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Abstract
Using natural gas (NG) as the primary fuel helps alleviate the fossil fuel crisis while reducing engine soot and nitrogen oxide (NOX) emissions. 
In this paper, the influences of a novel split injection concept on an NG high pressure direct injection (HPDI) engine are examined. Four typical 
split injection strategies, namely split pre-injection of pilot diesel (PD) and NG, split post-injection of PD and NG, split pre-injection of NG, 
and split post-injection of PD, were developed to investigate the influences on combustion and emissions. Results revealed that split pre-
injection of NG enhanced the atomization of PD, whereas the split post-injection of NG lowered the temperature in the core region of the PD 
spray, resulting in the deterioration of combustion. The effect of the split injection strategy on indicated thermal efficiency exceeded 7.5%. Split 
pre-injection was favorable to enhancing thermal efficiency, whereas split post-injection was not. Ignition delay, combustion duration, and 
premixed combustion time proportion were affected by injection strategies by 3.8%, 50%, and 19.7%, respectively. Split pre-injection increased 
CH4 emission in the exhaust. Split post-injection, especially split post-injection of PD and NG, reduced the unburned CH4 emission by 
approximately 30%. When the split post-injection ratio was less than 30%, the trade-off between NOX and soot was interrupted. The distribution 
range of hydroxyl radicals was expanded by pre-injection, and NOX was generated in the region where the NG jet hit the wall. This paper 
provides valuable insights into the optimization of HPDI injection parameters.
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1  Introduction

Diesel engines are vastly used in human activities and 
social production (Wei et al., 2015). Stricter regulations to 
limit pollutant emissions, the fossil fuel crisis, and the con‐
tinuous development of alternative fuels have all promoted 
the development of diesel engines in a more efficient, cleaner 
direction. Natural gas (NG), with satisfactory combustion 
performance, lower pollutant emissions, abundant reserves, 
and low prices, is considered one of the most attractive 

alternative fuels (Wei and Geng, 2016; Thangaraja and 
Kannan, 2016). Fuel port injection (FPI) premixed com‐
bustion and high-pressure direct-injection (HPDI) diffu‐
sion combustion are two ways in which NG is applied in 
engines (Wei and Geng, 2016; Lu et al., 2020). Lounici et al. 
(2014) and Gharehghani et al. (2015) performed related 
research on the combustion and emissions of engines in 
FPI mode at high, medium, and low loads. Their results 
revealed that using NG as the main fuel accomplished a 
synergistic decrease in fuel consumption, nitrogen oxide 
(NOX), and soot emissions but increased the emissions of 
unburned hydrocarbon and carbon monoxide (CO). Wang 
et al. (2016) investigated the influence of the injection 
timing of pilot diesel (PD) on the combustion mode of an 
NG engine in FPI mode. Unlike diesel combustion, advanc‐
ing PD injection timing leads to a two-stage auto ignition, 
and pre-injected PD can enhance pollutant emissions at 
low loads. Guerry et al. (2016) decreased NOX emissions 
by advancing the pre-injection timing of PD but at the expense 
of reduced combustion stability, increased knock tendency, 
and increased unburned hydrocarbon and CO emissions. 
The theoretical results obtained by Papagiannakis et al. 
(2007) using a two-zone phenomenological model disclosed 
that the appropriate PD injection mass and injection tim‐
ing are favorable to the enhancement of thermal efficiency 
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and the reduction of CO. Zoldak et al. (2014) performed a 
more in-depth and detailed investigation by KIVA to inves‐
tigate the combustion properties and pollutant production 
of NG engines in FPI mode. Dissimilarities in the mass of 
the pre-injection PD can influence the distribution of the 
combustible mixture, the route and phasing of combustion, 
and the creation of pollutants. Nithyanandan et al. (2017) 
used optical technology to examine the combustion of an 
NG engine working at FPI mode and found that pre-injec‐
tion PD is greatly beneficial in advancing main injection 
fuel flame propagation and decreasing soot emissions.

NG high-pressure direct injected diffusion combustion 
theory was first proposed by Professor Philip Hill (Lu et al., 
2020). In the HPDI mode, a small amount of PD is injected 
at the end of the compression stroke, and then NG is directly 
injected into the cylinder and ignited by PD (McTaggart-
Cowan et al., 2004; 2007). The HPDI mode not only com‐
pensates for the low intake efficiency of the FPI mode but 
also obtains outstanding emissions while guaranteeing fuel 
economy and efficient combustion, especially at medium 
and low loads (Mas, 2011; Kalam and Masjuki, 2011). 
Compared with FPI, the injection strategy of HPDI 
mode is more diverse and complex, entailing not only 
the corresponding injection rules of PD and NG but also 
their phase relationship.

To investigate the influence of fuel injection strategy, the 
research on the effect of fuel injection strategy on HPDI 
engines has been continuing. Li et al. (2015) thoroughly 
studied the performance and combustion properties of an 
NG engine in HPDI mode. Advancing the PD injection 
timing, reducing the PD injection pulse width, increasing 
the PD injection pressure, and shortening the injection 
interval between PD and NG can reduce fuel consumption. 
Zoldak et al. (2015) examined the influences of the PD 
and NG injection strategies on an NG-HPDI engine. They 
revealed that the multiple injections of PD and NG can 
remarkably enhance engine performance. Similar to the 
research conducted by Wang et al. (2016) on an NG engine 
with FPI mode, Zhang et al. (2015) performed a more tar‐
geted qualitative analysis of the fuel consumption rate, 
in-cylinder pressure (ICP), and NOX emissions on an NG 
engine with HPDI mode. They found that when the PD 
injection timing is advanced, the ICP and NOX emissions 
increase, but the fuel consumption rate decreases. Kheirkhah 
(2015) established a computational fluid dynamic (CFD) 
model of an NG engine functioning at HPDI mode based 
on the OpenFOAM program. The results revealed that the 
minor premixed combustion by postponing the injection 
timing of PD can suppress particulate matter production. 
Papagiannakis et al. (2017) integrated experiments and CFD 
to examine the effect of PD injection timing and NG sub‐
stitution ratio on the performance and emissions of a single-
cylinder NG engine in HPDI mode under different loads. 
The maximum ICP and CO emissions are positively corre‐

lated with the NG substitution ratio and inversely propor‐
tional to NOX and soot emissions. Increasing the injection 
advance angle of PD can enhance CO and soot emissions. 
Liu et al. (2019) performed a correlation analysis of injec‐
tion strategies on a marine two-stroke NG engine working 
in HPDI mode. Modifying the PD and NG injection tim‐
ings together is termed absolute injection timing, and chang‐
ing one of them individually is called relative injection tim‐
ing. They found that the influence of absolute injection 
timing on combustion characteristics and emissions is sim‐
ilar to that of diesel engines, whereas the influence of rela‐
tive injection timing is extremely difficult. Lu et al. (2022) 
conducted a simulation study of the effect of injection 
overlap between PD and NG on NOX and soot emissions 
of an NG engine in HPDI mode. When the injection overlap 
is fixed at a 2° crank angle (CA), soot and NOX emissions 
can be optimized by retaining the start of injection (SOI) 
of NG and postponing the end of injection (EOI) of PD.

According to the above literature review, many studies 
have investigated the influences of individual injection 
parameters on combustion and emissions in HPDI mode, 
but the effects of multiple injections and their mechanism 
have rarely been discussed. Whether multiple injections in 
HPDI mode achieve the same large benefits for in-cylinder 
combustion and emissions as in FPI mode (Nithyanandan 
et al., 2017) remains unknown and needs to be discovered. 
Moreover, ambiguities remain in understanding the inter‐
action mechanisms between PD and NG, especially under 
different in-cylinder thermodynamic states. In addition, stud‐
ies on the connection between the evolution of key combus‐
tion intermediates, the in-cylinder combustion, and the gen‐
eration of major pollutants are few. In this paper, multiple 
injection strategies of PD and NG are introduced. Single 
injections of PD and NG are split into multiple injections, 
which are termed split injections. The influences of simul‐
taneous or separate split injection of PD and NG on com‐
bustion and emissions generation are analyzed to obtain 
insights into the intricate interaction between PD and NG. 
The kinetic mechanism of the chemical reactions is cou‐
pled with CFD to provide a more profound understanding. 
Moreover, the distribution and evolution of the key com‐
bustion intermediates are examined to discover the connec‐
tion between the key intermediates, in-cylinder combus‐
tion, and emission generation. This approach facilitates an 
in-depth analysis and sheds light on the roles of PD and 
NG in pre- and post-injection scenarios. The research results 
offer an important reference for the optimization of HPDI 
injection parameters.

2  Model validation

2.1  Inflow jet boundary verification

For the NG engine working at HPDI mode, a large 
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amount of NG was injected into the cylinder in a short 
duration, and the jet and entrainment characteristics of NG 
greatly affect the creation of the combustible mixture 
(Lu et al., 2022; Rahimi et al., 2010). Thus, the accurate 
description of the NG jet is a crucial part of the study of 
NG engines in HPDI mode using CFD. In CONVERGE, an 
“Inflow” boundary was applied on a 0.3 mm diameter circle 
to simulate high-pressure CH4 nozzles. CH4 with a pres‐
sure of 4 MPa and temperature of 300 K was injected into 
a 100 mm×100 mm cylindrical container, and the initial tem‐
perature and pressure in the container were 1 MPa and 300 K, 
respectively. In the solution, the basic grid size was 2 mm, 
four-level adaptive mesh refinement was performed accord‐
ing to the CH4 concentration gradient, and two-level fixed 
embedding was applied in the CH4 jet direction. The appli‐
cability and reliability of the “Inflow” boundary of CH4 jets 
were verified by schlieren of 0.4, 1.2, and 2.8 ms after SOI 
(Wang et al., 2012). Figure 1 shows the comparison results 
of the experiment and the simulation. The setting of the 
boundary can capture the spray shape and the development 
changes of the CH4 jet.

2.2  Engine model validation

The CFD model was established and verified based on 
the engine parameters and experimental data published 
by Kheirkhah (2015). The engine parameters are briefly 
described in Table 1, and the geometric model when the 
piston is at the top dead center (TDC) is shown in Figure 2. 
The solution of turbulent motion is the key to determining 
the accuracy of CFD calculation. The RNG k − ɛ model is 
more appropriate for solving the turbulent motion in the 
cylinder compared with the standard k − ɛ model (Lu et al., 
2022). N-heptane was used as a substitute for the physical 
and chemical properties of PD (Wang et al., 2012). The 
physical and chemical properties of NG were character‐
ized by 96% CH4, 2% CO2, and 2% N2 (Kheirkhah, 2015). 
The KH-RT model was used to describe the spray, collision, 
and breakup of PD (Beale and Reitz, 1999). The jet flow 

and diffusion of NG were recreated using the previously 
verified “Inflow” boundary. The SAGE detailed chemical 
kinetic model was used to solve the chemical reaction of 
the combustion (Li et al., 2021; 2019), and the solution 
was coupled with the combustion mechanism developed 
by Rahimi et al. (2010). The combustion mechanism con‐
tained 76 species and 464 reactions, which can accurately 
solve the NG–PD combustion. The Zeldovich mechanism 
and Hiroyasu soot model were used to forecast the NOX 
and soot emissions (Nagle and Strickland-Constable, 1962; 
Hiroyasu and Kadota, 1976). The basic grid size of 2 mm 
was used in the solution. Two-level adaptive mesh refine‐
ment was used for in-cylinder temperature (ICT), ICP, and 
velocity gradient. Moreover, two-level fixed embedding 
was applied in the injection direction of PD and NG, the 
upper surface of the piston, and the lower surface of the 
cylinder. The initial temperature conditions were 553 K for 
the lower surface of the cylinder head, 523 K for the top sur‐
face of the piston, and 433 K for the cylinder wall tempera‐
ture. The details of the intake air composition and initial 
conditions for different exhaust gas recirculation (EGR) 
rates are listed in Table 2.

Figure 1　Comparison of CH4 spray morphology and development: 
experiment schlieren (left) and simulation (right)

Table 1　Basic parameter of the engine

Parameters

Bore (mm)

Stroke (mm)

Compression ratio

Displacement (L)

Engine speed (r/min)

PD injection mass (mg)

SOIPD (°CA)

NG injection mass (mg)

SOING (°CA)

Value

137

169

17∶1

2.5

1 500

11

−17

173.7

−8

Table 2　 Initial conditions and intake composition for different 
EGR rates

Parameter

Pressure (bar)

Temperature (K)

O2 (%)

N2 (%)

CO2 (%)

H2O (%)

0% EGR

3.82

431

0.233

0.767

0

0

18% EGR

4.48

441

0.205

0.76

0.019 4

0.015 6

24% EGR

4.5

428

0.198 3

0.758 3

0.024

0.019 4

Figure 2　Geometric model of the engine with piston at TDC
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The effectiveness of the model was verified by ICP and 
HRR at 1 500 r/min, 75% load, and 18% EGR, as well as 
soot and NOX emissions at 0%, 18%, and 24% EGR. The 
coincidence of ICP is encouraging, and the phase of HRR 
exhibits satisfactory consistency, as shown in Figure 3. 
Figure 4 compares the experimental and simulated NOX 
and soot emissions under diverse EGR rates. The NOX and 
soot emissions predicted by the model agree with the experi‐
mental values, and the error under all operating conditions 
is within 5%. The error of HRR is primarily due to the use 
of n-heptane instead of PD. In addition, the difficulty of 
decoupling the interaction between PD and NG is the main 
influence leading to the difference (Kheirkhah, 2015). Gen‐
erally, the engine model can be used to forecast and assess 
the in-cylinder combustion and emissions with confidence.

3  Split injection strategy setting and case 
selection

3.1  Split injection strategy setting

In this paper, a novel split injection strategy is devel‐
oped to investigate the interaction mechanism of PD and 
NG in combustion. Four modes, namely, split pre-injection 
of PD and NG mode (PREPDNG), split post-injection of PD 
and NG mode (POSTPDNG), split pre-injection of NG mode 
(PRENG), and split post-injection of PD mode (POSTPD), 
are included in the split injection strategy. For PREPDNG and 
POSTPDNG, the original single injections of PD and NG are 
divided into two injections. The split pre-injections of 
PD and NG are organized before the main injections for 
PREPDNG, and the split post-injections of PD and NG are 
placed after the main injections for POSTPDNG. The split 
pre-/post-injection ratios of PD are the same as those of 
NG for PREPDNG and POSTPDNG. For example, when 50% of 
PD is used for split pre-injection in PREPDNG, the proportion 
of split pre-injection NG is also 50%. The injection inter‐
val between the pre-/post-injection of PD and NG is fixed 
at 9°CA. For PRENG, only the original single injection of 
NG is divided into two injections, and the added one is 
placed before the main injections of PD and NG. For 
POSTPD, only the original single injection of PD is divided 
into two injections, and the added one is arranged after 
the main injections of PD and NG. The span between the 
EOING of the split pre-injection and the SOIPD of the main 
injection or the span between the EOING of the main injection 
and the SOIPD of the split post-injection is defined as the 
injection interval. The injection intervals of 5°CA, 10°CA, 
and 15°CA and the split pre-/post-injection ratios of 50%, 
30%, and 10% are set for all four modes to explore the 
effects. The injection durations of PD and NG of all four 
modes are adjusted closely with the change in injection ratio 
to ensure consistent injection characteristics. A schematic 
of the four modes of the split injection strategy is shown in 
Figure 5. The engine operation condition in all cases is 
maintained at 75% load, 18% EGR rate, and 1 500 r/min.

3.2  Case selection

The NOX and soot emissions of all the research cases 
are shown in Figures 6−9. Figure 6 and Figure 7 present 
that the split pre-injection strategy has a favorable influ‐
ence on decreasing soot emissions but a negative effect on 
NOX emissions. As the pre-injection ratio increases, soot 
drops substantially, whereas NOX increases sharply. The 
variance in soot emissions between PRENG and PREPDNG is 
slight, whereas that in NOX emissions is evident. The split 
pre-injection of PD greatly facilitates the production of NOX 
emissions compared with PRENG primarily because the split 
pre-injected PD advances the combustion. Overall, under 
different split pre-injection ratios, with the increase of the 

Figure 3　Verification of ICP and HRR at 75% load and 18% EGR

Figure 4　Verification of NOX and soot emissions under different 
EGR rates
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injection interval, the NOX and soot emissions in PRENG 
and PREPDNG modes exhibit diverse variation patterns. This 
result is primarily associated with the phasing of combus‐
tion and the ratio of premixed to diffusion combustion.

Figure 8 and Figure 9 illustrate the NOX and soot emis‐
sions for the split post-injection modes. With the addition 

Figure 5　Schematic of injection strategy

Figure 7　NOX and soot emissions of PRENG

Figure 6　NOX and soot emissions of PREPDNG
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of split post-injections, NOX and soot emissions demonstrate 
a completely different trend from that of the split pre-injec‐
tions. Both split post-injection modes can substantially 
lessen NOX emissions, and the reduction of NOX emissions 
increases with the increase of the split post-injection ratio. 
By contrast, soot emissions display different trends in diverse 
split post-injection modes. In PREPDNG mode, the soot emis‐
sions of different injection intervals exhibit a trend of first 
decreasing and then increasing with the increase of the split 
post-injection ratio compared with the experimental single 
injection. In PRENG mode, the soot emissions of different 
injection intervals decrease monotonically with the increase 
of the split post-injection ratio and are always lower than 
those of the experimental single injection. It is worth not‐
ing that although the POSTPDNG mode maintains the trade-
off between NOX and soot emissions, NOX and soot emis‐
sions are immensely improved compared with the experi‐
ment when the split post-injection ratio is less than 30%. 
In the two split post-injection modes of POSTPDNG and 
POSTPD, the effect of the injection interval on the emis‐
sions becomes more apparent with the increase in the post-
injection ratio.

The split injection technique has a crucial influence on 
the NOX and soot emissions of the NG-HPDI engine. To 
reveal the roles of PD and NG in the split injection strategy 
and the interaction mechanism between them, a representa‐
tive case is chosen from each of the four split injection 

modes in this paper. Through comparative analysis of these 
cases, the combustion and emission generation processes 
and important intermediate products are examined and 
studied. The four cases are listed in Table 3. These cases 
are chosen based on the lowest NOX or soot emissions in 
each split injection mode.

4  Results and discussion

4.1  Combustion analysis

The combustion of the NG engine in HPDI mode is 
characterized by not only premixed combustion and diffu‐
sion combustion but also particularity (Li et al., 2015; 
Li et al., 2019; Li et al., 2020; Zheng et al., 2015; Zhang et al., 
2022; Macian et al., 2014). According to the working prin‐
ciple, its combustion can be separated into three stages: 

Table 3　Setting of typical cases

Name

Case 1

Case 2

Case 3

Case 4

Exp

Strategy

PREPDNG

PRENG

POSTPDNG

POSTPD

Experiment

Ratio (%)

50

50

50

50

‒

Interval (°CA)

15

15

15

15

‒

Figure 9　NOX and soot emissions of POSTPD

Figure 8　NOX and soot emissions of POSTPDNG
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ID of PD, premixed combustion of PD and NG, and diffu‐
sion combustion of NG. CA10, CA50, and CA90 are the 
CAs corresponding to 10%, 50%, and 90% of cumulative 
heat release, respectively. The span between the main injec‐
tion SOIPD (−17°CA) and CA10 is defined as ID, and the 
CD is defined as the interval between CA10 and CA90.

The examination of ICT, ICP, and HRR is crucial to inves‐
tigating the in-cylinder combustion, and the effects of diverse 
split injection techniques on these parameters are presented 
in Figure 10. All the split injection strategies display an 
apparent HRR peak just before TDC. This first HRR peak 
is formed by the low-temperature oxidation of PD at about 
900 K. During this low-temperature oxidation, numerous 
reactive species are produced and play a decisive role in the 
subsequent combustion and pollutant generation (Li et al., 
2020; Zheng et al., 2015; Zhang et al., 2022; Macian et al., 
2014). Figure 10 shows that the split pre-injection does not 
speed up the low-temperature oxidation but instead lowers 
the ICT owing to the advance entry of a large amount of 
fuel. In Case 2, a large amount of NG is pre-injected, 
which increases the level of in-cylinder turbulent movement 
and accelerates the formation of the combustible mixture; 
thus, its ID is shorter, as shown in Figure 11. Case 1 displays 
a minor increase in ID compared with Case 2 because the 
heat absorbed by the PD breakup and evaporation further 
decreases the ICT. For the split post-injection, the two cases 
exhibit evident two-stage heat release properties. The 
advantage of the two-stage heat release is that the decrease 
of the heat release in the first stage reduces the combustion 
temperature, which can hinder the formation of pollutants, 
and the increased heat release in the second stage can facil‐
itate the oxidation of pollutants. Compared with Case 3, 
Case 4 maintains an ICP close to that of Exp, which means 
Case 4 not only achieves a substantial decrease in pollut‐
ant emissions, as shown in Figure 9, but also maintains the 
working ability.

The combustion phase can more intuitively reflect the 
influence of the split injection strategy on the combustion. 
The detailed combustion phasing under diverse strategies 
is determined, as shown in Figure 11. Constrained by the 
thermodynamic state in the cylinder, the split pre-injected 
PD cannot form a self-ignition flame to ignite the NG 
(Li et al., 2020; Zheng et al., 2015; Zhang et al., 2022; 
Huang et al., 2019). Thus, the variation in ID under diverse 
split injection strategies is within 4° CA. These unburned 
split pre-injected fuels have enough time to form a quasi-
homogeneous mixture and then are ignited by the main 
injection PD and burned rapidly in a premixed combustion 
manner. The entire combustion is advanced under the 
split pre-injection strategies (Case 1 and Case 2), CA50 
and CA90 are advanced, and the CD is shortened. The 
reduction of PD injection under the split post-injection 
strategy prolongs the ID. For Case 4, CA10 is delayed, and 
the ID is extended by 2.5° CA compared with Exp. This 

condition grants time for the NG to mix, leading to improved 
premixed combustion, which is primarily why CA50 and 
CD of Case 4 are still comparable with Exp. However, for 
Case 3, although the effect of PD reduction on ID is simi‐
lar to that of Case 4, the split post-injection of the main 
fuel NG prolongs the entire combustion, leading to a delayed 
combustion and a substantial increase in the CD. The 
delayed combustion considerably reduces the ICT of Case 3 
in the middle and late stages of combustion. The indicated 
thermal efficiency under different injection strategies and 
experimental conditions is presented in Figure 11. The 
influence of injection strategies on indicated thermal effi‐
ciency exceeds 7.5%. Split pre-injection contributes positively 
to the enhancement of thermal efficiency, whereas split post-
injection causes a decrease in thermal efficiency. Split pre-
injection without PD inclusion further enhances thermal 
efficiency, whereas sequential post-injection without NG 
inclusion helps prevent the decline of thermal efficiency.

Figure 10　Different ICTs, HRRs, and ICPs in a typical case
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Elevated temperature is the key to the formation of OH 
in the region with a suitable equivalence ratio (ER), so the 
appearance of OH indicates the occurrence of high-temper‐
ature premixed combustion (Musculus et al., 2013). In this 
paper, the position corresponding to the maximum value of 
OH (MOH) is the demarcation between premixed combus‐
tion and diffusion combustion, and the difference between 
MOH and CA10 is the premixed combustion time. The pro‐
portion of premixed combustion time (PPCT) in CD is listed 
in Table 4. The split pre-injection strategies can increase 
the PPCT and then increase the ICT and HRR, as shown in 
Figure 10, which is similar to the combustion model of FPI. 
The split post-injection of Case 4 slightly increases the 
PPCT, whereas that of Case 3 has almost no effect on the 
PPCT. This outcome demonstrates that the effect of split 
injection on PPCT is connected with the specific strategy. 
PPCT is inversely proportional to the CD, which means the 
increase in PPCT increases the speed of combustion. The 
combustible mixture formed within ID becomes more uni‐
form due to the longer of ID. Although Case 4 and Case 3 

have longer IDs, PPCT has a greater variance. This result 
reveals that the split post-injection of PD or PD and NG 
results in an entirely dissimilar combustion, and the influ‐
ence of split post-injection of NG on the combustion is 
larger. For engines with NG as the main fuel, the mixing 
state of NG influences the ignition position, ignition tim‐
ing, and combustion (Zheng et al., 2015; Zhang et al., 
2022; Bruneaux, 2008; Mangno et al., 2015).

4.2  Emission analysis

The process of PD igniting NG not only results in modi‐

Table 4　Proportion of premixed combustion

Name

Exp

Case 1

Case 2

Case 3

Case 4

MOH (°CA)

4.1

7.6

6.1

5.4

8.5

CA10 (°CA)

1.3

1.9

0

2.2

3.8

CD (°CA)

40.2

20.3

21.2

50.3

35.5

PPCT (%)

6.96

28.07

28.7

6.36

13.24

Figure 11　Combustion phase and thermal efficiency of different injection strategies
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fications in combustion mode and flame propagation but 
also influences combustion efficiency and pollutant forma‐
tion. The change in split injection strategy directly influ‐
ences the ignition timing, ignition location, and ER distri‐
bution near the ignition location (Wang et al., 2016; Guerry 
et al., 2016; Sankesh and Lappas, 2020; Sankesh et al., 
2018). Examining and discussing the changing trends of 
some key reacting species during the combustion facilitates 
a more detailed and in-depth understanding of combustion 
and pollutant formation. Table 5 lists the starting point of 
PD consumption (CPD) is always ahead of the starting point 
of CH2O generation and O2 consumption (GCH

2
O and CO

2
), 

which is not related to the split injection strategy. The split 
pre-injection of PD (Case 1) makes GCH

2
O advance, but 

combustion does not begin earlier due to low ICT, as shown 
in Figure 11. The starting point of OH generation (GOH) is 
earlier than the starting point of NG consumption (CNG), 
showing that the elevated local temperature generated by PD 
combustion causes the generation of OH and then ignites 
NG. These primary combustion products are entirely pro‐
duced by PD combustion, and the ignition timing of NG is 
decided by the concentration of these active free radicals 
and the local temperature in the cylinder. Table 5 shows 
that the starting points of soot and NOX generation (Gsoot 
and GNO

X
) are ahead of CNG and are correlated with CO

2
 but 

less related to the split injection strategy.

As the primary component of NG, the greenhouse gas 
effect of CH4 is over 25 times that of carbon dioxide (Wei 
et al., 2016). Therefore, the content of CH4 in exhaust gases 
is an important indicator of pollutant emissions in NG-HPDI 
engines. Figure 12 illustrates the mass fraction of CH4 when 
the exhaust valve is open, representing the CH4 emission. 
The split pre-injection strategy causes an increase in the 
CH4 emission, revealing an increased amount of unburned 
CH4. This outcome is ascribed to the early injection of NG 
diffusing into the cylinder gap, and the lower temperature 
near the cylinder wall hinders the flame propagation and 
causes CH4 to escape, as shown in Figure 14 and Figure 15. 
Split post-injection, especially when combining the split 
post-injection of PD and NG, can lessen unburned CH4 
emission by about 30%. During split post-injection, the 

higher ICT enables the fuel to burn rapidly, preventing NG 
from diffusing into the clearance area. Thus, the CH4 emis‐
sion level in Case 3 is lower, and the split post-injection 
without NG keeps a level similar to that in the experiment.

4.2.1 Emission analysis of split pre-injection (Case 1 and 

Case 2)

Figure 13 presents the mass change rates of some key 
reacting species during the combustion of Exp, Case 1, 
and Case 2. The mass change rate curves of NG and PD can 
evidently present the trend of fuel injection and consump‐
tion. The value of the mass change rate of O2 is used as the 
criterion for determining whether the oxidation reaction 
occurs and the intensity of the combustion. CH2O is used 
to describe the presence of diesel low-temperature decom‐
position and soot precursors in this region.

CH2O generation is in accordance with PD consump‐
tion, and soot generation begins as CH2O is consumed. The 

Table 5　Crank angles for key species generation or consumption

Name

Exp

Case 1

Case 2

Case 3

Case 4

CPD

(°CA)

−14.9

−23.8

−14.9

−15.4

−15.4

GCH2O 

(°CA)

−14.9

−23.1

−14.8

−15.3

−15.3

CO2
(°CA)

−14.1

−14.4

−14.0

−15.1

−15.0

GOH 

(°CA)

−11.5

−11.8

−11.3

−12.2

−12.2

Gsoot

(°CA)

−11.6

−11.8

−11.5

−12.4

−12.3

GNOX
(°CA)

−10.3

−10.8

−10.5

−11.3

−11.4

CNG

(°CA)

−3.3

−5.1

−5.2

−5.2

−3.2

Figure 13　Mass change rate of species (split pre-injection)

Figure 12　Mass fraction of CH4 in exhaust gas
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variance in the mass change rate of CH2O is the most direct 
manifestation of the influence of split pre-injection PD on 
combustion. CH2O is one of the main intermediate species 
created during the low-temperature oxidation of alkane 
fuel (Bruneaux, 2008; Magno et al., 2015) and can be used 
as a tracer to suggest the low-temperature oxidation region 
in the reaction zone (Kosaka et al., 2005). Temperature is a 
crucial factor in the formation of CH2O from alkanes in 
the low-temperature oxidation reaction. Previous studies 
revealed that 620 K is the lowest temperature observed for 
CH2O (Bruneaux, 2008; Kosaka et al., 2005; Magno et al., 
2015). Although split pre-injection PD causes GCH

2
O to 

advance, it is constrained by the temperature of the low-
temperature oxidation (742 K at −23.8°CA). The ICT and 
ER distributions and the mass fractions of soot and CH2O 
at −9°CA are shown in Figure 14. The interaction between 
NG and PD is exceptionally strong, and its effects are closely 
related to the injection technique. The split pre-injected NG 
rapidly diffuses into the low-temperature cylinder gap area. 
ER represents the distribution of the combustible mixture 
formed by PD and NG in the cylinder. Owing to the split 
injection, the interaction between PD and NG is strength‐
ened, and the PD atomization influence is remarkably 
enhanced. In Case 1 (PREPDNG), PD and NG are split pre-in‐
jected, and the excellent atomization and mixing influence 
decreases the rate of soot generation, as shown in Figure 13. 
In Case 2 and Exp, soot precursors (characterized by CH2O) 
are created in the oil-rich region of the PD spray core, and 
then soot is formed in the high-ICT and ER regions down‐
stream of the spray. Owing to the split pre-injection of 
PD in Case 1, the distribution of CH2O in the cylinder is 
wider, and the area of the high ICT area is smaller. Thus, a 
small amount of soot is produced in this area. During soot 
formation, soot precursors are formed in the leading portion 
of the spray flame after spray ignition. The soot precursors 
at the periphery of the spray flame are first transformed 
into soot particles. Young soot particles formed in the cen‐
tral fuel-rich region surrounded by OH regions develop by 

surface growth and condense during convection to the 
spray head. At the spray tip, soot particles are pushed to 
the periphery of the spray through the vortex motion of the 
head. Finally, the soot particles are transported to the 
upstream side of the head vortex and are re-entrained in 
the lean mixture area of the flame, where the OH concen‐
tration is higher, and the soot particles are quickly oxi‐
dized. The increased rate of OH generation, as shown in 
Figure 13, and the wider distribution of OH, as shown in 
Figure 15, contribute to the higher soot oxidation rate at 
split pre-injection mode, which is also indicated in the rate 
of soot mass change in Figure 13.

The in-cylinder state at the maximum mass change rate 
of split pre-injection strategy NOX (10° CA) is shown in 
Figure 15. In the Exp, NG is concentrated in the cylinder 
along the jet direction, and a high-temperature flame front 
is created at the edge of the jet. On this flame front, OH is 
distributed in a “banded” shape, forming a “wrapping” influ‐
ence on the spray. NOX is produced in the internal region 
bounded by the flame front and the “banded” OH distribu‐
tion. The split pre-injection causes the mixture distribution 
to be wider and more uniform in the cylinder, which is 
favorable to greater PPCT, as shown in Table 4 and the 
combustion temperature. The increase of the high-tempera‐
ture zone with suitable ER (approximately 0.8) facilitates 
the intensive generation of OH. Regardless of the strategy, 
NOX is extremely consistent with high ICT distribution 
ranges. The difference is that the NOX of Exp is primarily 
centered in the periphery of the flame, while the split pre-
injection strategy also produces more NOX in the area where 
the jet hits the wall.

4.2.2 Emission analysis of split post-injection (Case 3 and 
Case 4)

Compared with split pre-injection, split post-injection has 
a more complex influence on combustion. The mass change 
rates of some key reacting species during the combustion of 
the split post-injection are presented in Figure 16. Figure 17 
presents the distribution of some in-cylinder combustion-

Figure 14　Distribution of ER, ICT, and mass fraction of soot and CH2O at −9°CA
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related parameters under the split post-injection strategies 
at 20°CA and 33°CA. The effect of the injection strategy 
on combustion is disclosed by comparing Figure 13 and 
Figure 16. The variation trends of OH and NG under the 
split post-injection strategy agree with the conclusions 
acquired under the split pre-injection strategy. The distribu‐
tion of OH and NOX is intensely connected with the high-
temperature combustion of NG but has slightly correlated 
with the injection strategy. The difference in O2 consump‐
tion rate between split pre-injection and split post-injection 
is primarily affected by the combustion rate, which has a 
corresponding relationship with PPCT. The larger the PPCT, 
the faster the combustion rate and the larger the peak value 
of the O2 mass change rate. The PPCT of Case 4 is between 
Exp and split pre-injection. The HRR of Case 4 is close to 
split pre-injection, but its ICT and ICP agree with Exp. 
This result means Case 4 attains higher HRR while main‐
taining combustion temperature. The variance in PPCT 
results in a 44.3% and 60.7% reduction in the maximum 
mass change rates of OH and NOX, respectively, in split 
post-injection compared with split pre-injection.

Figure 17 presents that the soot-generated region coin‐
cides with the PD diffusion region. The split pre-injection 
and split post-injection reveal that PD is the source of soot 
formed by NG engines in HPDI mode, which agrees with 
the results achieved by extensive previous studies (Zhang 
et al., 2015; Papagiannakis et al., 2017; Sankesh and Lap‐
pas, 2020). The difference is that the variance in ICT distri‐
bution leads to changes in soot generation, and the entrain‐
ment outcome of the NG jet causes the soot generation to 
form pit areas. A low-temperature, oxygen (O2)-depleted 
region is created by the split post-injection of a large amount 
of NG, which generates a large amount of soot in this area. 
Moreover, the “banded” distribution of OH lessens its effect 
on soot oxidation, leading to a 22.6% rise in the soot mass 
change rate compared with split pre-injection. Case 4 
has almost no effect on the later combustion, as shown in 

Figure 11. By contrast, due to the reduction of the main 
injected PD, the ID becomes longer; thus, Case 4 has a 
larger PPCT than Case 3 and Exp, as shown in Table 4. The 
high ICT caused by this prevents the split post-injected PD 
from undergoing low-temperature oxidation to produce 
CH2O, as shown in Figure 17(b). Figure 14, Figure 15, and 
Figure 17 reveal that the injection timing of NG causes a 
great discrepancy in the distributions of ER and ICT. The 
absence of the effect of split post-injected NG is the key to 
the low soot emission of Case 4. Case 3 cannot decrease 
NOX and soot emissions simultaneously as Case 4 because 
of the large amount of split post-injected NG. The split 
post-injection NG technique is not a satisfactory option for 
enhancing in-cylinder combustion and decreasing emission 
generation.

Figure 15　Distribution of ER, ICT, and mass fraction of NOX and OH at 10°CA

Figure 16　Mass change rate of species (split post-injection)
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5  Conclusions

The influences of diverse split injection techniques on the 
combustion performance and emission properties of an NG 
engine working at HPDI mode are discussed in this paper. 
The results are examined in detail, and the major conclud‐
ing remarks are summarized below.

1) The split pre- and post-injection of PD have a limited 
influence on the HRR curve, whereas the combined split 
post-injection of PD and NG causes evident two-stage heat 
release. The split pre-injection of NG increases the com‐
bustion speed and improves the indicated thermal efficiency. 
The effect of different split injection strategies on thermal 
efficiency exceeds 7.5%.

2) The combustion duration (CD) is shortened, and the 
PPCT is increased by the split pre-injection. The CD and 
combustion mode are not influenced by the presence or 
absence of PD in the split pre-injection. The influences of 
split post-injection NG on CD and PPCT exceed 30% and 
6%, respectively. The ignition delay fluctuates by 3.8%, the 
CD varies by over 50%, and the PPCT changes by 19.7% 
under diverse split injection strategies.

3) The split pre-injection of NG remarkably enhances 
the atomization efficiency of PD but causes a large amount 
of CH4 to escape. The split post-injection of NG enters the 
core area of the PD spray, which decreases the ICT and 
worsens the combustion.

4) PD is the main source of soot in NG engines in HPDI 
mode. The mass change rate of soot with the split post-
injection strategy is around 21.6% more than that with the 
split pre-injection strategy, whereas the mass change rate 

of CH2O is 12.1% lower. When the post-split-injection ratio 
is below 30%, the NOX–soot trade-off is broken.

Figure 17　Distribution of soot, CH2O, NOX, OH, ER, and ICT

Nomenclature

CA

CA10

CA50

CA90

CD

CFD

CH4

CH2O

CO

CPD

CO2

CNG

EGR

EOI

ER

FPI

GCH2O

GOH

Gsoot

GNOX

Crank angle

CA corresponding to 10% cumulative heat release

CA corresponding to 50% cumulative heat release

CA corresponding to 90% cumulative heat release

Combustion duration

Computational fluid dynamics

Methane

Formaldehyde

Carbon Monoxide

Starting point of PD consumption

Starting point of O2 consumption

Starting point of NG consumption

Exhaust gas recirculation

End of injection

Equivalence ratio

Fuel port injection

Starting point of CH2O generation

Starting point of OH generation

Starting point of soot generation

Starting point of NOX generation
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