the emissions
of CO, HC, and particles under optimum intake conditions.

The RCCI combustion mode with the two-stage injection
strategy can further reduce engine emissions and meet ultralow
emission regulations. Under the two-stage injection strategy,
the adoption of SOI1, SOI2, mass injection ratio, injection
duration, and fuel characteristics can achieve combustion
control and reduce pollutant emissions.21−24 Many researchers
used the pilot injection strategy in the RCCI combustion mode
and investigated the combustion and emission characteristics
of dual-fuel engines under different operating conditions.25−32

Those results showed that the use of the pilot injection strategy
could significantly change the in-cylinder combustion process
in dual-fuel engines and reduce the emissions of pollutants
such as total hydrocarbons (THC), CO, and so forth, but NOx
emissions increase slightly. Lu33 and Wang et al.34 studied the
effect of SOI1 on the combustion and emission characteristics
of RCCI mode under high-load and low-speed conditions. The
results showed that earlier SOI1 and increasing pilot injection
fuel mass ratio could reduce NOx emissions. The pilot
injection strategy with EGR35−38 can reduce HC, CO, and
NOx emissions of the dual-fuel engine. Liu et al.39 studied the
effects of SOI1 and pilot injection mass ratio on the
combustion performance and emissions in natural gas/diesel
dual-fuel RCCI combustion mode. The results showed that
when the SOI1 was varied from −15 to 27 crank angle after
TDC, the IMEP and PRR were increased, while the CO, HC,
soot, and CH4 emissions were reduced. The literature review
presented above shows that the fuel characteristics and
injection strategies significantly affect the combustion and
emission characteristics of the RCCI combustion mode.
Previous studies of our research group have shown that CTL
with high CN as the ignition fuel of RCCI combustion mode is
conducive to improving the thermal efficiency of the
engine.17−20 However, the use of CTL as a pilot fuel with a
two-stage injection strategy in dual-fuel engines is expected to
further improve the thermal efficiency of the engine, thus
expanding the operating range of the RCCI combustion mode.
But related research has been reported. For the RCCI mode
that adopts CTL as the pilot fuel, it is necessary to explore the
effects of the two-stage injection strategy on combustion and
emission characteristics.

Figure 1. Effects of SOI1 on cylinder pressures and HRRs of CTL/gasoline and fossil diesel/gasoline RCCI combustion modes.
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In this study, an experiment on a CI engine with a two-stage
injection strategy was carried out to investigate the effects of
SOI1, SOI2, and fuel characteristics on the combustion and
emission characteristics of CTL/gasoline and fossil diesel/
gasoline under the RCCI combustion mode. The injection
strategy for the RCCI mode that adopts CTL as the pilot fuel
was explored.

2. RESULTS AND DISCUSSION
2.1. Effects of SOI1 and Fuel Characteristics on RCCI

Combustion Characteristics. Figure 1 shows the effects of
SOI1 on the cylinder pressures and HRRs of CTL/gasoline
and fossil diesel/gasoline RCCI combustion modes. As seen in
Figure 1, the cylinder pressure of the CTL/gasoline RCCI
combustion mode gradually decreases with the advancement of
SOI1, while the peak cylinder pressure of the fossil diesel/
gasoline RCCI combustion mode increases at first and then
decreases. With the advancement of SOI1, the mixing time for
fuel and air increases, and the equivalent ratio of the premixed
fuel is reduced, so the combustion rate becomes slow and

results in a gradual decrease with the cylinder pressure peak of
the CTL/gasoline RCCI combustion mode. Besides, with the
advancement of SOI1, the HRR of CTL/gasoline RCCI
combustion mode exhibits a bimodal pattern, and the value of
the second peak increases at first and then decreases whereas
the HRR of fossil diesel/gasoline RCCI combustion mode
exhibits a unimodal pattern with a higher peak. In particular,
due to the high CN of CTL, as SOI1 advances from −20 to
−28 °CA ATDC, the first peak of the HRR is formed by the
premixed combustion of CTL and the flame propagation of
gasoline at the early stage of ignition, and the second peak of
the HRR is formed by the diffusion combustion of CTL and
the multipoint spontaneous combustion of gasoline. AS SOI1
varies from −32 to −36 °CA ATDC, mixtures of pilot CTL,
gasoline, and air are more homogeneous, and gasoline
combustion is transformed from flame propagation to
multipoint autoignition; thus, the accelerated combustion
rate makes the HRR of the CTL/gasoline RCCI gradually
change from a bimodal shape to a unimodal shape. Compared
to the CTL, the fossil diesel with a lower CN as a pilot fuel of

Figure 2. Effects of SOI1 on PRR of CTL/gasoline and fossil diesel/gasoline RCCI combustion modes.

Figure 3. Effects of SOI1 on IDs, CA50s, and CDs of CTL/gasoline and fossil diesel/gasoline RCCI combustion modes.
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the RCCI combustion mode has a longer ignition delay (ID)
and a higher PCR, which leads to a unimodal shape with a
higher peak of the HRR. From Figure 2, furthermore, the
PPRR of the CTL/gasoline RCCI combustion mode is lower
than that of the fossil diesel/gasoline RCCI combustion mode.
Therefore, the use of CTL as a pilot injection fuel is conducive
to the expansion of the operation load range of RCCI
combustion mode.

Figure 3 shows the effects of SOI1 on the combustion
characteristics of CTL/gasoline and fossil diesel/gasoline
RCCI combustion modes. From Figure 3a, it can be seen
that the pilot injection ignition delays (PIIDs) of CTL/
gasoline and fossil diesel/gasoline RCCI combustion modes
increase with the advancement of the SOI1, and the ID of the
CTL/gasoline RCCI combustion mode is relatively short. As
SOI1 varies from −20 °CA ATDC to −36 °CA ATDC, the
PIID is prolonged. Since the CTL has higher CN than fossil
diesel, it reaches the ignition condition earlier than fossil diesel,
and it has a shorter ID. Besides, as shown in Figure 3b,
compared with the fossil diesel/gasoline RCCI combustion
mode, the CTL/gasoline RCCI combustion mode has a more
advanced CA50 and a longer CD. Since the CTL has higher
CN than fossil diesel, the ID is shorter when the CTL is used
as the pilot fuel in the RCCI combustion mode. The diffusion
combustion proportion of CTL is increased, which leads to the
prolongation of CD in the CTL/gasoline RCCI combustion
mode.

Figure 4 shows the effects of SOI1 on fuel consumption
rates and ITEs of CTL/gasoline and fossil diesel/gasoline

RCCI combustion modes. As shown in Figure 4, with the
advancement of SOI1, the ITE of the fossil diesel/gasoline
RCCI combustion mode gradually and finally becomes flat,
and the fuel consumption rate decreases. Whereas the ITE of
the CTL/gasoline RCCI combustion mode is slightly affected
by the SOI1 and is higher than that of the fossil diesel/gasoline
RCCI combustion mode. This is due to when using CTL as
the pilot fuel of the RCCI combustion mode, the ID is shorter,
the CA50 is forward, and CD is longer than the pilot fuel of
fossil diesel. Besides, the combustion temperature is lower,
resulting in lower heat transfer losses, and therefore, the CTL/
gasoline of the RCCI combustion mode has a better fuel
economy than fossil diesel/gasoline RCCI combustion mode.
2.2. Effects of SOI2 and Fuel Properties on RCCI

Combustion Characteristics. Figures 5 and 6 show the

effects of SOI2 on cylinder pressures, HRRs, and PRRs of
CTL/gasoline and fossil diesel/gasoline RCCI combustion
modes. As shown in Figure 5, the peak cylinder pressures of
the CTL/gasoline and fossil diesel/gasoline RCCI combustion
modes increase as SOI2 is advanced. The main reason is that
when the pilot fuel CTL and fossil diesel are injected into the
cylinder, the fire starts to burn immediately, and the peak
cylinder pressure rises. It can also be seen from the figure that
the HRRs of both CTL/gasoline and fossil diesel/gasoline
RCCI combustion modes exhibit the bimodal shapes that
include the self-ignite of gasoline and ignition fuel as well as
the diffusion combustion of ignition fuel. When the main
injection fuel is injected into the cylinder (−10 °CA ATDC),
the pilot fuel has already begun to burn, the main injection fuel
is mainly involved in the diffusion combustion, therefore the
HRR exhibits a bimodal. Since the fossil diesel has a lower CN
than the CTL, the fossil diesel/gasoline RCCI combustion
mode has a long ID (as shown in Figure 8b), so that more
sufficient mixing of the fuel and air formed before ignition, and
the premixed combustion heat release is faster, so the PPRR of
the fossil diesel/gasoline RCCI combustion mode is higher
than that of the CTL/gasoline RCCI combustion mode. From
Figure 6, it can be seen that the PPRRs for both CTL/gasoline
and fossil diesel/gasoline RCCI combustion modes are the
maximum when SOI2 is −12 °CA ATDC, and the maximum
PPRR of the CTL/gasoline RCCI combustion mode is
generally lower than that of the fossil diesel/gasoline RCCI
combustion mode, so CTL is beneficial to the expansion of the
operation load range for the RCCI combustion mode.

Figure 7 shows the effects of SOI2 on the combustion
characteristics of the CTL/gasoline and fossil diesel/gasoline
RCCI combustion modes. As can be seen from Figure 8a, the
main injection ignition delays (MIIDs) of both CTL/gasoline
and fossil diesel/gasoline RCCI combustion modes increase
with the advancement of SOI2, and the MIIDs of CTL/
gasoline RCCI combustion mode are shorter than those of
fossil diesel/gasoline RCCI combustion mode. The main
reason is that the pilot injection fuel first ignites the mixture of
gasoline and air, and the main injection fuel is injected into the
cylinder immediately and begins to burn. Moreover, CTL is
more reactive than fossil diesel fuel so MIID is shorter. As
shown in Figure 8b, due to the short ID of CTL and the overall
advancement of the combustion phase, the CA50 of the CTL/
gasoline RCCI combustion mode is more forward than that of
the fossil diesel/gasoline RCCI combustion mode, and the CD
is prolonged due to the slow diffusion combustion rate of CTL
in the later stage.

Figure 8 shows the effects of SOI2 on the fuel economy of
CTL/gasoline and fossil diesel/gasoline RCCI combustion
modes. As shown in Figure 8, the ITE of CTL/gasoline and
fossil diesel/gasoline RCCI combustion modes gradually
increase with the advancement of SOI2, and the ITE of the
CTL/gasoline RCCI combustion mode is higher than that of
the fossil diesel/gasoline RCCI combustion mode. The fuel
consumption rate of CTL/gasoline and fossil diesel/gasoline
RCCI combustion mode decreases gradually with the advance-
ment of SOI2, but the fuel consumption rate of CTL/gasoline
is lower than fossil diesel/gasoline. The main reason is that
CTL as the pilot fuel has a short ID, an advanced CA50, and a
long CD, so it indicates a high ITE. When SOI2 is −12 °CA
ATDC, the ITE of the CTL as the main injection fuel increases
to 3.5% compared with the fossil diesel as the pilot fuel. When
using the CTL as the pilot fuel, the fuel consumption rate is

Figure 4. Effects of SOI1 on the fuel economy of CTL/gasoline and
fossil diesel/gasoline RCCI combustion modes.
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156.3 g/kw h, which is reduced by 15.6 g/kw h, relative to the
fossil diesel as the pilot fuel.
2.3. Effects of Two-Stage Injection Strategy and Fuel

Characteristics on Emission Characteristics in the RCCI
Combustion Mode. Figure 9 shows the effects of SOI1 on
pollutant emissions in CTL/gasoline and fossil diesel/gasoline
RCCI combustion modes. As shown in Figure 9a, the NOx
emissions of both the CTL/gasoline and fossil diesel/gasoline
RCCI combustion modes first increase and then decrease with
the advanced SOI1, while soot emission is the opposite. From
Figure 10a, the more even mixture of fuel and air with SOI1
varying from −20 °CA ATDC to −28 °CA and the higher
PHRR lead to a higher peak of combustion temperature and
lasts for a long time, which promotes the generation of NOx;
however, it is conducive to inhibiting the generation of soot.
The mixture equivalent ratio is more uniform with SOI1
varying from −32 °CA ATDC to −36 °CA, and the lower
PHRR leads to a lower peak of combustion temperature, which
suppresses the generation of NOx. Besides, the late oxidation
of soot is weakened with SOI1 varying from −32 °CA ATDC

to −36 °CA, therefore soot emissions are higher. The overall
trend shows that the CTL/gasoline RCCI combustion mode
has higher NOx emissions than the fossil diesel/gasoline RCCI
combustion model, while the soot emissions are lower than the
fossil diesel/gasoline RCCI combustion mode. When using the
CTL/gasoline mode with the two-stage injection results in a
more even mixture of fuel and air, a longer CD, a higher peak
of combustion temperature, and a longer high-temperature
duration than the fossil diesel/gasoline mode, so the NOx
emissions of the CTL/gasoline RCCI combustion mode are
higher than the fossil diesel/gasoline RCCI combustion mode.
As shown in Figure 9b, the HC emissions of both CTL/
gasoline and fossil diesel/gasoline RCCI combustion modes
increase at first and then decrease with the advanced SOI1.
When SOI1 is advanced from −20 °CA ATDC to −24 °CA
ATDC, the HC emission of the CTL/gasoline RCCI
combustion mode is lower than that of the fossil diesel/
gasoline RCCI combustion mode. When SOI1 is advanced
from −28 °CA ATDC to −36 °CA ATDC, the HC emission
of the CTL/gasoline RCCI combustion mode is slightly higher

Figure 5. Effects of SOI2 on cylinder pressures and HRRs of CTL/gasoline RCCI and fossil diesel/gasoline RCCI combustion modes.

Figure 6. Effects of SOI2 on PRRs of CTL/gasoline and fossil diesel/gasoline RCCI combustion modes.
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than the fossil diesel/gasoline RCCI combustion mode. The
reason is that during the combustion process, some fuel
adheres to the cylinder wall, resulting in increased HC
emissions. Since the CTL has greater reactivity and a higher
temperature, it is beneficial to reduce HC emissions.
Moreover, the CO emissions of CTL/gasoline and fossil
diesel/gasoline RCCI combustion modes decrease first and
then increase with the advancement of the SOI1. From Figure
10b, when SOI1 is between −20 °CA ATDC to −24 °CA
ATDC, the evaporation time and the mixing time of the fuel
and air are more sufficient in the cylinder, and the combustion
efficiency of CTL/gasoline RCCI combustion mode is higher
than that of the fossil diesel/gasoline, so the CO emissions of
CTL/gasoline and fossil diesel/gasoline RCCI combustion
modes are reduced. When the earlier SOI1 is between −28
°CA ATDC and −36 °CA ATDC, the mixture is easy to
produce the stratification of temperature and concentration
during the premixed combustion, forming local low temper-
ature and fuel-lean zones, increasing the degree of incomplete

Figure 7. Effects of SOI2 on the IDs, CA50s, and CDs of CTL/gasoline and fossil diesel/gasoline RCCI combustion modes.

Figure 8. Effects of SOI2 on the fuel economy of CTL/gasoline and
fossil diesel/gasoline RCCI combustion modes.

Figure 9. Effects of SOI1 on CTL/gasoline and fossil diesel/gasoline RCCI combustion modes on pollutant emissions.
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combustion and the higher CO emissions. The combustion
efficiency of CTL/gasoline is lower than that of the fossil
diesel/gasoline; therefore, the CO emission of the CTL/
gasoline RCCI combustion mode is higher than that of the
fossil diesel/gasoline RCCI combustion mode.

Figure 11 shows the effects of SOI2 on pollutant emissions
from the CTL/gasoline and fossil diesel/gasoline RCCI
combustion modes. Figure 11a shows that as the SOI2 is
advanced, the NOx emissions of both CTL/gasoline and fossil
diesel/gasoline RCCI combustion modes increase, and the
NOx emissions of CTL/gasoline in RCCI combustion mode
are higher than those of fossil diesel/gasoline RCCI
combustion mode. In contrast, the soot emissions of both
CTL/gasoline and fossil diesel/gasoline RCCI combustion
modes decrease. Compared with the fossil diesel/gasoline
RCCI combustion mode, the soot emissions of CTL/gasoline
in RCCI combustion mode are higher. Because of the CTL
with high activity, as SOI2 advanced, the concentration

stratification of a mixture of fuel and air can be effectively
improved. Figure 12a shows that the CTL/gasoline RCCI
combustion mode with a higher peak of combustion
temperature than the diesel/gasoline RCCI combustion
mode leads to an increase in NOx emissions and a decrease
in the soot emissions of the CTL/gasoline RCCI combustion
mode.

From Figure 11b, it can be seen that the HC emissions of
both CTL/gasoline and fossil diesel/gasoline RCCI combus-
tion modes are essentially unchanged with the SOI2 advanced.
When the SOI2 varies from −6 °CA ATDC to −10 °CA
ATDC, the CO emissions of both CTL/gasoline and fossil
diesel/gasoline RCCI combustion modes increase, and the CO
emissions of CTL/gasoline combustion mode are higher than
those of fossil diesel/gasoline RCCI combustion mode. Due to
the CTL with high CN and uneven mixing of fuel and air, this
leads to low combustion efficiency (Figure 12b) and a larger
amount of CO emissions produced. When SOI2 is before −6

Figure 10. Effects of SOI1 on the CTL/gasoline and fossil diesel/gasoline RCCI combustion modes on the peak of combustion temperature and
combustion efficiency.

Figure 11. Effects of SOI2 on CTL/gasoline and fossil diesel/gasoline RCCI combustion modes on pollutant emissions.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c10315
ACS Omega 2024, 9, 18191−18201

18197

https://pubs.acs.org/doi/10.1021/acsomega.3c10315?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10315?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10315?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10315?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10315?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10315?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10315?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10315?fig=fig11&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c10315?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


°CA ATDC, the CO emissions of both CTL/gasoline and
fossil diesel/gasoline RCCI combustion modes are lower, and
the CTL as a pilot fuel is higher as SOI2 advanced than fossil
diesel. This is due to the advancement of SOI2, the moving
uniformity of the mixture of fuel and air, and the higher
temperature, which leads to combusting enough and reducing
CO emissions. Since the CTL is a pilot fuel with a longer CD,
the CO emissions of the CTL/gasoline RCCI combustion
mode are higher than those of fossil diesel/gasoline RCCI
combustion mode.

3. CONCLUSIONS
This study carried out experimental research on the RCCI
mode with different physicochemical properties of the pilot
fuel to investigate the effects of fuel characteristics and a two-
stage injection strategy on the combustion and emission
characteristics of the RCCI combustion mode. The injection
strategy of the RCCI combustion mode suitable for CTL,
which is used as the pilot fuel with high reactivity, is proposed.
The conclusions can be summarized as follows:

1 In the RCCI combustion mode with two-stage injection,
with SOI1 advancing from −20 to −28 °CA ATDC, the
HRR of CTL/gasoline RCCI combustion mode is a
bimodal pattern. With SOI1 advancing from −32 to −36
°CA ATDC, gasoline combustion changes from flame
propagation to multipoint spontaneous combustion, so
that the CTL/gasoline RCCI combustion mode changes
from a bimodal pattern to a unimodal pattern. The
PPRR of CTL/gasoline RCCI combustion mode is
lower than fossil diesel/gasoline RCCI combustion
mode, and the use of high-reactivity CTL as the pilot
fuel is conducive to reducing the PPRR and expanding
the operating load range of RCCI combustion mode.

2 Under the two-stage injection strategy of RCCI
combustion mode, the fuel economy of CTL as the
pilot fuel is better than fossil diesel. The ITE of the fossil
diesel/gasoline RCCI combustion mode increases with
the advancement of SOI1, while the ITE of CTL/
gasoline is slightly affected by SOI, and the fuel
consumption rates of both CTL/gasoline and fossil

diesel/gasoline RCCI combustion modes decrease with
the advancement of SOI1. With the advancement of
SOI2, the ITE of both CTL/gasoline and fossil diesel/
gasoline RCCI combustion modes increase, and the fuel
consumption rate of those decreases. In general,
compared to the fossil diesel/gasoline RCCI combustion
mode, the CTL/gasoline RCCI combustion mode
shows higher ITE and lower fuel consumption rates.

3 Under the two-stage injection strategy of RCCI
combustion mode, compared to the fossil diesel, the
CTL with high reactivity as the pilot fuel is conducive to
reducing particulate emissions. With the advancement of
SOI1, the mixture of fuel and air is locally excessively
fuel-lean and difficult to produce soot for both CTL/
gasoline and diesel/gasoline RCCI combustion modes,
and particulate emissions of CTL/gasoline RCCI
combustion mode are slightly higher. When SOI1 and
SOI2 are advanced, the NOx emissions of CTL/gasoline
RCCI combustion mode are higher than diesel/gasoline
RCCI combustion mode, while lower soot emissions can
be obtained for CTL/gasoline RCCI combustion mode
than diesel/gasoline RCCI combustion mode. The
advancement of SOI1 results in less amount of fuel
attached to the wall, therefore HC emissions are
significantly decreased.

4. EXPERIMENTAL SYSTEM AND TEST PROCEDURE
4.1. Experimental Engine and Apparatus. The test

engine was converted from a high-pressure common rail four-
cylinder diesel engine to a single-cylinder engine, and only the
third cylinder had independent intake, exhaust, and fuel
injection systems. The intake and exhaust manifolds of the
other three cylinders, as well as the injectors, were removed
from the original engine. The third cylinder was equipped with
a simulated supercharging system and an EGR system and then
controlled the EGR rate by adjusting the EGR valve. The air
intake system was provided by the compressor as the air
source, and the outlet of the compressor was equipped with
primary and secondary stabilizer tanks to regulate the intake
pressure of the test engine between 0 and 0.35 MPa (gauge

Figure 12. Effects of SOI2 on CTL/gasoline and fossil diesel/gasoline RCCI combustion modes on the peak of combustion temperature and
combustion efficiency.
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pressure) through a limiting valve. The fuel injection system
included an intake port injection system and an in-cylinder
direct injection system. In addition, the temperature of the
engine cooling water was maintained at 353 ± 1 K. The
schematic diagram of the experimental setup is shown in
Figure 13, and the engine specification is shown in Table 1.

4.2. Methodology and Test Conditions. In this study,
the engine speed was fixed at 1400 rpm, the per-cycle energy
was 1438J/cycle for all test fuels, and the injection pressure
was 100 MPa. The effects of the two-stage injection strategies
of CTL and fossil diesel on the performance, combustion, and
emission characteristics were investigated in the RCCI
combustion mode. In this study, gasoline was injected through
the intake port, and its proportion in the cycle energy was fixed
at 50%, while CTL and fossil diesel were injected into the
cylinder by the “pilot injection + main injection”. To control
the combustion process and prevent the engine from working
roughly, 15% EGR was introduced into the intake. This
experimental study utilizes two-stage injection strategies in
order to better understand the effect of main and pilot timing
on combustion. The PIID and the MIID are defined
separately, and CA10 is the crankshaft angle at the combustion
start point. The equations are as follows: eqs 1 and 2.

=PIID SOI1 CA10 (1)

=MIID SOI2 CA10 (2)

The other equations are as follows: eqs 3−7.

=W P Vdi (3)

where Wi represents the indication of the function. P
represents the cylinder pressure. V represents the cylinder
pressure and the combustion chamber volume.
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where ηi represents indicative thermal efficiency. ggasoline
represents the fuel consumption of gasoline. gfuel represents
the fuel consumption of the fuel. Hu,gasoline represents the low
calorific value of gasoline. Hu,fuel is the low calorific value of
fuel.
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where bi represents indicated specific fuel consumption. i
represents the number of cylinders, n represents the rotational
speed, and gb represents the fuel consumption rate per cycle for
a single cylinder. τ represents the stroke.40
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where ηc represents the mass fraction of CO, H2, HC, and
particulates. QLHVi represents the low calorific value of the
corresponding component. ṁfuel and ṁair represent the mass
flow rates of fuel and air. QLHVfuel represents the low calorific
value of the fuel.

Figure 13. Schematic diagram of the experimental setup. (1) CTL/diesel tank; (2) gasoline tank; (3) EGR valve; (4) high-pressure oil rail; (5)
high-pressure oil pump; (6) alternating current motor; (7) EGR intercooler; (8) second-stage surge tank; (9) air flow meter; (10) intake pressure
surge tank; (11) PFI injector; (12) DI injector; (13) cylinder pressure sensor; (14) exhaust pressure surge tank; (15) exhaust back-pressure valve;
(16) combustion analyzer; (17) first-stage surge tank; (18) air compressor; (19) dynamometer; (20) engine; (21) photoelectric encoder; (22)
computer; (23) emission analyzer; and (24) particle analyzer.

Table 1. Engine Specification

category properties

geometric compression ratio 17.1
cylinder diameter/mm 95.4
piston stroke/mm 104.9
connecting rod length/mm 162
DI injector orifice number 7
eddy current ratio 0.97
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= p
PRR

d
d (7)

where PRR represents the pressure rise rate. dφ represents the
differential of the crankshaft angle in transverse coordinates.

The main equipment and apparatus are shown in Table 2,
the physical properties of the test fuel are shown in Table 3,
and the experimental conditions are shown in Table 4.
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