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Abstract Gasoline  compression  ignition  (GCI)
combustion faces problems such as high maximum
pressure rise rate (MPRR) and combustion deterioration at
high loads. This paper aims to improve the engine
performance of the GCI mode by regulating concentration
stratification and promoting fuel-gas mixing by utilizing
the double main-injection (DMI) strategy. Two direct
injectors simultaneously injected gasoline with an octane
number of 82.7 to investigate the energy ratio between the
two main-injection and exhaust gas recirculation (EGR) on
combustion and emissions. High-load experiments were
conducted using the DMI strategy and compared with the
single main-injection (SMI) strategy and conventional
diesel combustion. The results indicate that the DMI
strategy have a great potential to reduce the MPRR and
improve the fuel economy of the GCI mode. At a 10 bar
indicated mean effective pressure, increasing the main-
injection-2 ratio (R, 2) shortens the injection duration and
increases the mean mixing time. Optimized Ry, could
moderate the trade-off between the MPRR and the
indicated specific fuel consumption with both reductions.
An appropriate EGR should be adopted considering
combustion and emissions. The DMI strategy achieves a
highly efficient and stable combustion at high loads, with
an indicated thermal efficiency (ITE) greater than 48%,
CO and THC emissions at low levels, and MPRR within a
reasonable range. Compared with the SMI strategy, the
maximum improvement of the ITE is 1.5%, and the
maximum reduction of MPRR is 1.5 bar/°CA.
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1 Introduction

Exploring advanced combustion mode with high effici-
ency and low emissions has been the dream of successive
generations of researchers [1,2]. Conventional diesel
engines have high compression ratios thus with thermal
efficiencies of 35%—45%, but the diffusion combustion
characteristics of diesel make NO, and soot emissions
high. The gasoline engine has a homogeneous fuel-gas
mixture before combustion thus with low NO, and soot
emissions, but the low compression ratio results in a
thermal efficiency of gasoline engines between 30% and
35%. Gasoline compression ignition (GCI) is an
advanced combustion mode in the field of internal
combustion engines, which combines the advantages of
the high efficiency of diesel engines and the low
emissions of gasoline engines. The GCI mode was
proposed by Kalghatgi and Angstrém [3], who creatively
applied gasoline to compression ignition engines.
Because of the high compression ratio and small
pumping losses of compression ignition engines as well
as the high volatility and low reactivity of gasoline, the
gas mixture was highly diluted before ignition [4].
Therefore, the GCI mode can achieve a higher thermal
efficiency than gasoline engines and lower emissions
than diesel engines. Subsequently, many researchers
conducted studies on the GCI mode [5,6].

Hanson et al. [7] conducted experiments on a heavy-
duty compression ignition engine using the 91 pump
octane number gasoline. The results showed that the two
injections in the compression stroke in combination with
the 20% exhaust gas recirculation (EGR) ensured low
NO, and PM emissions while achieving an indicated
thermal efficiency of about 47% at a 11 bar indicated
mean effective pressure (IMEP). Kim et al. [8] compared
the spray and combustion of gasoline and diesel. The
results showed that gasoline spray exhibited a shorter
penetration length and a narrower spray angle than diesel
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spray under evaporation conditions, and gasoline
combustion had a lower soot emission than diesel
combustion. Ciatti and Subramanian [9] investigated the
effects of injection strategy, EGR, and injection pressure
on combustion and emissions using 84 research octane
number gasoline. The results indicated that gasoline
operation had a comparable fuel efficiency with a lower
NO, emission than conventional diesel combustion, and
the brake thermal efficiency (BTE) of gasoline
combustion reached about 37% at a 12 bar brake mean
effective pressure. Kalghatgi et al. [10] successfully used
gasoline on a multi-cylinder diesel engine without
making any changes. The results indicated that compared
to diesel fuel with similar NO, levels, gasoline allowed
engine operation with a lower smoke, a lower maximum
pressure rise rate (MPRR), and a lower brake specific
fuel consumption but with higher CO and THC
emissions, and the BTE could reach about 39% at 10 bar
IMEP. Delphi Corporation [11] had upgraded the GDCI
engine for three iterations. The third generation of the
engine brought its BTE to 43.5%. All of these indicate
that the GCI mode has a practical application potential.
Although the GCI mode can achieve a high efficiency
while maintaining low NO, and soot emissions, the load
range of such high efficiency and low emissions is finite.
The problems of high MPRR, combustion deterioration at
high loads, and combustion instability at low loads still
need to be solved [12,13]. Thereinto, it is particularly
urgent to solve the problems at high loads, because it
affects the dynamics of the engine. At high loads, the
increase in the fuel injection amount leads to a longer
injection duration, resulting in a shorter fuel-gas mixing
time. Although increasing the nozzle hole diameter could
increase the fuel injection amount per unit time and
shorten the injection duration, the spray quality became
poor, resulting in a lower fuel efficiency and higher soot
emissions [14]. Increasing the injection pressure could
reduce the injection duration and improve the spray
quality. However, many researchers believed that it is
difficult for the fuel injection system to maintain a high
injection pressure at high loads due to the cavitation,
airlock, and internal leakage caused by the low viscosity
of gasoline [15,16]. In addition, increasing the injection
pressure increases the amount of combustible mixture,
causing multiple points of ignition and thus significantly
increasing the MPRR. Moreover, the high injection
pressure would exacerbate the combustion instability of
the GCI mode at low loads due to the low in-cylinder
reactivity. Ultimately, single-injector injection at large
fuel demand cannot achieve a rapid fuel supply and form
a reasonable concentration stratification before ignition,
thus resulting in combustion deterioration and a high
MPRR. Furthermore, the single-injector injection cannot
balance the fuel demand between low and high loads.
Some researchers adopted the multi-stage injection
strategy to inject fuel into the cylinder to shorten the main

injection duration. However, the early injection of fuel
into the cylinder increased CO and THC emissions due to
the wall wetting problem, resulting in the deterioration of
combustion efficiency [17]. Jiang et al. [18] shortened the
direct injection duration at high loads by adding a port
injector to share the direct injection fuel. The direct
injection in combination with the port injection reduced
combustion noise and particulate matter emissions, but
CO and THC emissions were high and the thermal
efficiency would be lower than that of the direct injection
strategy due to insufficient oxidation. In the area of aero-
engines and marine engines, two and more injectors were
installed on each cylinder to achieve a good fuel atomiza-
tion and combustion to alleviate the lack of injection
pressure and shorten the injection duration [19,20].

Motivated by the applications of multiple injectors on
aero-engines and marine engines, this paper proposes a
new methodology to achieve rapid fuel supply. Two
direct injectors are used for the simultaneous main-
injection near the top dead center, called the double main-
injection (DMI) strategy, which can alleviate the
requirement for high injection pressure of the GCI mode
and achieve a good fuel-gas mixing. The injection mass
ratio between the two main-injections can be adjusted to
regulate the in-cylinder concentration stratification, thus
achieving a controlled combustion. In addition, the near-
top-dead-center injection of the two injectors can ease the
wall wetting problem, which reduces incomplete
combustion emissions. Moreover, two injectors allow for
a balance of large and small load injection demands.

As discussed above, the GCI mode faces problems such
as combustion deterioration and a high MPRR at high
loads. Therefore, experiments were performed on a
modified single-cylinder engine with two independent
direct injection systems. The main purpose of this study
is to explore the effect of the DMI strategy on the
combustion and emissions of the GCI mode and further
achieve a highly efficient and stable operation of the GCI
mode at high loads using the DMI strategy. The effects of
the main-injection-2 ratio (Ry-2) and EGR on the combus-
tion and emissions were first systematically investigated.
Then, high-load experiments were conducted using the
DMI strategy and compared with the single main-
injection (SMI) strategy to reveal the advantages of the
DMI strategy in regulating concentration stratification
and improving fuel economy. The findings of this study
are an important guide for the efficient and stable
operation of the GCI mode.

2 Experimental methods
2.1 Engine and instrumentations

Experiments were conducted on a four-cylinder turbo-
charged DI diesel engine that met the Euro 5 emission
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standards. The fourth cylinder was modified into the
tested cylinder which had an independent intake and
exhaust system, while an additional direct injection
injector was installed on the cylinder head. The two sets
of direct injection systems, the original injector (injector
1) and the newly installed injector (injector 2), could
independently adjust the injection timing and the injec-
tion pulse width and were driven by additional outside
power systems. The newly installed injector was almost
symmetrically placed with the original injector. The
supercharger was powered by an outside power system to
supply the charged air to the tested cylinder. The other
three cylinders still operated in the original working
mode. Table 1 lists the main parameters of the engine.
In-cylinder pressure was recorded by a cylinder
pressure sensor (Kistler 6115B) with a sampling interval

Table 1 Test engine specifications

Parameters Value
Stroke/mm 130
Bore/mm 114
Conrod length/mm 216
Number of strokes 4
Displacement(single)/L 1.325
Compression ratio 18:1
Intake valve open/(°CA ATDC) 338
Intake valve close/(°CA BTDC) 145
Exhaust valve open/(°CA ATDC) 112
Exhaust valve close/(°CA BTDC) 335

of 0.5 °CA and 100 in-cylinder pressure cycles. The
recorded cylinder pressure signal was transmitted to a
D2T Orisis combustion analyzer via a charge amplifier
(Kistler model 5015A) to calculate the combustion para-
meters such as the maximum pressure rise rate (MPRR),
CA10, CA50, and CA90 parameters. CA10, CA50, and
CA90 were defined as the crank angle for 10%, 50%, and
90% of the total heat release, respectively.

Gaseous pollutant emissions were measured using a
high-resolution Fourier transform infra-red (FTIR) gas
analyzer with a sampling frequency of 5 Hz. The particle
size distribution and the total number of particles were
continuously measured by the DMS500 fast particulate
analyzer produced with a measurement range of 5-
1000 nm and a response time of 200 ms. To ensure the
accuracy and reliability of all test results, each sample
point was recorded for one minute after the engine had
been operated steadily for three minutes. Figure 1 is a
schematic diagram of the structure of the test cylinder.

2.2 Fuels

Extensive experimental results showed that the low-
octane gasoline could be successfully used in compres-
sion ignition engines and exhibited good combustion and
emission characteristics [21-23]. In addition, a process-
based, well-to-wheel conceptualized life cycle assessment
model showed that the low-octane gasoline-GCI pathway
led to a 24.6% reduction in energy consumption and a
22.8% reduction in greenhouse gas emissions compared
with the conventional pathway [24]. Kalghatgi et al. [23]
believed that gasoline with octane numbers between 75
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and 85 was more suitable for the GCI mode. Therefore,
the gasoline supplied by Shandong Chambroad
Petrochemicals Ltd. with a research octane number
(RON) of 82.7, denoted as G80, was selected for the GCI
experiments in this study. Additionally, to protect the fuel
injection system from excessive wear and increase the
viscosity of the fuel, 2 x 107* (v/v) additives were added
to the fuel without affecting other fuel properties. No. 0
diesel that met the CHINA VI standard was used for the
CDC mode test. The fuel properties are listed in Table 2.

2.3 Test conditions

In previous studies, the main injection strategy
demonstrated a better thermal efficiency than the pre-
injection plus main injection strategy and low regulated
emissions [18,22]. Therefore, two direct injectors were
used for the main-injection near the top dead center,
called the double main-injection (DMI) strategy, to
achieve a rapid fuel supply for fuel-gas mixing. The
main-injection time of the two injectors was kept
consistent. In addition, the single main-injection (SMI)
strategy and conventional diesel combustion were
performed with injector 1 as a comparison to fully
understand the working characteristics of the DMI
strategy at high loads. During the GCI test, the injection
pressure of the two injectors was set to 70 MPa, while
that of the CDC mode was set to 120 MPa.

As a new methodology to improve the combustion
deterioration of the GCI mode at high loads, suitably
adjusting the energy ratio between the two main-injection
is the key to achieving highly efficient and stable
operation [15,25]. In addition, EGR is a regular method
of the GCI mode at high loads, and the effect of EGR on
this new strategy also needs to be investigated [26].
Therefore, to deeply study the combustion and emission
characteristics of the DMI strategy, the effects of the
energy ratio between the two main-injection and EGR
were first tested at 10 bar IMEP. The specific
experimental operating conditions are shown in Table 3.
Afterward, high-load experiments were conducted using

Table 2 Properties of gasoline (G80) and No. 0 diesel

Fuel No. 0 diesel G80
RON - 82.7
Cetane number 52 -
Density/(g-cm™) 0.830 0.680-0.690
Lower heating value/(MJ-kg™!) 42.7 44
Initial boiling point/°C 188 48-50
10% distillation temperature/°C 214 59-62
50% distillation temperature/°C 267 67-70
90% distillation temperature/°C 353 80-83

Final boiling point/°C 360 98-101

two injection strategies. The determination of the
injection time at high loads was to achieve a higher
thermal efficiency of the SMI strategy as much as
possible while ensuring stable engine operation. Then,
the injection time of the DMI strategy was kept the same
as that of the SMI strategy, except that the injection time
of the DMI strategy was delayed by 1 °CA compared to
the SMI strategy at 15.5 bar IMEP because an earlier
injection time of the DMI strategy would cause CA10 to
occur before the top dead center. Although the injection
time of the two strategies was different, the CA50 of the
two operating points was close with an error of less than
0.3 °CA, which was still comparable [27]. In addition, the
operating condition of the CDC test at high loads was
similar to that in Ref. [28]. The operating conditions of
the three modes at high loads are summarized in Table 4.
During the experiments, the engine speed was main-
tained at 1500 r/min (£2 r/min), while the oil temperature
and the cooling water temperature were maintained at
85 °C (2 °C) and 80°C (£2 °C), respectively. Since the
experiments were performed at high loads, the fuel could
be ignited stably without intake air heating. Therefore,
the intake air temperature was kept at room temperature.
The standard uncertainty in the experiment was compre-
hensively calculated by systematic uncertainties obtained
by the experimental facilities and random uncertainties
(- %)’
n—1
indicates the specific data in the experiment, ¥, the

calculated by the function a = , where x;

Table 3 Test conditions

Parameter Value
IMEP/bar 10

Intake pressure/bar 1.75

EGR/% 0/30/40/45/55
SOI; of Injector 1/(°CA ATDC) -11

Injection pressure 1/bar 700

SOL, of Injector 2/(°CA ATDC) -11

Injection pressure 2/bar 700

Rm-2/% 0/7/19/32/42
Note: SOI-Start of injection.

Table 4 Test conditions for SMI and DMI strategies

Injection IMEP/ Intake EGR/ Sor/ R/
strategy bar pressure/bar % (°CA ATDC) %
SMI/DMI 12 2.1 45 —-11 0/10
CDC 12 1.3 15 =7 -
SMI/DMI 14 2.4 40 —11 0/10
CDC 14 1.45 22 =7 -
SMI 15.5 2.5 37 -13 0
DMI 15.5 2.5 37 -12 10
CDC 15.5 1.65 30 =7 -
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average of the test data. The error bar was calculated by
expanded uncertainty which was corresponding to the
95% confidence interval and twice of the standard
uncertainty.

In this study, the carbon dioxide (CO;) derived from
the gas cylinder was added to the intake manifold to
simulate the real EGR. The EGRg;,, was calculated as

CO e (x10°°)
CO xpause (X107°)

where CO; jnuake indicates the volume fraction of CO, in
the intake manifold, while CO3 exhaust, the volume fraction
of CO;, in the exhaust manifold.

In the DMI strategy, the main-injection-2 ratio (Ry.2) is
defined as the ratio of the energy of the main-injection-2
fuel to the energy of the total fuel, as indicated by

m,-LHV, :
m,-LHV, +m,-LHV,’ @
where m; and m, are the fuel mass flow rate of main-
injection-1 and main-injection-2, respectively; LHV; and
LHV, are the fuel low heating value (LHV) of main-
injection-1 and main-injection-2, respectively.

To specifically reflect the influence of the DMI
strategy on the in-cylinder fuel-gas mixing, the mean
mixing time is defined in this paper to describe the
overall fuel-gas mixing level [29]. The mean mixing time
is calculated by

EGR,.(%) = x 100%, (1)

Rm—Z =

Mean mixing time =
(CA10-EOL) *m, +(CA10—EOIZ)*m2, 3)
my +m,
where EOI; and EOI; represent the end of injection (EOI)
of main-injection-1 and main-injection-2, respectively.

3 Results and discussion

3.1 Effect of Ry, on combustion and emission
characteristics of DMI mode

By keeping the IMEP at 10 bar and the injection time of
the two injectors at —11 °CA ATDC, the effect of the
energy ratio between the two main-injection on
combustion and emission characteristics of DMI mode
were investigated. Figure 2 demonstrated the effect of the
main-injection-2 ratio (Rn-2) on fuel-gas mixing time. As
expected, the increase of Ry, resulted in a shorter
injection duration for the engine cycle and an earlier end
of injection (EOI). The mean mixing time defined in this
paper could reflect the overall in-cylinder fuel-gas mixing
quality to some extent. With the increase of Ry, the
mean mixing time was prolonged, which meant that the
fuel-gas mixing quality might be better.

Figure 3 exhibited the effect of Ry, on in-cylinder
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Fig.3 Effect of Ry on (a) in-cylinder pressure, HRR, and
(b) combustion phase.

pressure, heat release rate (HRR), and combustion phase.
As R, increased from 0 to 42%, CA10 and CAS50
advanced and approached the top dead center (TDC),
making the peak pressure increase. The simultaneous
injection of the two injectors increased the in-cylinder
charge reactivity, resulting in an earlier ignition timing of
the fuel and more fuel burning near the TDC. Unlike
CA10 and CAS50, CA90 showed a tendency of delay. The
HRR in the late stage of diffusion combustion was
significantly reduced, which weakened the late oxidation
rate of the remaining fuel and delayed the end point of
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heat release (CA90). In addition, more spray droplets
attached to the piston and liner would delay CA90. The
combination of CA10 advance and CA90 delay prolon-
ged the combustion duration. Generally, the combustion
process of the GCI mode could be divided into the low
temperature reaction (LTR), the premixed combustion
phase, and the mixing controlled combustion phase [15].
Thereinto, the maximum heat release rate (HRRax) of
premixed combustion was related to the degree of fuel
premixing. Although the mean mixing time increased
with the increase of Ry, HRR,.x decreased first and
then increased. Considering the fact that the spray impin-
ging between the two main-injection might increase the
degree of in-cylinder fuel stratification, it was reasonable
that HRR.x decreased at first, indicating that the DMI
strategy could shape the heat release to the desired
pattern.

Figure 4 presented the effect of Ry, on regulated
emissions (CO, THC, and NO,) and combustion effici-
ency. As Ry, increased, the combustion phase approa-
ched the TDC, and a higher in-cylinder temperature and
pressure accelerated the oxidation of incomplete emiss-
ions. Therefore, the combustion efficiency was extremely
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Fig. 4 Effect of Ry, on regulated emission and combustion
efficiency.
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high with most cases above 99%. In particular, CO and
THC emissions were less than 1 g/lkWh and 0.4 g/kWh,
respectively, when Rp, was between 7% and 19%.
Compared with the previous results of port injection plus
main injection with similar operating conditions, CO and
THC emissions were reduced by about 90% and 80%,
respectively [18]. However, when Ry, ; increased to 42%,
a significant increase in CO and THC emissions
happened due to the more fuel trapped in the crevice
region, similar to the results obtained by increasing
injection pressure [30]. The advanced combustion
slightly increased NO, emissions due to the higher in-
cylinder temperature.

Figure 5 depicted the effect of Ry, on unregulated
emissions. According to the molecular structure, the
unregulated emissions measured by FTIR are classified
into saturated hydrocarbons, unsaturated hydrocarbons,
and aldehydes. Saturated hydrocarbons such as methane,
isopentane, and cyclohexane, and unsaturated hydrocar-
bons, such as ethylene and acetylene, are mainly derived
from the cracking of big molecular organics and are
consumed during the combustion process. When Ry,
was less than 19%, the change in the energy ratio
between the two main-injections had little effect on
saturated and unsaturated hydrocarbons. However, when
Ri.» was raised to higher ratios (such as 32% and 42%),
methane and unsaturated hydrocarbons significantly
increased, similar to the result of THC emissions.
Aldehydes (such as formaldehyde and acetaldehyde) are
intermediate products of low temperature combustion,
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and formaldehyde was usually regarded as the indicator
of LTR in engine optical diagnosis [31]. Aldehydes
mainly originated from the partial oxidation of unburned
hydrocarbons in the cylinder and exhaust gas, thus
aldehydes followed the same trend as THC emissions,
such as the pattern of aldehydes in Fig. 5. It was worth
noting that almost all unregulated emissions were close to
zero when R, was 7% and 19%.

Particulate matter emissions can be divided into two
types according to the particle size distributions. One is
nucleation mode particle (D, < 50 nm) while the other is
accumulation mode particle (50 nm < D, < 1000 nm).
Toxicological studies suggested that animals exposed to
ultrafine particles (below 100 nm) had a higher probabi-
lity of coronary artery lesions than exposed to large
particles, reducing ultrafine particles particularly impor-
tant [32]. Figure 6 manifested the effect of Ry, on parti-
cle size distribution, particle number (PN), and geometric
mean diameter (GMD). It was obviously observed that
when Ry, increased from 0 to 19%, the number of
nucleation mode particles decreased. Although the mean
mixing time increased with the increase of Rp,, more
spray droplets from main-injection-2 adhered to the top
of the piston and the cylinder liner due to the long spray
penetration [33], increasing accumulation mode particles.
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Fig. 6 Effect of Ry on (a) particle size distributions, (b) PN
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Tuner et al. [34] also reported increased particulate
emissions when using split injection for GCI test, and
they believed that the higher level of soot was a
consequence of too short a separation time for complete
needle closure.

Figure 7 showed the relationship between maximum
pressure rise rate (MPRR) and PN as well as indicated
specific fuel consumption (ISFC). The closer the combus-
tion phasing was to the TDC, the higher the MPRR and
the less total particulate matter. As shown in Fig. 7(a),
when Ry, was 7%, the DMI strategy had a comparable
total particulate matter with the SMI strategy, while the
DMI strategy resulted in a 1.4 bar/°CA reduction in
MPRR. However, it was an unacceptable situation that
the increase in mean mixing time led to an increase in
MPRR along with an increase in PN due to more fuel
adhering to the top of the piston and the cylinder liner.
This phenomenon can be improved in the future by
optimizing the position of injectors. In the lower MPRR
and ISFC regions of Fig. 7(b), the MPRR and ISFC of the
DMI strategy were lower than those of the SMI strategy
when Ry, was 7% and 19%. Although the injection
duration could be shortened by increasing the injection
pressure to improve the fuel-gas mixing, increasing the
injection pressure led to an over-mixing of the fuel,
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Fig.7 Correlations between (a) MPRR and PN, (b) MPRR
and ISFC.
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resulting in a higher MPRR [25,29]. The advantage of the
DMI strategy was that it regulated concentration
stratification and promoted fuel-gas mixing, thereby
moderating the trade-off between MPRR and ISFC.

3.2 Effect of EGR;, on combustion and emission
characteristics of DMI mode

For the typical GCI mode, the injection process and the
combustion process were separated by adding an
appropriate EGR to the cylinder to dilute the fuel-gas
mixture, which delayed the combustion phase and
reduced the MPRR [35]. In addition, EGR can reduce in-
cylinder temperature and oxygen content to reduce NO,
emissions. Therefore, it is necessary to investigate the
influence of the EGR rate on combustion and emissions
of the new injection strategy. In Section 3.1, the engine
performed well with a good fuel economy, a proper fuel
stratification, and low particulate emissions when Ry,
was 7%. In Section 3.2, EGRg;, varied from 0 to 55%,
the injection timing of the two injectors was —11 °CA
ATDC, R, was 7%, and IMEP was maintained at 10
bar. In addition, to reflect the effect of EGRgj, on the
DMI strategy, two operating conditions based on the SMI
strategy with an EGRgm of 45% and without EGRgim
were chosen for comparison.

Figure 8 plotted the effect of EGRgy, on in-cylinder
pressure and HRR. A higher EGRg;y, reduced the oxygen
content and the air-fuel mixture reactivity, thereby
delaying the phase of HRRp,x. The retardation of the
combustion phase increased the premixed combustion
ratio, which made the combustion more concentrated and
thus increased the HRRy,,x. There was no significant
difference in the effect of EGRgi, on in-cylinder pressure
and HRR of these two strategies.

Figure 9 displayed the effect of EGRgy, on ignition
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delay and combustion duration. The ignition delay and
combustion duration are respectively calculated by

Ignition Delay = CA10 - SOI, 4)
Combustion Duration = CA90 - CA10. (5)
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Fig. 8 Effect of EGR;y, on in-cylinder pressure and HRR of
(a) DML, (b) SMI strategies.
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With the increase in EGRgy, the ignition delay of the
low-octane gasoline was prolonged. The main reason for
this was that CO, reduced the fuel-gas mixture reactivity
in the cylinder, inducing a delay in the starting point of
heat release, which was of great significance for the
separation of injection and combustion of the new
injection strategy. However, the longer ignition delay
increased the premixed combustion ratio and made the
heat release more concentrated and the combustion
duration shortened. For the SMI strategy, the increase in
EGRim also shortened the combustion duration of the
fuel.

Figure 10(a) showed the effect of EGRgy, on CO and
THC emissions. The increase in EGRg;,, would decrease
the amount of oxygen and in-cylinder temperature,
inhibiting the oxidation of CO emissions. However, the
change in EGRg, had little effect on the in-cylinder
temperature at high loads. Therefore, it can be assumed
that the increase in CO emissions was mainly caused by
the reduction of oxygen content [36]. THC emissions
mainly originated from three sources: incomplete combu-
stion, unburned hydrocarbons in the boundary layer, and
the cylinder wall quenching effect [37]. The results in
Fig. 10(a) suggested that EGRiy, had little effect on THC
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Fig. 10 Effect of EGRgm on (a) CO, THC, and (b) particulate
matter emissions.

emissions of the DMI strategy. EGRg,, had a more
pronounced effect on CO and THC emissions of the SMI
strategy with a larger increment. In addition, the CO and
THC emissions were at low levels, which indicated that
the DMI strategy could obtain an ultrahigh combustion
efficiency even at large EGR rates.

Figure 10(b) showed the effect of EGRy, on particle
size distribution. At low-to-medium loads, the increase in
EGRgim would prolong the fuel-gas mixing time, which
reduced the local rich zone in the cylinder and thus
effectively reduced the particulate matter. At medium-to-
high loads, although EGR, would increase the fuel-gas
mixing time, the reduction of oxygen content would be
detrimental to the oxidation of particulate matter [17]. In
this experiment, the increase in EGRg, reduced the
nucleation mode particles while having a less pronounced
effect on accumulation mode particles. The results in
Fig. 11 indicated that EGRg;y, had less impact on unregu-
lated emissions, because most of the unregulated emis-
sions were no more than 5 x 107 except for isopentane.

Figure 12(a) showed the relationship between PN and
MPRR, in which, it could be observed that there was an
obvious trade-off between PN and MPRR. With the
increase in EGRg;jy, the total number of particles decrea-
sed and MPRR increased, also for the SMI strategy. In
Fig. 9, the SMI strategy without EGRg, and the DMI
strategy with an EGRgy, of 55% had the same injection
time with similar ignition delays. However, the DMI
strategy had a lower MPRR and PN even with an EGRgjy,
of 55%, which again demonstrated that the DMI strategy
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could regulate in-cylinder fuel stratification and promote
fuel-gas mixing. In addition, EGRg, had a more
significant effect on reducing the PN of the DMI strategy.

In Fig. 12(b), NO, emissions were reduced to about 6
g/kWh with an ITE of around 49% when EGRg;, was
55%. Compared to the SMI strategy with an EGRgy, of
45%, both the SMI strategy and the DMI strategy had
similar NO, emissions, but the DMI strategy had a higher
thermal efficiency and a lower PN. It can also be seen
from Fig. 12(b) that with the increase in EGRg;p,, both
NO, emissions and ITE decreased. EGRg;, would reduce
the oxygen concentration in the cylinder, which reduced
the contact between oxygen and fuel as well as nitrogen,
thus inhibiting the whole oxidation process in the
cylinder. Although the cold EGR had a high specific heat
capacity and could reduce the combustion temperature of
the cycle, the thermodynamic effect of the cold EGR had
little impact at high loads. This conclusion could be
drawn from the results of Zeraati-Rezaei et al. [26] using
the hot EGR to reduce NO, emissions, and they believed
that the dilution effect of EGR would be more pronoun-
ced. This experiment demonstrated that EGR could
reduce NO, and particulate matter emissions of G80, but
increase MPRR and decrease ITE. Therefore, a proper
EGR rate should be adopted considering the trade-off
between combustion and emissions.
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3.3 Comparison of combustion and emissions of DMI
mode and SMI mode at high loads

Based on Sections 3.1 and 3.2, it can be concluded that
reasonably adjusting the energy ratio between the two
main-injection could achieve an appropriate fuel
stratification and a better fuel-gas mixing. In Section 3,
experiments were conducted using the DMI strategy
under higher engine load conditions and compared to the
SMI and the CDC modes.

Figure 13 showed the in-cylinder pressure and HRR of
G80 based on the two injection strategies. With the
increase of engine load, the injection duration was
prolonged, the fuel-gas mixing time was shortened, the
main HRR,,x decreased, and the HRR profile showed a
clear bimodal exothermic shape. The HRR profile of the
SMI strategy was similar, which indicated that both
strategies showed a vast proportion of mixing controlled
combustion. If continuing increasing the engine load, the
combustion characteristic would be more similar to diesel
combustion.

Under higher load conditions, the DMI strategy still
reduced the peak heat release of premixed combustion
due to the fuel regulation effect. Different from the
single-injector multi-stage injection strategy, the LTR
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Fig. 13 In-cylinder pressure and HRR for (a) DMI; (b) SMI
strategies at high loads.



688

phenomenon did not occur for the two injection
strategies. The reason for this was that the injection
timing of the two strategies was close to the TDC when
the in-cylinder temperature had exceeded the suitable
temperature range for the cool flame reaction, which was
related to the LTR phenomenon [38].

Figure 14 compared the regulated emissions, including
CO, NO,, and THC emissions, for the two injection
strategies. In addition, the relevant emissions of the
prototype diesel combustion were also plotted for
comparison. At high loads, both CO and THC emissions
were low (below 1 g/kWh) due to the extremely high in-
cylinder temperature and pressure. The CO and THC
emissions of the DMI strategy were less or comparable
with those of the SMI strategy. As the load increased, the
DMI mode had lower CO and THC emissions than the
CDC mode. In addition, the DMI strategy would slightly
increase NO, emissions due to the higher in-cylinder
temperature, but this phenomenon weakened at a higher
load. The more concentrated combustion and the
combustion phase closer to the top dead center resulted in
a higher NO, emission in the GCI mode than in the CDC
mode. The high-load experiment was conducted on the
principle of thermal efficiency priority, and NO,
emissions did not drop below 5 g/kWh. Some studies
showed that the injection timing had a significant effect
on NO, emissions [3]. Further study can be conducted to
explore the influence of injection timing on combustion
and emissions of the DMI mode.

Figure 15 displayed the unregulated emissions of G80
of the two injection strategies. As the load increased,
most of the unregulated emissions decreased due to the
high degree of complete combustion, and some emissions
were even less than 1 x 1079, such as unsaturated hydrocar-
bons and methane. Among the saturated hydrocarbons,
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the amount of isopentane was significantly higher than
that of methane, and the relationship of isopentane
between the two strategies was the same as that of THC
emissions. The aldehydes of the DMI strategy were less
than those of the SMI strategy.

Figure 16 showed comparisons of PM and PN (a) ITE
and MPRR (b) of different modes at high loads. Of the
three modes, the DMI mode had the highest PN emission,
while the PM emission of the DMI mode was the lowest,
which indicated that the particulate matter in the DMI
mode was mainly in the nucleation mode. As the load
increased, the PM emission of the CDC mode increased
significantly while the increment of PM emission was
smaller in the GCI mode, which indirectly indicated the
potential of the GCI mode to improve PM emission at
high loads.

Wei et al. [39] indicated that the knock phenomenon of
the GCI mode was caused by the rapid combustion of the
mixture in multiple places with a large MPRR and
HRRyax. This paper set the stable value of MPRR of
DMI mode to 10 bar/°CA. At high loads, the MPRR of
all cases with the DMI strategy was smaller than that of
the SMI strategy, and the ITE of the DMI strategy was
improved. Specifically, when the IMEP was 15.5 bar
with a similar CA50 of the two strategies, the MPRR of
the DMI mode was reduced by about 1.5 bar/°CA, and
the ITE of the DMI mode was increased by about 0.7%.
Li et al. [22] also performed high load tests in the GCI
mode adopting the port injection in combination with the
direct injection strategy, with a load range from 12 bar to
13 bar. However, the ITE of this strategy was below 45%
at high loads. In this paper, all high-load cases with the
DMI strategy were in high efficiency regions with an ITE
greater than 48%. The MPRR of the CDC mode was
significantly lower than that of the GCI mode due to the
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large proportion of diffusion combustion. At high loads,
the GCI mode had a better fuel-gas mixing state than the
CDC mode. As a result, the ITE of the GCI mode was
significantly higher than that of the CDC mode. The
results of Mao et al. [40] showed that the low viscosity of
the fuel had an adverse effect on their injection pressure
and fuel economy at high loads. Significantly, the double
main-injection  strategy not only alleviated the
requirement of the GCI mode on the fuel injection
pressure but also achieved a higher thermal efficiency
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Fig. 16 Comparisons of (a) PM and PN; (b) ITE and MPRR
for different injection strategies at high loads.

with a lower MPRR, which was of great significance to
improving the problem of combustion deterioration at
high loads in the GCI mode.

4 Conclusions

In this paper, two direct injectors were used for the
simultaneously main-injection, called the double main-
injection (DMI) strategy, to improve the problems of high
maximum pressure rise rate (MPRR) and combustion
deterioration of the GCI mode at high loads. The effects
of the energy ratio of the main-injection-2 (Rp,) and
EGR on combustion and emissions were investigated.
The DMI strategy was used to conduct high-load
experiments and compared with the single main-injection
(SMI) strategy and conventional diesel combustion
(CDC). The main findings can be summarized as follows:

1) In the DMI mode, the simultaneous main-injection
of the two direct injectors can achieve a rapid fuel supply
and control of fuel stratification. When R, increases,
the mean mixing time increases, and MPRR and
indicated specific fuel consumption decreases first and
then increases. A large amount of main-injection-2 causes
the fuel to adhere to the piston top and cylinder liner,
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resulting in a deterioration of combustion and emissions.

2) EGR has a significant effect on the combustion and
emissions of the DMI mode. When the EGR rate
increases from 0 to 55%, NO, emissions are reduced by
about 6 g/kWh. EGR will delay the combustion phase
and thus reduce ITE. The increase in the EGR rate
decreases the particulate number while increasing the
MPRR. Therefore, a proper EGR rate should be adopted
considering combustion and emissions.

3) The DMI strategy achieves a highly efficient and
stable combustion of the GCI mode. At high loads, the
ITE is greater than 48%, the CO and THC emissions are
at low levels (below 1 x 1074), and the MPRR is within a
reasonable range. With the increase of engine load, the
diffusion combustion ratio increases, and the heat release
rate profile has a bimodal exothermic shape.

4) The DMI strategy can alleviate the requirement of
the GCI mode on injection pressure and improve the
problems of high MPRR and combustion deterioration.
Compared with the SMI strategy at high loads, the DMI
strategy exhibits a higher ITE and a lower MPRR. At
15.5 bar, the MPRR reduces by about 1.5 bar/°CA, and
the ITE increases by about 0.7%. The CO and THC
emissions of the DMI mode are less or comparable with
those of the SMI mode. The main drawback of the DMI
mode is that it slightly increases NO, emissions.

The DMI strategy can improve the fuel economy and
reduce MPRR at high loads, which is significant for the
GCI mode. However, this is only a preliminary attempt at
the two direct injectors of the engine in the GCI mode. In
the future, the effect of injection time can be investigated
to achieve clean combustion. Moreover, the CFD
simulation to optimize the injection position of the
injectors seems necessary.
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