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Abstract. The main goal of the present study was to explore the impacts of various fuel injection strategies in
a heavy-duty Direct Injection (DI) diesel engine operating under diesel-syngas combustion conditions computationally using CONVERGE Computational Fluid Dynamic (CFD) code. The SAGE combustion model
coupled with a chemical kinetic n-heptane/toluene/PAH (Poly-Aromatic Hydro-carbons) mechanism that consisted of 71 species and 360 reactions were used to simulate the diesel-syngas combustion process and the
formation and oxidation of emissions, e.g., Nitrogen Oxides (NOx), Particulate Matter (PM), Carbon Monoxide
(CO), and Unburnt Hydro-Carbons (UHC). The separate effects of main (8 to 18 Crank Angle (CA) Before Top
Dead Center (BTDC) with 2 CA steps) and post-injection (35 to 55 CA (After Top Dead Center) ATDC with
5 CA steps) timing of diesel fuel on the combustion characteristics and exhaust gas emissions were investigated
under diesel-syngas combustion conditions. The numerical achievements revealed that the substitution part of
the diesel with a CO–H2 gaseous mixture led to a considerably lower PM and UHC emissions in the exhaust
gases with a CO penalty rate. Maximum Combustion Temperature (MCT) and Heat Release Rate Peak Point
(HRRPP) were increased as Main-Injection Timing (MIT) was advanced. Also, advancing MIT led to a considerably higher level of NOx emissions but lower PM formation. Moreover, compared to baseline engine
operating conditions, post-injection of diesel at 35 CA ATDC reduced both PM and UHC emissions simultaneously by nearly 26.5 and 89%, respectively.
Keywords.
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1. Introduction
Compression ignition diesel engines are widely used for
road and stationary applications because of their several
advantages, such as lower fuel consumption, higher thermal
efﬁciency, and more durability compared to spark-ignition
and gas engines. However, given that the very diverse
applications of diesel engines have signiﬁcantly increased
environmental PM and NOx emissions, many researchers
have proposed various methods, including a change in
injection timing [1, 2], the application of split and multiple
fuel spraying [3, 4], and the use of additive and gaseous
fuels, e.g., hydrogen and methane into the combustion
chamber [5, 6], in order to lower exhaust gas emissions and
enhance performance.
According to the results reported by Zou et al [7], diesel
direct injection timing plays an important role in controlling combustion phasing and the amount of exhaust gas

*For correspondence

emissions, especially under low load engine operating
conditions. Guerry et al [8] experimentally studied the
inﬂuence of direct fuel injection timing in a dual-fuel Low
Temperature Combustion (LTC) diesel engine. They indicated that combustion phasing approached the Top Dead
Center (TDC) point and its duration became shorter by
spraying fuel at 60 crank angle before the top dead center.
Postponing diesel injection timing to the TDC point led to
higher CO and UHC emissions. However, diesel injection
at 50 CA BTDC decreased both CO and UHC emissions,
but further advancing of injection timing compared to
50 CA BTDC had an adverse impact and increased UHC
and CO formation. In other research, Yang et al [9]
numerically investigated the effects of direct fuel injection
timing in a dual-fuel gasoline-biodiesel Reactivity Controlled Compression Ignition (RCCI) engine. They reported
that advanced direct injection timing provided more controllability on combustion phasing and also, less NOx
emissions in the exhaust gases. However, their results
revealed that the PM level was increased as direct injection
timing was advanced.
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Post-injection of diesel fuel can simultaneously decrease
both PM and UHC emissions by increasing the exhaust gas
temperature and, consequently, re-oxidizing the unburnt
mixture remained from the main combustion event [10, 11].
Chen et al [12] examined the inﬂuence of post-injection
timing on combustion characteristics and the formation of
exhaust gas emissions. Their experimental results showed
that UHC emissions were considerably increased as a result
of late post-injection timing compared to early post-injection timings. In addition, they observed that early postinjection timings could increase exhaust gas temperature.
However, the NOx level was signiﬁcantly increased. In
their experimental research paper, Liu and Song [13]
explored the impacts of post-injection strategies on exhaust
gas emissions in a High-Speed Direct Injection (HSDI)
diesel engine. Their results indicated that retarding postinjection timing increased CO and UHC emissions, but the
NOx level was considerably decreased due to the expansion
movement of the combustion chamber and the low rate of
heat transfer. Also, early post-injection timing increased
temperature and local lean oxidation conditions and, as a
result, NOx emissions were increased.
Due to their low or no carbon content, gaseous fuels,
such as methane, hydrogen, and CO, lead to considerably
lower carbon-based emissions in the exhaust gas by
decreasing the overall equivalence ratio inside the combustion chamber [14]. Zhou et al [15] indicated that the
addition of H2 gas into the engine cylinders enhanced
combustion quality by increasing both maximum combustion pressure and temperature. Also, they reported that
PM emissions were signiﬁcantly decreased as a result of
the use of a high level of hydrogen gas. In other
experimental research, Hernandez et al [16] showed that
the addition of H2 into the combustion chamber
decreased both PM and UHC emission remarkably, but
due to a higher combustion temperature, the NOx level
was noticeably increased. On the contrary, the use of CO
as a gaseous fuel resulted in more carbon-based emissions, such as CO and UHC, but lower NOx emissions.
Based on the reviewed papers, it was observed that the
addition of gaseous fuels, such as hydrogen, into the
engine cylinder has been reported to increase NOx formation but decrease PM and CO emissions as a result of
higher combustion temperature. In contrast, the separate
use of CO gas has adverse effects, including more carbon-based emissions in exhaust gases. The post-injection
of diesel fuel can also decrease the NOx level since the
maximum combustion temperature can be decreased.
Therefore, this paper reports an investigation into the
simultaneous impacts of syngas addition (CO–H2 gaseous
mixture) and the timing of main-injection and post-injection of diesel fuel on the combustion characteristics
and emission formation in a heavy-duty direct injection
(DI) diesel engine.
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2. Model set-up
This numerical research was conducted using CONVERGE
CFD code, and its tools were applied for creating the
computational grid [17]. To reduce the total time of computations while keeping the accuracy, and due to symmetric
geometry of the combustion chamber and using a sevenhole injector at the center of the engine cylinder, all computations were conducted on a 51.42-degree segment.
Figure 1 shows the computational grid at the TDC point.
Some of the mesh grid speciﬁcations and initial boundary
conditions are also presented in Table 1. For the computational grid, the base grid size was set to 1.1 mm in all
three directions. For boundaries such as cylinder head,
piston, and spray cone area, four levels of ﬁxed embedding
were applied. Also, to resolve the temperature and velocity
in high turbulent regions like ﬂame regions during the
distribution throughout the combustion chamber, AMR
with a scale of 2 was used. Therefore, sub-grid criteria for
temperature and velocity were set at 5 K and 2 m/s,
respectively. Thus, the smallest grid size used in the calculations was 0.275 mm.
The SAGE model coupled with a detailed chemical
kinetic n-heptane/toluene/PAH mechanism which consists
of 71 species and 360 reactions [18, 19] was used to simulate the diesel-syngas combustion process and the formation and oxidation of emissions, such as NOx, PM, CO, and
UHC. In order to reduce the computational time of the
combustion process, a multi-zone chemistry model was
used coupled with the SAGE model as described in detail in
[20]. The chemical and physical properties of heptane in the
detailed chemical kinetic mechanism and Tetradecane
(C14H30), which is available in the software library, was
considered for diesel fuel in the simulations, respectively
[17]. To take the primary and secondary breakup of the
sprayed parcels into account, the Kelvin-Helmholtz (KH)
and Rayleigh-Taylor (RT) models were applied [21]. To
simulate the collision between parcels, the NTC (No Time
Counter) model was used [22]. Moreover, the Frossling

Figure 1. The computational grid at TDC point.
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Table 1. The computational grid speciﬁcations and initial
boundary conditions.
Computations time-step (s)
Number of cells at IVC event (–)
Number of cells at TDC (–)
Cylinder head temperature at IVC event (K)
Cylinder wall temperature at IVC event (K)
Piston bowl temperature at IVC event (K)

1e-8
285,650
65,300
500
400
525

correlation method of Amsden et al [23] was applied to
model the parcels evaporation process. Finally, the RNG
K-epsilon model was used to simulate the turbulent ﬂow
inside the cylinder [24].

3. Experimental set-up, model validation,
and methodology
The engine used in this computational study is a heavy-duty
DI diesel engine whose speciﬁcations are shown in Table 2
[25]. Also, the speciﬁcations of fuels used for the laboratory
engine are presented in Table 3.
In this numerical research, all outputs of the simulation
of the baseline engine’s operating conditions were compared to Chuahy and Kokjohn’s experimental study [25].
Table 4 describes the operating conditions of the engine
[25]. The comparison between the experimental and computational results of the diesel-syngas combustion is
depicted in ﬁgure 2. As can be seen in this ﬁgure, the heat
release rate (HRR) and in-cylinder mean pressure are
modeled with reasonable accuracy compared to the experimental results. As illustrated in ﬁgure 2, there are some
small differences between experimental and numerical
trends for the in-cylinder mean pressure and HRR in a
range from 10 CA BTDC to 10 CA ATDC that can be due
to the inaccurate amount of the reported operational
parameters, such as IMAT, DOI, and/or SOI.
Table 2. The engine speciﬁcations [25].
Engine name

Caterpillar 3401

Bore 9 stroke (mm)
Engine displacement (L)
Compression ratio (–)
IVC (CA BTDC)
EVO (CA ATDC)
Injector holder
Number of nozzle oriﬁces
Nozzle spray angle (degree)
Nozzle Oriﬁce diameter (mm)
Injection pressure (bar)
Nozzles discharge coefﬁcient (–)

137.2 9 165.1
2.44
16.1:1
143
130
Bosch CRIN-2
7
148
0.141
1000
0.69
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The experimental and numerical results for the formation
of exhaust gas emissions are compared in Table 5 [25]. As
shown in Table 5, there is a good agreement between the
computational and experimental results, so it can be concluded that the formation of exhaust emissions is simulated
with reasonable accuracy.
This numerical research is to investigate the effects of
fuel injection strategies in a heavy-duty single-cylinder
diesel engine. For this reason, the impacts of post-injection
timing (35 to 55 CA ATDC with 5 CA steps) and maininjection timing (8 to 18 CA BTDC with 2 CA steps) are
separately examined on combustion characteristics (incylinder mean temperature and HRR) and exhaust gas
emissions (NOx, PM, CO, and UHC) in the diesel-syngas
combustion mode.

4. Results and discussion
Figure 3 reports the impacts of post-injection timing on incylinder mean temperature and the rate of heat release. As
can be seen in ﬁgure 3, the use of post-injection resulted in
a lower Maximum Combustion Temperature (MCT) and
Heat Release Rate Peak Point (HRRPP). When a double
injection strategy is adopted, less fuel is sprayed at the main
injection event, and as a result, the temperature and HRR
for the main combustion event are decreased as compared
to the baseline operating case. Based on the results presented in ﬁgure 3, due to considerable low in-cylinder
pressure and temperature as a result of the expansion
movement of the combustion chamber, diesel injection
after TDC point during the third stroke caused weak air-fuel
mixing and oxidation process.
Figure 4 reports the effects of main fuel injection timing
on in-cylinder mean temperature and HRR. As can be seen
in this ﬁgure, by advancing main injection timing, MCT
and HRRPP are increased. Due to relatively lower incylinder pressure and temperature compared to late injection timings, spraying fuel at early ITs led to a more
extended ignition delay period and more fuel burns in the
premixed combustion mode. Thus, in-cylinder temperature,
pressure, and heat release are raised by higher rates, and as
a result, based on the results presented in ﬁgure 4, MCT
and HRRPP are signiﬁcantly increased. Also, due to higher
in-cylinder pressure and temperature near the TDC point,
late injection timing is accompanied by a shorter ignition
delay period, and also most of the sprayed fuel burns in
diffusive combustion mode. Thus, based on the results
reported in ﬁgure 4, postponing the main fuel injection
timing led to signiﬁcantly lower MCT and HRRPP.
Figure 5 displays the impacts of post-injection timing on
the formation of NOx and PM emissions. As is evident in
ﬁgure 5, retarding post-injection timing had a slight effect
on the formation of NOx emissions. This can be due to
lower in-cylinder temperature and pressure during
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Table 3. The speciﬁcations of the fuels [25].

Fuel
Chemical formula
H/C ratio
O/C ratio
Cetane number
Octane number
Density (g/L)
Lower heating value
(MJ/kg)

Chevron
diesel
CH1.825
1.825
0
53
–
830.9
43.193

Hydrogen

Table 5. The numerical and experimental engine-out emissions
[25].
Carbon
monoxide

H2
2
0
–
140
0.09
119.96

CO
0
1
–
106
1.14
10.11

Table 4. The baseline engine operating conditions [25].

Combustion mode
Intake air pressure (bar)
Intake air temperature (K)
EGR rate (%)
Engine speed (RPM)
Diesel injection timing (CA
BTDC)
Diesel injection duration (CA)
Total energy per cycle (J)
Diesel to syngas ratio (energy
fraction %)
H2/CO volumetric ratio of syngas
(%)

(2021) 46:6

Diesel-syngas combustion
(DSC)
1.72
350
0
1300
10
25.5
*5200
60/40
50/50

Figure 2. A comparison of the numerical and experimental heat
release rate and in-cylinder mean pressure trends for the dieselsyngas combustion conditions [25].

expansion stroke compared to the compression phase that
post-injection does not affect thermal NOx formation.
Thus, based on the results, the main injection timing during

Results (g/kg fuel)

NOx

PM

Diesel ? 40% syngas
Experimental
CFD simulation

43.1
40.38

0.0037
0.006

CO
–
24.61

UHC
–
1.91

compression stroke determines the total NOx emissions per
cycle. In addition, since the air-fuel ratio for main combustion event increases as the quantity of main injection is
decreased, the use of post-injection of diesel fuel did not
decrease the level of NOx compared to baseline operating
conditions. Also, retarding post-injection timing led to
more PM emissions which is related to a lower MCT,
temperature rise rate, and HRR during expansion stroke
that resulted in weaker air-fuel mixing and the oxidation
process. However, as indicated in ﬁgure 5, the amount of
PM is reported to be nearly zero, which can be due to the
substitution part of diesel fuel with the H2-CO gaseous
mixture, which signiﬁcantly improved the diesel oxidation
process inside the combustion chamber and shorter combustion duration that reduced the available time for more
PAH formation. It can, thus, be considered as one of the
advantages of syngas addition to engine cylinder and participation in the combustion process. Moreover, post-injection of diesel at 35 CA ATDC decreased PM level by
nearly 26.5% compared to baseline diesel-syngas combustion condition. However, retarding the post-injection timing
had adverse effects on PM formation.
Figure 6 shows the impacts of post-injection timing on
engine-out CO and UHC emissions. As can be seen in this
ﬁgure, the addition of syngas led to considerable CO
emission in the exhaust gases, which can be due to the
syngas mixture contents that consisted of CO. For this
reason, high CO emission at the exhaust gas is considered a
disadvantage of using the CO–H2 gaseous mixture for the
DI diesel engine. As illustrated in ﬁgure 6, postponing PIT
increased CO emission formation caused by lower incylinder pressure, temperature, and heat transfer during the
expansion stroke, which resulted in richer air-fuel mixture
formation, and consequently, weaker oxidation of post fuel
injection. Also, compared to the baseline diesel-syngas
combustion case, applying post fuel injection resulted in
much higher CO emission that can be due to less available
oxygen for the second fuel injection event.
As reported in ﬁgure 6, the use of post fuel injection
resulted in a signiﬁcantly lower UHC emission in the
exhaust gases compared to the baseline case. As was
already indicated, shorter main fuel injection duration,
which resulted in a shorter combustion period for the main
injection event and post-injection of fuel in high-temperature regions generated by the main fuel injection event,
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Figure 3. Effects of post-injection timing on (a) in-cylinder mean temperature and (b) HRR.

Figure 4. The effects of the main injection timing on (a) in-cylinder mean temperature and (b) HRR.

enhanced air-fuel mixture oxidation. As a result, UHC
emissions were considerably decreased. Thus, as can be
seen in ﬁgure 6, diesel post-injection at 35 CA ATDC
noticeably reduced the UHC level by 89%. However,
because of the lower MCT and HRRPP for post-injection
event by retarding its injection timing, UHC was signiﬁcantly increased by nearly 113% at 55 CA ATDC compared to the baseline operating conditions.
The results as to the effects of the main injection timing
on both NOx and PM emissions can be found in ﬁgure 7.
As illustrated in ﬁgure 7, advancing the main injection
timing led to considerably lower PM emissions but higher
engine-out NOx. By advancing main diesel injection timing, more evaporated fuel burns in premixed combustion

during a more extended ID period due to lower in-cylinder
pressure and temperature compared to late ITs. Thus,
because of higher pressure, temperature, and heat release
rise rates, an enhanced air-fuel oxidation process occurred
and resulted in less PM emission in the exhaust gases.
However, due to higher MCT and HRRPP (reported in
ﬁgures 4(a) and 4(b)), the NOx level was signiﬁcantly
increased.
Figure 8 reports the impacts of the main injection timing
on CO and UHC emissions. Accordingly, by advancing
MIT, CO emission was considerably decreased, but UHC
was increased. Based on the results in ﬁgure 4, advancing
the main injection timing resulted in higher combustion
temperature and heat release rate, which enhanced carbon
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Figure 5. The effects of post-injection timing on NOx and PM
emissions.
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Figure 8. The effects of the main injection timing on CO and
UHC emissions.

species oxidation inside the combustion chamber. However, due to the more distance between the nozzle-hole
location and top piston surface for early MITs, more fuel
parcels could enter the combustion chamber crevices or hit
and wet the cylinder walls. Thus, UHC was slightly
increased.

5. Conclusions

Figure 6. The effects of post-injection timing on CO and UHC
emissions.

Figure 7. The effects of main injection timing on NOx and PM
emissions.

In this research, the effects of the post-injection and main
injection timing were separately investigated on combustion characteristics and exhaust gas emissions formation in
a heavy-duty single-cylinder DI diesel engine operating
under diesel-syngas combustion mode. The results obtained
were as below:
• The substitution of 40% of diesel fuel with syngas
signiﬁcantly decreases PM and UHC emissions with a
CO penalty rate.
• Applying diesel post-injection leads to lower MCT and
HRRPP compared to the baseline single fuel injection
strategy. Varying the post-injection timing does not
affect the thermal NOx formation process, and early
diesel post-injection at 35 CA ATDC simultaneously
decreases both PM and UHC emissions by nearly
26.5% and 89%, respectively. However, retarding PIT
increases PM, CO, and UHC emissions, and late PIT at
55 CA ATDC considerably increases UHC level by
113%.
• Advancing the main-injection timing leads to a more
extended ID period and higher MCT and HRRPP since
more portion of air-fuel mixture burns in premixed
combustion. On the contrary, the main-injection of
diesel fuel at 8 CA BTDC causes lower MCT and
HRRPP as a result of shorter ID period, and
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consequently, more portions of mixture burns in
diffusive combustion mode compared to baseline
engine operating conditions. Regarding emission formation, advancing MIT decreases PM and CO emissions, but NOx and UHC decrease.
Based on the results, it can be seen that the simultaneous
addition of syngas and early post-injection of diesel fuel
can considerably decrease both PM and UHC emissions to
nearly zero without the NOx penalty rate compared to
baseline engine operating conditions. This achievement is
very satisfying since the heavy-duty engines that are used in
various applications such as power generation can operate
by this strategy without using expensive UHC and PM
after-treatment systems. However, the CO level is noticeably high, for which the authors intend to search for a
practical solution in order to decrease the CO level while
maintaining or reducing the other emissions in their future
studies.
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Abbreviations
ATDC
After top dead center
BTDC
Before top dead center
CA
Crank angle
CFD
Computational ﬂuid dynamic
CO
Carbon monoxide
DI
Direct injection
DOI
Duration of injection
DSC
Diesel-syngas combustion
EGR
Exhaust gas recirculation
EVO
Exhaust valve opening
HRR
Heat release rate
HRRPP Heat release rate peak point
ID
Ignition delay
IMAP
Intake manifold air pressure
IMAT
Intake manifold air temperature
IT
Injection timing
IVC
Intake valve close
LTC
Low temperature combustion
MCT
Maximum combustion temperature
MIT
Main-injection timing
NOx
Nitrogen oxides
PAH
Poly-aromatic hydrocarbon
PIP
Post-injection pressure
PIQ
Post-injection quantity
PIT
Post-injection timing
PM
Particulate matter
RCCI
Reactivity controlled compression ignition
RNG
Re-normalisation group
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RI
RPM
SOI
TDC
UHC

6

Ringing intensity
Revolution per minute
Start of injection
Top dead center
Unburnt hydro-carbon
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