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ABSTRACT

Gasoline compression ignition (GCI) has been considered as a promising combustion concept to yield ultra-
low NOX and soot emissions while maintaining high thermal efficiency. However, how to improve the low-load
performance becomes an urgent issue to be solved. In this paper, a GCI engine model was built to investigate the
effects of internal EGR (i-EGR) and pre-injection on in-cylinder temperature, spatial concentration of mixture
and OH radical, combustion and emission characteristics, and the control strategy for improving the combustion
performance was further explored. The results showed an obvious expansion of the zone with an equivalence ratio
between 0.8∼1.2 is realized by higher pre-injection ratios, and the s decreases with the increase of pre-injection
ratio, but increases with the increase of i-EGR ratio. The high overlap among the equivalent mixture zone, the high-
temperature zone, and the OH radical-rich zone can be achieved by higher i-EGR ratio coupled with higher pre-
injection ratio. By increasing the pre-injection ratio, the combustion efficiency increases first and then decreases,
also achieves the peak value with a pre-injection ratio of 60% and is unaffected by i-EGR. The emissions of CO,
HC, NOX, and soot can also be reduced to low levels by the combination of higher i-EGR ratios and a pre-injection
ratio of 60%.
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Nomenclature

AMR Adaptive mesh refinement
ATDC After top dead center
CA10 The crank angle degree at which 10% of total heat release has taken place
CFD Computational fluid dynamics
CI Compression ignition
CO Carbon monoxide
CO2 Carbon dioxide
EGR Exhaust gas recirculation
EVC Exhaust valve closing
EVO Exhaust valve opening
GCI Gasoline compression ignition
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H2 Hydrogen
HC Hydrocarbon
ICE Internal combustion engine
IC8H18 Iso-octane
i-EGR Internal exhaust gas recirculation
IVC Intake valve closing
IVO Intake valve opening
LHV Lower heating value
NC7H16 N-heptane
NOX Nitrogen oxide
NTC No. time counter
OH Hydroxyl
PRF Primary reference fuel
RNG Renormalized group
rpm Revolutions per minute
SI Spark ignition
TDC Top dead center

1 Introduction

Currently, faced with the increasingly severe energy and environmental issues, both developed and
developing countries have accelerated their efforts to better the industry and energy structures, so as to
reduce carbon dioxide (CO2) emissions significantly. The Chinese government has already committed
to peak CO2 emission before 2030 and achieve carbon neutrality before 2060. Thus, the carbon
reduction in the transportation sector, which is responsible for 20% of the total carbon emission, is
essential to the success of carbon peaking and carbon neutrality goals. Researchers have attempted
to develop vehicles with alternative powertrains, for example, hybrid electric vehicles (HEVs) [1,2],
battery electric vehicles (BEVs) [3–5], and fuel cell vehicles (FCVs) [6,7], in order to alleviate the
dependence on fossil fuels. But as the major power plant of transportation, internal combustion
engines (ICEs) are expected to deliver approximately 90% of the total energy even by 2040 [8], and
have a widespread application in the fields of micro power conversion, as well as high power output
such as the heavy-duty engines in power station [9].

Compression ignition (CI) engine has superior efficiency characteristics as compared to spark
ignition (SI) engine, in spite of this, the massive emissions of NOX and soot produced in diesel com-
bustion become a subject of social and academic concern [10]. In recent years, several researchers focus
on solving the issues from the perspectives of advanced combustion concept and biofuel [11–14]. In
an attempt to diminish engine-out pollution, Kalghatgi et al. [15,16] have proposed injecting gasoline
fuel directly into the cylinder by a common-rail system to achieve partially premixed combustion, also
referred to as gasoline compression ignition (GCI). GCI combustion allows the sufficient premixing
of gasoline and fresh air intake [17], coupled with the proper combustion phasing and heat release rate
via, for instance, multiple injections and moderate exhaust gas recirculation (EGR), resulting in ultra-
low NOX and soot emissions along with the comparable thermal efficiency to traditional CI engines
[15–23]. However, due to the high octane number, namely the low reactivity of gasoline, the GCI
operation under low loads is prone to experience problems in the ignition, combustion stability, and
incomplete combustion products, even misfire in some cases [18,19]. To address these issues, several
existing technologies have been applied, mainly including intake preheating, intake boosting, multi-
injection, and internal EGR (i-EGR).
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The increasing of intake temperature and pressure is considered to be the most direct technical
mean for improving the initial thermodynamics state of the in-cylinder charge and can accelerate the
flame propagation rate after ignition. In the last two decades, a series of experimental and modeling
studies have been performed to assess the auto-ignition characteristics of GCI combustion. According
to the experimental studies by Weall et al. [24] and Xiao et al. [25], once the intake temperature exceeds
a certain value, the low-load limits of stable combustion can be extended to 0.1 MPa BMEP and
0.1 MPa IMEP, respectively, and the more complete combustion and the higher thermal efficiency can
be obtained as well. Solaka et al. [26] demonstrated that, through increasing λ by means of extended
boosting with an EGR ratio fixed, the fuels with various octane values could be operated down to
0.2 MPa IMEP. The effects of intake preheating and boosting have been investigated by Jiang et al. [27]
on a modified single-cylinder engine. Except for the positive impact of the favorable intake conditions
on thermal efficiency and combustion stability, the increased intake temperature helps to reduce the
total particle number slightly. Nonetheless, the thermal lag and extra energy consumption greatly limit
the practical application of these two techniques.

Employing multiple injections usually improves the fuel-air mixing, and contributes to lower
the cyclic variations of GCI combustion within the controlled range. The sensitivity of combustion
stability has been studied by An et al. [28] on a fully transparent optical engine. The results showed
multi-injection strategy can be employed to reduce the minimum intake air temperature for stable
GCI operation from 70°C (single injection) to 50°C, and the more stable combustion is obtained
as the injection pressure is increased to 80 MPa. By means of electronically excited hydroxyl (OH)
imaging, Goyal et al. [29] demonstrated that, as compared to single injection, the process of flame
merging of double-injection based GCI combustion is more advanced, and the flame propagation
rate is also accelerated, both of which exhibit significant contribution to ignition kernel development.
Liu et al. [30] found in the experimental study that, the pilot gasoline fuel with low injection pressure
is more ignitable than that with high injection pressures. In a recent study by Wang et al. [31],
the pre-injection can effectively decrease the mixture inhomogeneity and increase the OH radical
concentration during the main combustion, which can promote the combustion reaction, thereby
reducing the possibility of combustion instability. In addition, the combustion temperature can be
increased to promote the oxidation of CO and HC.

I-EGR appears to be a promising approach easy to be realized for improving the ignition property
because the initial thermodynamic state of the in-cylinder mixture can be effectively controlled by
residual gas. Moreover, the oxidation reaction (without ignition) of gasoline with the increased temper-
ature produces highly reactive molecules, such as O, H, and OH, which act as catalysts for spontaneous
ignition. However, the excessive i-EGR cannot be allowed owing to its negative impact on oxygen
concentration. Zhang et al. [32] realized the exhaust valve reopening (2-EVO) by electro-hydraulic
variable valve system and came to a conclusion that the stable GCI combustion can be carried out
with 0.15 MPa IMEP, while a maximum indicated thermal efficiency over 40% has been achieved
using both intake boosting and flexible fuel injection strategy. Zhou et al. [33,34] demonstrated the
combination of i-EGR, fuel reforming, and intake preheating is an effective approach to improve
combustion stability and cold-start performance of GCI engines, while the heating effect of i-EGR
plays the dominant role during idling condition.

In summary, the conditions favorable for ignition, such as the mixture stratification and the
OH radical by multiple injections, as well as the better initial thermodynamic state and the fuel
reforming by i-EGR have been intensely researched. However, these factors are usually considered
separately, and much is still unknown about the detailed combustion behavior by the cooperative
control of pre-injection and i-EGR. In the CFD simulation has been conducted by Zhu et al. [35],
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the preferable combination of equivalent mixture and high temperature essentially plays a role in
improving combustion efficiency and thermal efficiency. Thus, it can be inferred the high contact
among the equivalent mixture zone, the high-temperature zone, and the OH radical-rich zone is
likely to be the subject of a more promising solution for stable combustion. Therefore, the objective
of the current investigation is first to define the mixture stratification quantitatively and clarify the
coupling influence of i-EGR and pre-injection on in-cylinder temperature, mixture, and OH radical
concentration spatially, as well as combustion and emission characteristics, further exploring the
control strategy for improving the performance of GCI combustion at low loads.

2 Numerical Approaches
2.1 Computational Grid and Models

Multidimensional CFD simulation was performed using CONVERGE 2.3 software to simulate
the low-load operation of GCI combustion, and the computational grid with intake and exhaust ports
at TDC is shown in Fig. 1. The basic mesh of the grid was 4.0 mm, and the region of the combustion
chamber was locally encrypted to 1.0 mm for detailed calculation by adaptive mesh refinement
(AMR), thus the grid number reached around 95000. Simulations with other grid resolutions have
been conducted to confirm that the results were adequately grid-independent [35]. The sub-models
used in the simulation are shown in Table 1.

Figure 1: Computational grid with intake and exhaust ports at TDC

Table 1: Computational model and mechanism

Turbulence model Renormalized group (RNG) k-ε model [36]
Turbulent diffusion model O’Rourke model [37]
Spray evaporation model Frossling model [38]
Droplet breakup model KH-RT model [39]
Droplet collision and coalescence model No. time counter (NTC) model [40]
Droplet drop/wall interaction model Rebound/slide model [41]
Combustion model SAGE detailed chemical kinetic model [42]
Chemical reaction mechanism PRF mechanism [43]
NOX mechanism Zeldovich NOX mechanism [44]
Soot mechanism Hiroyasu NSC soot generation and oxidation

mechanism [45]
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The engine and injector specifications are shown in Table 2, and the operation conditions are
shown in Table 3. The experimental data of in-cylinder pressure and heat release rate came from
the single-injection experiment (1500 rpm @ 0.5 MPa IMEP) on the modified single-cylinder CI
engine. The comparison of in-cylinder pressure and heat release rate profiles between experimental
and simulation results is shown in Fig. 2, which indicates the prediction of the simulation is within
acceptable limits.

Table 2: Engine and injector specifications

Parameter Value

Displacement [L] 1.08
Compression ratio 16:1
Bore [mm] 105
Stroke [mm] 125
Connecting rod length [mm] 210
IVO [°CA ATDC] −377
IVC [°CA ATDC] −133
EVO [°CA ATDC] 125
EVC [°CA ATDC] 197
Number of holes 8
Hole diameter [mm] 0.15
Cone angle [°] 150

Table 3: Engine operation conditions

Parameter Value

Speed [rpm] 1500
Intake pressure [MPa] 0.104
Intake temperature [K] 303
Fuel injection quantity [mg/cycle] 20
Injection pressure [MPa] 50
Pre-injection timing [°CA ATDC] −60
Main-injection timing [°CA ATDC] −15

2.2 Parameter Declaration
In this study, i-EGR was realized by the 2-EVO strategy while the intake valve timing was fixed

during the operation, as the lift curves of the intake and exhaust valves shown in Fig. 3. The definition
of i-EGR ratio is shown in Eq. (1).

REGR = mtot − mair

mtot

(1)
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where, mtot is the total mass of in-cylinder charge at the end of the intake stroke, mair is the mass of fresh
air intake. Under the 2-EVO strategy, as the opening degree of the back pressure valve is decreased,
more residual gas will be trapped in the cylinder, which results in the increase of the i-EGR ratio.

Figure 2: Model verification

Figure 3: Valve lift profiles

In order to analyze the mixture concentration distribution quantitatively, a weighted average of
the equivalence ratio of each mesh was carried out, and the average equivalence ratio φ was obtained
by Eq. (2).

φ =

n∑
i=1

φiVi

n∑
i=1

Vi

(2)
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where, φi and Vi are the equivalence ratio and the volume of each mesh, respectively. The standard
deviation of equivalence ratio distribution was defined in Eq. (3). As the mixture concentration
distribution in the cylinder is more uniform, the local equivalence ratio is closer to the mean value,
namely, the dispersion s is smaller.

s =
√√√√ 1

Vtot

n∑
i=1

(φi − φ)
2 Vi (3)

where, Vtot is the volume of the cylinder (m3).

Combustion efficiency was defined as the ratio of the actual heat released to the one by complete
combustion, as shown in Eq. (4).

ηcomb =
(

1 −
∑n

i=1 xiQLHVi

QLHVfuel

)
× 100% (4)

where, xi and QLHVi are the mass fractions and lower heating value of incomplete combustion products,
including CO, HC, and hydrogen (H2), QLHVfuel

is the lower heating value of the fuel. For this study,
QLHVHC has been treated equally to QLHVfuel

.

3 Results and Discussion
3.1 Mixing and Combustion Characteristics

The in-cylinder pressure and heat release rate profiles under various i-EGR ratios (20%, 30%,
40%, 50%, and 60%) and pre-injection ratios (0%, 20%, 40%, 60%, 80%, and 100%) are shown in
Fig. 4. It is clear that, as an i-EGR ratio of 20% is used, the heat release is relatively retarded while the
combustion process deteriorates with the increase of pre-injection ratio gradually, resulting in misfire
at last. This is because the thermodynamic state improvement of the in-cylinder charge caused by the
lower i-EGR ratio is insufficient for stable GCI combustion under the current condition, especially
for the globally over-uniform mixture by a higher pre-injection ratio. Thus the case with an i-EGR
ratio of 20% will not be discussed in the following sections. As the i-EGR ratio is raised to 30%, the
combustion process is slightly improved due to the better thermal atmosphere by more trapped hot
residual gas, but the overall trend with increasing pre-injection ratio is largely unchanged. As far as the
i-EGR ratio reaches 40%, the peak values of both in-cylinder pressure and heat release rate display a
definite trend of increasing first and then decreasing with the increase of the pre-injection ratio. When
the pre-injection ratio is 50%, the peak in-cylinder pressure arrives at the maximum value, while the
heat release process shows a similar trend with the last case, and the combustion duration is shortened
first and then increased. This phenomenon can be explained by the fact that, with the increase of
pre-injection ratio, the in-cylinder charge is more uniform that the flame development in the typical
multi-point ignition of GCI combustion [46] is significantly improved, thus the heat release process
tends to be more concentrated. However, the local mixture in the cylinder is too lean to maintain
stable flame propagation, resulting in incomplete combustion. Meanwhile, as the i-EGR ratio exceeds
50%, the in-cylinder temperature is increased evidently due to the sufficient hot residual gas by i-EGR,
which promotes the ignition and flame propagation in the lean mixture regions, thus the combustion
process is no longer deteriorated by high pre-injection ratios.
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Figure 4: In-cylinder pressure and heat release rate profiles with various i-EGR and pre-injection ratios

Fig. 5 shows the effects of i-EGR and pre-injection on the distribution and the s of equivalence
ratio at CA10 (the crank angle degree at which 10% of total heat release has taken place). As illustrated
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in the histogram, the volume ratios of mixture with equivalence ratio between 0.8 and 1.2 expand
obviously, and the s of equivalence ratio tends to decrease because of the more homogeneous charge
by injecting more fuel in the early stage of the compression stroke. With the increasing i-EGR ratio,
the regions of the extremely lean mixture (� = 0∼0.4) decrease gradually. This is mainly because the
oxygen concentration is reduced due to the dilution effect of i-EGR with the fuel injection quantity
fixed, also resulting in an overall increase of equivalence ratio in the cylinder. Moreover, the start of
combustion is advanced owing to the addition of i-EGR, and the ignition delay is reduced accordingly,
which leads to the enhanced degree of mixture stratification, represented as the s of equivalence ratio
under various i-EGR ratios.

Figure 5: Effects of i-EGR and pre-injection on distribution and s of equivalence ratio at CA10

Fig. 6 shows the plan view of the flow field in the cylinder under various i-EGR ratios without
pre-injection. As the increase of i-EGR by higher back pressure, the in-cylinder flow is greatly affected
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by exhaust valve rebreathing. Under the condition with an i-EGR ratio of 30%, the flow velocity in
the center of combustion is higher than that of other areas. It is worth noting that, an obvious flow
from the regions near intake valves to the areas close to exhaust valves begins to appear as i-EGR
ratio higher than 40%. Meanwhile, the flow velocity in surrounding areas is enhanced, but that in the
center of the combustion chamber is reduced obviously.

Velocity (m/s)

0.11 °CA ATDC -0.71 °CA ATDC -1.29 °CA ATDC -2.25 °CA ATDC

(a) i-EGR=30% (b) i-EGR=40% (c) i-EGR=50% (d) i-EGR=60%

6 . 5 0 0 E + 0 0 0

0 . 0 0 0 E + 0 0 0 1 . 3 0 0 E + 0 0 1 2 . 6 0 0 E + 0 0 1

1 . 9 5 0 E + 0 0 1

Figure 6: In-cylinder flow fields under various i-EGR ratios without pre-injection (bottom: intake
valves, top: exhaust valves)

Fig. 7 shows the distribution of mixture concentration represented by the equivalence ratio at
CA10 under various i-EGR ratios and pre-injection ratios. As a result of the in-cylinder flow from the
regions near intake valves to the areas close to exhaust valves as shown in Fig. 6, as well as the more
residual gas trapped by i-EGR, the mixture concentration in the region near exhaust valves increases
significantly. Under the circumstances without pre-injection, the fuel spray with long penetration is
directly injected into the wall of the combustion chamber and deposited at the bottom, where the
mixture concentration is extremely high. Similar to the results shown in Fig. 5, the increasing pre-
injection ratio yields greater uniformity of the in-cylinder mixture, thus the locally over-rich regions
near the wall disappear gradually and the equivalent mixture zone expands evidently. Under such
condition, the mixture is mainly concentrated in the center of the combustion chamber, but more
and more fuel enters into the squish area, which is likely to result in higher incomplete combustion
products.

Fig. 8 shows the distribution of in-cylinder temperature at CA10 under various i-EGR ratios and
pre-injection ratios. It is evident that, owing to the more uniform mixture by higher pre-injection ratio,
the distribution of in-cylinder temperature also becomes more homogeneous, and the locally high-
temperature regions decrease as well. However, as a result of the heating effect by residual gas, the high-
temperature zone near exhaust valves becomes larger by higher i-EGR ratios. Thus, through higher
i-EGR ratios coupled with higher pre-injection ratios, the high-temperature zone is highly overlapped
with the equivalent mixture zone.
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pre-injection

ratio

i-EGR=30% i-EGR=40% i-EGR=50% i-EGR=60%

Equivalence ratio

0%
0.11 °CA ATDC -0.71 °CA ATDC -1.29 °CA ATDC -2.25 °CA ATDC

20%
-0.71 °CA ATDC -0.78 °CA ATDC -2.06 °CA ATDC -3.14 °CA ATDC

40%
-1.31 °CA ATDC -0.88 °CA ATDC -2.36 °CA ATDC -3.22 °CA ATDC

60%
-1.09 °CA ATDC -1.19 °CA ATDC -2.60 °CA ATDC -3.41 °CA ATDC

80%
-1.15 °CA ATDC -1.25 °CA ATDC -2.44 °CA ATDC -3.51 °CA ATDC

100%
-1.21 °CA ATDC -1.11 °CA ATDC -2.03 °CA ATDC -2.29 °CA ATDC

Figure 7: Mixture concentration distribution at CA10 with various i-EGR and pre-injection ratios
(left: intake valves, right: exhaust valves)

pre-injection ratio

i-EGR=30% i-EGR=40% i-EGR=50% i-EGR=60%

In-cylinder temperature (K)

0%
0.11 °CA ATDC -0.71 °CA ATDC -1.29 °CA ATDC -2.25 °CA ATDC

20%
-0.71 °CA ATDC -0.78 °CA ATDC -2.06 °CA ATDC -3.14 °CA ATDC

40%
-1.31 °CA ATDC -0.88 °CA ATDC -2.36 °CA ATDC -3.22 °CA ATDC

60%
-1.09 °CA ATDC -1.19 °CA ATDC -2.60 °CA ATDC -3.41 °CA ATDC

80%
-1.15 °CA ATDC -1.25 °CA ATDC -2.44 °CA ATDC -3.51 °CA ATDC

100%

Figure 8: In-cylinder temperature distribution at CA10 with various i-EGR and pre-injection ratios
(left: intake valves, right: exhaust valves)

Fig. 9 shows the distribution of OH radicals at CA10 under various i-EGR ratios and pre-injection
ratios. As the main product of low-temperature reaction, the distribution of OH radicals has a certain
correlation with the mixture concentration, that is, the concentration of OH radicals in the regions
near exhaust valves is gradually increased with higher i-EGR ratio. Besides, the rapid consumption
of OH radicals has a significant impact on flame propagation. Thus, the variation of the OH radical
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distribution can also explain why the in-cylinder temperature is reduced as the i-EGR ratio raised
from 30% to 40% shown in Fig. 8. However, once the i-EGR ratio reaches 60%, the OH radical
concentration is much lowered, since the dilution effect by residual gas on oxygen concentration plays a
major role, which inhabits the low-temperature reaction of fuel from producing OH radical. Therefore,
based on the results shown in Figs. 7–9, as the combination of higher i-EGR ratio and higher pre-
injection ratio is used, there is a high contact among the equivalent mixture zone, the high-temperature
zone, and the OH radical-rich zone in the center of the combustion chamber near exhaust valves, which
will be beneficial for the subsequent combustion process.

pre-injection 
ratio

i-EGR =30% i-EGR =40% i-EGR =50% i-EGR =60%

OH radical concentration

0%
0.11 °CA ATDC -0.71 °CA ATDC -1.29 °CA ATDC -2.25 °CA ATDC

20%
-0.71 °CA ATDC -0.78 °CA ATDC -2.06 °CA ATDC -3.14 °CA ATDC

40%
-1.31 °CA ATDC -0.88 °CA ATDC -2.36 °CA ATDC -3.22 °CA ATDC

60%
-1.09 °CA ATDC -1.19 °CA ATDC -2.60 °CA ATDC -3.41 °CA ATDC

80%
-1.15 °CA ATDC -1.25 °CA ATDC -2.44 °CA ATDC -3.51 °CA ATDC

100%
-1.21 °CA ATDC -1.11 °CA ATDC -2.03 °CA ATDC -2.29 °CA ATDC

Figure 9: OH radical concentration distribution at CA10 with various i-EGR and pre-injection ratios
(left: intake valves, right: exhaust valves)

Fig. 10 shows the effects of i-EGR and pre-injection on combustion efficiency. With the i-EGR
ratios of 30%, 40%, 50%, and 60%, the combustion efficiency increases first and then decreases by
increasing the pre-injection ratio, and the peak combustion efficiency of more than 97% can be
obtained with the pre-injection ratio of 60%. When the i-EGR ratio is 30%, the improvement of
combustion efficiency by a higher pre-injection ratio is less obvious. As the i-EGR ratio is raised from
40% to 60%, a downward trend in combustion efficiency is observed. As shown in Fig. 7, the higher
pre-injection ratio makes more fuel enter the squish area of the combustion chamber when the lower
i-EGR ratios are used, leading to more incomplete combustion. However, due to the better thermal
atmosphere in the cylinder resulting from a higher i-EGR ratio, the effect of fuel trapped in the squish
area on the combustion process becomes less significant.
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Figure 10: Effects of i-EGR and pre-injection on combustion efficiency

3.2 Emission Characteristics
Figs. 11 and 12 show the effects of i-EGR and pre-injection on CO and HC emissions, respectively.

Within the i-EGR ratio range between 40% and 60%, the emissions of CO and HC show an overall
decline trend by increasing the pre-injection ratio but slightly increase with the pre-injection ratio of
100%. Moreover, they are almost lower than 10 and 0.2 g/kWh respectively when the pre-injection ratio
is between 40% and 80%. The observed reduction of CO and HC emissions is due to the fact that, by
injecting more fuel in the early stage, though more fuel enters into the squish area, the fuel near the
wall of the combustion chamber is reduced obviously, and the s of the in-cylinder charge decreases.
Moreover, the higher degree of overlap among the equivalent mixture zone, the high-temperature zone,
and the OH radical-rich zone is obtained by the increased pre-injection ratio, as shown in Figs. 7–9,
which improves the combustion performance. Once the pre-injection ratio reaches 40%, CO and HC
emissions remain essentially unchanged with various i-EGR ratios. However, as the i-EGR ratio of
30% is used, both the oxygen concentration and the wall temperature are lower, producing more CO
and unburned HC.

Figure 11: Effects of i-EGR and pre-injection on CO emission
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Figure 12: Effects of i-EGR and pre-injection on HC emission

Fig. 13 shows the effects of i-EGR and pre-injection on NOX emission. Under low load conditions,
the overall low NOX emission (below 1 g/kWh) can be achieved owing to the low combustion
temperature, and the influence of pre-injection ratio on NOX emission is not evident. Also, it is worth
noting that there is a wave crest for each i-EGR ratio when the pre-injection ratio is around 60%.
This is mainly because, the area of the high-temperature zone with the pre-injection ratio of 60% is
obviously larger than that in the other cases as shown in Fig. 8, which helps to generate more NOX.
As the i-EGR ratio is increased, the combination of dilution and specific heat effects of residual gas
leads to an obvious reduction of oxygen concentration and peak combustion temperature, which has a
higher impact on NOX generation than the heating effect of i-EGR, thus the NOX emission with lower
pre-injection ratios is reduced.

Figure 13: Effects of i-EGR and pre-injection on NOX emission

Fig. 14 shows the effects of i-EGR and pre-injection on soot emission. It is found that within the
i-EGR ratio range between 30% and 60%, soot emission shows a decreasing trend with a higher pre-
injection ratio, and can be reduced to below 0.1 g/kWh. This is mainly because soot is usually generated
in the locally rich region, such as the flame center, as well as the low-temperature regions near the wall,
while a large proportion of fuel is injected early into the cylinder, the sufficient premixing allows the



EE, 2023, vol.120, no.10 2247

mixture to be more homogenous and the locally fuel-rich regions are greatly reduced. However, due to
the higher oxygen concentration with the i-EGR ratio of 30%, it is likely to generate less soot emission
despite the lower combustion temperature because of the weakened condensation and polymerization
process of soot precursors. As the i-EGR ratio increases, the phenomenon disappears gradually due
to the weakened mixture stratification by a higher pre-injection ratio, and the equivalent mixture zone
is more overlapped with the high-temperature zone, as shown in Figs. 7 and 8, promoting the late
oxidation process of soot effectively.

Figure 14: Effects of i-EGR and pre-injection on soot emission

Based on the above analysis, as compared with the single-injection case (pre-injection ratio =
0%), the double-injection is well situated to lower the emissions. Besides, quasi-HCCI combustion
(pre-injection ratio = 100%) generates a little higher CO, HC, and soot emissions owing to the more
uniform charge, while the NOX emission is comparable to other conditions. Thus, it can be said that
the optimized emissions of main pollution can be achieved by higher i-EGR ratios coupled with the
pre-injection ratio of 60% under low-load conditions.

4 Conclusions

In the current research, numerical simulation has been conducted to investigate the effects of
i-EGR and pre-injection on the low-load operation of GCI combustion, and the dispersion of the
equivalent ratio has also been defined. The detailed conclusions are summarized as follows:

1. The combination of higher i-EGR ratio and higher pre-injection ratio is helpful for achieving
the high contact among the equivalent mixture zone, the high-temperature zone, and the OH radical-
rich zone in the cylinder. This allows for optimized combustion and emission performance, which may
be a key issue in improving the combustion stability of GCI combustion under low loads.

2. With the increase of pre-injection ratio, the area of equivalence ratio between 0.8∼1.2 expands
obviously, and the s of the in-cylinder charge tends to decrease. With the increase of i-EGR ratio, the
proportion of lean mixture decreases, and the mixture stratification is enhanced.

3. By increasing the pre-injection ratio, the combustion efficiency shows an overall trend of
increasing first and then decreasing, and a peak value higher than 97% is obtained with the pre-
injection ratio of 60% regardless of the i-EGR ratio.
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4. CO, HC, and soot emissions are reduced by higher pre-injection ratios but show a slight rise with
the pre-injection ratio of 100%, while i-EGR has little impact on them under the cases with the pre-
injection ratio higher than 40%. With the lower pre-injection ratios, NOX emission can be decreased
by higher i-EGR ratios, as well as is basically unaffected by i-EGR with the pre-injection ratio higher
than 80% and remains at low levels.
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6. İnci, M., Büyük, M., Demir, M. H., İlbey, G. (2021). A review and research on fuel cell electric vehicles:
Topologies, power electronic converters, energy management methods, technical challenges, marketing and
future aspects. Renewable and Sustainable Energy Reviews, 137(12), 110648.

7. Lü, X., Wu, Y., Lian, J., Zhang, Y., Chen, C. et al. (2020). Energy management of hybrid electric vehicles:
A review of energy optimization of fuel cell hybrid power system based on genetic algorithm. Energy
Conversion and Management, 205(22), 112474.

8. Kalghatgi, G., Levinsky, H., Colket, M. (2018). Future transportation fuels. Progress in Energy and
Combustion Science, 69, 103–105.

9. Araghi, Y., Kroesen, M., Wee, B. (2017). Identifying reasons for historic car ownership and use and policy
implications: An explorative latent class analysis. Transport Policy, 56(2), 12–18.

10. Dec, J. E. (2009). Advanced compression-ignition engines-understanding the in-cylinder processes. Proceed-
ings of the Combustion Institute, 32(2), 2727–2742.



EE, 2023, vol.120, no.10 2249

11. Ganesan, N., Le, T. H., Ekambaram, P., Balasubramanian, D., Le, V. V. et al. (2022). Experimental
assessment on performance and combustion behaviors of reactivity-controlled compression ignition engine
operated by n-pentanol and cottonseed biodiesel. Journal of Cleaner Production, 330, 129781.

12. Cao, D. N., Hoang, A. T., Luu, H. Q., Bui, V. G., Tran, T. T. H. (2020). Effects of injection pressure on the
NOx and PM emission control of diesel engine: A review under the aspect of PCCI combustion condition.
Energy Sources, Part A: Recovery, Utilization, and Environmental Effects, 15, 1–18.

13. Hoang, A. T., Tran, Q. V., Al-Tawaha, A. R. M. S., Pham, V. V., Nguyen, X. P. (2019). Comparative analysis
on performance and emission characteristics of an in-Vietnam popular 4-stroke motorcycle engine running
on biogasoline and mineral gasoline. Renewable Energy Focus, 28, 47–55.
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