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Abstract: High-pressure direct-injection (HPDI) natural gas marine engines are widely used because
of their higher thermal efficiency and lower emissions. The effects of different injection rate shapes on
the combustion and emission characteristics were studied to explore the appropriate gas injection rate
shapes for a low-speed HPDI natural gas marine engine. A single-cylinder model was established
and the CFD model was validated against experimental data from the literature; then, the combustion
and emission characteristics of five different injection rate shapes were analyzed. The results showed
that the peak values of in-cylinder pressure and heat release rate profiles of the triangle shape were
highest due to the highest maximum injection rate, which occurred in a phase close to the top
dead center. The shorter combustion duration of the triangle shape led to higher indicated mean
effective pressure (IMEP) and NOx emissions compared with other shapes. The higher initial injection
rates of the rectangle and slope shapes had a negative effect on the ignition delay periods of pilot
fuel, which resulted in lower in-cylinder temperature and NOx emissions. However, due to the
lower in-cylinder temperature, the engine power output was also lower. Otherwise, soot, unburned
hydrocarbon (UHC), and CO emissions and indicated specific fuel consumption (ISFC) increased for
both rectangle and slope shapes. The trapezoid and wedge shapes achieved a good balance between
fuel consumption and emissions.

Keywords: low-speed engine; natural gas; high-pressure direct injection (HPDI); injection rate
shape; CFD

1. Introduction

In recent years, oil shortages and environmental pollution have generated interest in reducing
emissions from marine engines and clean, new alternative energies. The combustion of heavy oil
produces CO, emissions, which is directly associated with combustion efficiency. Further, the reduction
of emissions is also associated with combustion efficiency and fuel consumption. The common
emissions of marine engines are CO,, hydrocarbon (HC), CO, sulfur, NOx, and soot. CO; is a
greenhouse gas and is directly associated with engine fuel consumption, while the other emissions are
harmful to the environment. Increasingly restrictive regulations have limited the emissions of marine
engines [1]. Sulfur emissions have been controlled by the International Maritime Organization (IMO)
since 2005 and are therefore no longer an issue for marine engines when low-sulfur fuel is used [2].
However, the NOx-soot trade-off makes it difficult to simultaneously reduce NOx and soot emissions
in conventional diesel engines fueled with heavy oil [3]. Since it is very difficult to simultaneously
make NOx and soot emissions meet emission regulations by only improving the combustion process,
other abatement technology must be applied.
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To reduce NOx emissions, technical solutions such as selective catalytic reduction (SCR), dual-fuel
(DF)/gas engines, exhaust gas recirculation (EGR), and so forth have been applied [4]. These technologies
have their advantages and disadvantages. Considering the current main study and application state,
SCR, EGR, and dual-fuel engines are appropriate technologies to be used in the near future [5-8]. The
employment of an SCR system can satisfy regulations for NOx emissions. However, the high cost of
the SCR system is an issue that needs to be addressed and operational problems of the SCR system
arise when the exhaust temperature is low [9,10]. NOx emissions can be reduced below regulation
limits when high an EGR rate is applied [11,12], but soot emissions increase rapidly and the thermal
efficiency decreases sharply. Therefore, the application of EGR cannot be used as a separate technical
solution to reduce emissions. As a gas engine operating with a low carbon/hydrogen ratio, a natural gas
engine is also a technical solution due to the cleaner combustion characteristics and plentiful reserves
of natural gas. In addition, the high-octane value and antiknock properties permit a high compress
ratio, therefore achieving high thermal efficiency [13,14]. Moreover and more importantly, nowadays,
natural gas can be produced from various biomass feedstocks [15,16], thus increasing its eco-friendly
merits, with this gas called bio-methane, bio-compressed natural gas (CNG), or “green gas”. Previous
studies showed that natural gas engines could reduce NOx emissions by approximately 50-80% while
producing almost zero soot emissions [17]. CO, emissions are also relatively low compared with
traditional gasoline or diesel engines due to the lower carbon/hydrogen ratio of natural gas. Therefore,
natural gas engines have the potential to be widely applied all over the world in future.

With the development of natural gas engines, their utilization has also been extended to heavy-duty
and marine engines, where good power performance is in great demand [18-22]. Nowadays, there are
primarily three kinds of operating modes for natural gas engines. The first mode is a pure natural gas
engine, and the natural gas is ignited by a spark plug. In the second mode, the engine operates with
premixed natural gas and direct-injection pilot diesel, where the natural gas is introduced into intake
air during the intake stroke (low-pressure dual-fuel engines). In this type of engine, a homogenous
natural gas/air mixture is compressed rapidly below its autoignition condition and it is ignited by
the injection of an amount of pilot diesel near top dead center. The engine load is only controlled
by changing the amount of natural gas. At a medium or high load, the emissions of low-pressure
dual-fuel engines are relatively low. However, at a light load, unburned HC (UHC) emissions sharply
increase. In addition, due to the limitation of engine knocking, the engine power and efficiency are also
challenges of low-pressure dual-fuel engines. In the third mode, natural gas and pilot diesel are both
directly injected into the cylinder near top dead center, and these are generally called high-pressure
direct-injection (HPDI) dual-fuel engines. In this type of engine, pilot diesel is injected into the cylinder
prior to high-pressure natural gas [14]. When the natural gas is injected into the cylinder, the diesel is
spontaneously ignited. The natural gas is entrained into the pilot flame and ignited. Due to the slower
flame propagation speed of natural gas, pure natural gas engines are suitable for small-scale engines,
while dual-fuel engines are usually used for heavy duty and marine engines [2]. Recently, the natural
gas dual-fuel marine engine has been widely studied [23-28], and typical studies have been done by
engine companies such as MAN B&W and Wartsild. The advantage of HPDI natural gas engines is the
higher thermal efficiency and engine power due to their mixed controlled combustion rate as well as
antiknock characteristics. However, the challenge is the higher NOx and soot emissions compared
with low-pressure dual-fuel engines.

With the application of a high-pressure common-rail (HPCR) fuel injection system, the injection
strategies of a diesel engine can be flexibly improved. The HPCR fuel injection system allows the
adjustment of injection pressure, fuel injection amount, injection timing, and injection pulse number in
each cycle [29-31]. Therefore, optimized injection strategies can improve in-cylinder combustion for
high thermal efficiencies and low emissions. It can also provide different injection rate shapes, which
represent a potential technique to reduce engine emissions. Injection rate shape variations induce
different degrees of fuel-air mixing and then further affect the subsequent combustion and emission
performance of engines [29,32-38], which has been studied by many researchers worldwide. The initial
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injection rate is quite important for ignition delay, whereas some physical and chemical preparation
processes occur before combustion, such as atomization, evaporation, diffusion, and mixing with air
during the ignition delay period. Therefore, the ignition delay directly affects the level and phase of
premixed combustion and determines the peak of cylinder pressure, the peak of pressure rise rate,
and the combustion noise [29,34]. A higher injection rate of diesel results in a shorter ignition delay.
When the injection rate shape is varied, the injection duration and the total injected mass usually
remains constant, whereas the maximum injection pressure and the duration of the maximum injection
pressure are varied. A higher maximum injection pressure results in a better fuel-air mixture. Thus,
the subsequent combustion process is improved; however, NOx emissions increase due to the higher
combustion temperature [32,33,35-37]. The duration of maximum injection pressure is also important
for fuel-air mixing, and an increase in the duration of maximum injection pressure leads to more fuel
within the flammable range. Therefore, the combustion process is enhanced [38]. Desantes et al. [39,40]
demonstrated that a boot shape injection rate length increase reduces NOx emissions but increases
soot emissions and fuel consumption. Shuai et al. [38] used a CFD model to study the effect of seven
different injection rate shapes on low-temperature combustion. The results showed that the injection
rate shape is less important for initial injection than late injection. The rectangle shape and boot shape
can reduce the emissions of soot, CO, and HC. Luckhchoura [41] studied the effects of different injection
rate shapes on combustion and emission performance on a diesel engine. The results showed that the
boot and hat shapes have the potential to reduce combustion noise, soot, and CO emissions.

There have been many investigations of the effect of injection strategies (including injection rate
and injection rate shape) on combustion and emission characteristics of diesel engines [29,32—41], and
the gas jet characteristics are different from those of diesel spray. The shapes of the injection rate in
HPDI natural gas marine engines are more complicated. Both the pilot diesel and natural gas are
directly injected into the cylinder near top dead center, and the in-cylinder turbulence is different from
traditional diesel engines. The large spatial scale and long time scale may also affect the fuel-air mixing
process and combustion process. Therefore, the effects of injection rate and injection rate shape may be
different than traditional diesel engine. Furthermore, the effects of injection rate shapes on combustion
and emission characteristics of HPDI natural gas marine engines have been seldom reported. Therefore,
in the current study, an HPDI natural gas marine engine was simulated to analyze the effects of injection
rate shape on the combustion and emissions characteristics, which has significance for controlling the
gas injection rate.

2. Numerical Simulation Model

2.1. Test Engine

Computational investigations were conducted on the MAN Diesel & Turbo 4T50ME-GI research
engine, which is a four-cylinder, low-speed, two-stroke, uniflow-scavenged marine engine, with an
electronically controlled exhaust valve and a fuel injection system modified from the 4T50ME-X engine
to introduce natural gas combustion [23]. Table 1 presents the main specifications for the research
engine with a large cylinder bore of 500 mm. Besides, the engine had a geometric compression ratio of
18.14 to improve the fuel economy. The engine speed at full load conditions (also called maximum
continuous rating, MCR) was 123 rpm, which decreased as a function of load according to a simulated
propeller curve [42]. Two groups of injectors were symmetrically equipped on the cylinder head to
accomplish the flexible injection strategies fueled with gas/diesel. The majority of the energy was
supplied by the oxidation of natural gas, and the calorific value of the injected diesel only made up
3.4% of the total calorific value.
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Table 1. Main specifications of the 4T50ME-GI research engine [23].

Parameters Value
Type 4T50ME-GI
Number of cylinders 4
Bore/stroke 500/2200 mm
Connecting rod 2885 mm
Geometric compression ratio 18.14
Engine speed @ MCR 123 rpm
Power @ MCR 7050 kW
IMEP @ MCR 20 bar
Turbocharger MAN TCA55-VTA

2.2. Numerical Simulation Model

The simulation code used was 3D CFD software COVERGE [43]. It is a finite-volume CFD
code capable of simulating three-dimensional incompressible or compressible reacting fluid flows in
complex geometries with stationary or moving boundaries. CONVERGE uses an innovative modified
cut cell Cartesian method for grid generation with the possibility of adding local refinement and
adaptive mesh refinement (AMR) [43,44]. The AMR technique enables local mesh refinement in regions
of high temperature and velocity gradients. It is critical to include AMR to capture important flow
features without requiring unrealistically large cell counts. As mentioned before, nowadays, natural
gas can be produced from various biomass feedstocks [15,16]; moreover, the process of converting
biogas into biomethane can be industrialized [45]. Whether it is biomethane or natural gas from
fossil energy, its main component is methane [15,16,45,46]. Therefore, methane was used to represent
natural gas, whereas n-heptane was used to represent diesel. The physical properties of liquid diesel
were represented by those of tetradecane (C14Hjzp). A reduced n-heptane mechanism consisting
of 109 species and 334 reactions was used to represent the combustion chemistries of n-heptane
and natural gas. Table 2 shows the list of submodels applied for simulation. Additionally, the
no-time-counter (NTC) collision method by Schmidt and Rutland was used to describe the droplet
collision effects [47]. The spray-wall interaction was simulated using the O’Rourke model [48], and
the Kelvin—-Helmholtz/Rayleigh-Taylor (KH-RT) model was applied for the spray atomization and
breakup simulation [49]. In addition, the mass flow rate was considered to be the boundary condition
for the gas fuel injection [50]. The Reynolds-averaged Navier-Stokes (RANS)-based renormalization
group (RNG) k-¢ submodel [51] was used to simulate the in-cylinder turbulence. The SAGE solver was
adopted to simulate the combustion process [52]. The extended Zeldovich model [53] and Hiroyasu
soot model [54] were used to simulate the NOx and soot emissions, respectively. Given that the
instantaneous mass flow rate has not been experimentally measured, an assumed injection profile
was adopted. As referenced in the works of Scarcelli and colleagues [55-57], the injection profile was
trapezoidal and the mass flow rate was assumed to be constant with a 1° crank angle (CA) ramp-up
and 1° CA ramp-down.

Table 2. List of submodels used in the simulation.

Phenomenon Model Reference
Droplet collision NTC collision method [47]
Spray-wall interaction O’Rourke model [48]
Spray atomization and breakup = Hybrid KH-RT [49]
Gas injection Inflow boundary [50]
Turbulence RNG «k-¢ model [51]
Combustion SAGE [52]
NOx Extended Zeldovich model [53]

Soot Hiroyasu soot model [54]
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Since CONVERGE does not include a gas injection model, defining the INFLOW boundary
method was used to characterize the natural gas injection rate. The injection rate shape of the base case
was an isosceles trapezoid.

To validate whether the INFLOW boundary could be used for high-pressure gas injection, the
interaction between the gas jet and diesel spray from CFD was compared with results from experiments
(Figure 1) [58]. The view chosen to represent the numerical results was in a two-dimensional slice
taken through the center of the computational domain. This was, therefore, the same plane upon
which lay the axes of both the gas and diesel nozzles. The particles displayed in the slice represented
the area density of diesel. Given that the droplets were so finely atomized, light was able to bend
enough between the test region and the camera to effectively cover the shadow caused by the droplet.
The frames and penetrations of the diesel spray and gas jet for the simulated results were in reasonable
agreement with experimental data.

100 ps after SOI

200 us

300 ps

400 ps

500 ps

Figure 1. Comparison of interaction between gas jet and diesel spray: experimental data on the left
and simulation result on the right.

For the engine simulation, the mesh was generated automatically by using an adaptive generation
method, with up to 1,500,000 grids.

2.3. Validation

Mesh grid size can significantly affect the computational time and accuracy. Before the CFD model
was validated, the mesh grid needed to be selected. Adaptive mesh was adopted to save simulation
time and ensure accuracy. The grid can be refined by adjusting the base grid, fixed embedding, and
AMR. In this paper, the mesh analysis method was similar to Sun et al. [59]. The exhaust valve,
cylinder, scavenge port, and injection were embedded. Given that the calculation time would increase
significantly if more refined mesh were used, the base grid of 0.01 m and the AMR of 0.0025 m were
adopted to simultaneously maintain the computational accuracy and efficiency.

Figure 2 shows the comparison between the calculated and measured in-cylinder pressure and
heat release rate profiles. As seen in the figure, generally good agreement between simulation and
experiment was obtained. Detailed comparisons of the main combustion characteristics are presented
in Table 3. The maximum error for the maximum in-cylinder pressure (Pmax) phasing was 5.6%, while
the simulated combustion phasing (CA50), indicating the specific fuel consumption, and NOx and CO
emissions were all very close to those of the experimental data, indicating that the model setup was
reasonable and reliable.
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Figure 2. Comparisons between the calculated and measured in-cylinder pressure and HRR traces.

Table 3. Comparison between the calculated and measured parameters.

Experiment Simulation Error
Prax (MPa) 16.82 16.764 0.33%
Prnax phase (°CA ATDC) 11.44 10.8 5.6%
CA50(°CA) 11.5 11.2 2.6%
A 245 24 2%
ISFC(g/kWh) 163.2 162.254 0.58%
Power output(kW) 5331 5390.567 1%
NOx (g/kWh) 11.9 11.621 2.3%
CO (g/kWh) 0.19 0.192 1%

3. Results and Discussion

In this study, five different natural gas injection rate shapes were selected to evaluate the effects
of different injection rate shapes on combustion and emission characteristics. Figure 3a shows five
different injection rate shapes of natural gas, and Figure 3b shows the cumulative mass flow rate of the
corresponding injection rate shapes, wherein the trapezoid shape was the base case.
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Figure 3. Five different gas injection rate shapes (a) and their corresponding cumulative flow (b).
3.1. Combustion Characteristics

The in-cylinder pressure and heat release rate profiles for five different injection rate shapes
are shown in Figure 4. It can be seen that the injection rate shape had a significant influence on the
heat release rate. Compared with the base case (trapezoid shape), the initial injection rates of the
rectangular and sloped shapes were higher, hence the initial heat release rates and initial pressure
rise rates also being higher. However, the peaks of in-cylinder pressure profiles were lower and the
combustion duration was longer due to the lower maximum injection rates. Since the initial injection
rates of the slope shape and rectangle shape were higher compared with the base case, more natural
gas was entrained into the diesel-air mixture, and more natural gas was consumed in the initial
combustion duration. Therefore, the initial pressure rise and initial heat release rate were higher,
while the combustion phase was retarded due to the longer ignition delay periods. Since their initial
injection rates were higher, more low-temperature natural gas was entrained into the diesel fuel
mixture, the ambient temperature surrounding the diesel was lower, and natural gas consumed OH,
thus prolonging the ignition delay periods. Therefore, the peaks of the in-cylinder pressure profile for
the slope and rectangle shapes took place in a later phase. The in-cylinder pressure profile illustrated
two peak values when adopting a wedge injection rate shape (the initial injection rate was relatively
low), where the first peak was a consequence of the end of the compression stroke and the combustion
of a small amount of fuel, whereas the second peak induced by the heat released from most of the
natural gas occurred after a drop caused by the downward movement of the piston in the expansion
stroke. The peaks of the heat release rate profiles for the triangle and wedge shapes were higher than
the base case due to their higher maximum injection rates. The highest maximum injection rate of the
triangle shape led to the highest peak values of heat release rate and in-cylinder pressure profiles.
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Figure 4. The in-cylinder pressure and HRR profiles for different injection rate shapes.

The cumulative heat release rate, in-cylinder pressure rise rate, and mean in-cylinder temperature
profiles of five different injection rate shapes are shown in Figure 5. It can be seen from the cumulative
heat release rate profile that the start of combustion for the triangle shape was later than that of the base
case, but it ended earlier, indicating that the combustion duration of the triangle shape was shorter than
that of the base case, while the combustion durations of the rectangle and slope shapes were longer
than that of the base case (Figure 5a). A short combustion duration results in a reduction of the heat and
time losses, resulting in higher thermal efficiency (i.e., lower fuel consumption). An excessively long
combustion duration results in lower indicated power and higher indicated specific fuel consumption
(ISFC). Figure 6 shows that the slope and rectangle shapes exhibited a lower indicated mean effective
pressure (IMEP) and higher ISFC due to their longer combustion duration. The trends of the mean
in-cylinder temperature and in-cylinder pressure rise rate profiles were consistent with that of the
in-cylinder pressure profiles. The peaks of the mean in-cylinder temperature of all injection rate shapes
appeared at about 20° CA ATDC, but the peak values were greatly different. The peak values of the
mean in-cylinder temperature and in-cylinder pressure profiles for the triangle shape were the highest,
and the peak took place in the earliest phase. The fluctuation ranges of the pressure rise rate profile for
the slope shape were minimal in the five injection rate shapes. Since the main combustion process
deviated from top dead center, the release of heat took place in a larger volume, and the pressure rise
rate was lower. In addition, the trend of ISFC was the opposite of that of IMEP. The triangle shape
illustrated a higher IMEP and lower ISFC. This was because the combustion duration of the triangle
shape was shorter and the combustion phase was closer to top dead center, which led to a higher mean
in-cylinder temperature, while the slope and rectangle shapes exhibited a higher ISFC and a lower
IMEP. The ISFCs and IMEPs of the wedge shape and base case were moderate.
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Figure 6. The effects of different injection rate shapes on indicated mean effective pressure (IMEP) and
indicated specific fuel consumption (ISFC).

The in-cylinder temperature and equivalence ratio distributions from 0.5° to 20.5° CA ATDC are
shown in Table 4. The temperature distribution is shown on the left of each slice, and the equivalence
ratio distribution is shown on the right. A higher injection rate means a higher gas jet velocity, as well
as an enhanced turbulence flow in cylinder, which is beneficial for fuel-air mixing. Moreover, higher
gas jet velocity also strengthens in-cylinder turbulence intensity, then accelerates the entrainment
process of the unburned mixture into the burning region. Correspondingly, the high-temperature
combustion region is larger. As shown in Table 4, the higher initial injection rates of the rectangle
and slope shapes led to more low-temperature natural gas being entrained into the burning region
or suitable for diesel spontaneous ignition regions; then, the combustion or ignition of pilot diesel
was suppressed. Thus, the high equivalence ratio region was wider and the high-temperature region
almost disappeared at 0.5° CA ATDC (natural gas was just injected into the cylinder at this moment).
On the contrary, the high equivalence ratio regions of the wedge and triangle shapes were concentrated
near the nozzle due to lower initial injection rate. Therefore, the initial combustion processes of pilot
diesel were almost not affected and high-temperature regions were larger. At 5.5° CA ATDC, the
equivalence ratio distribution of the rectangle shape was widest, and the high-temperature combustion
region was largest. At this moment, the injection rate of the base case was higher than the rectangle
case, and the combustion region was similar to that of the rectangle shape. However, the equivalence
ratio distribution and high-temperature combustion region were smaller than those of the rectangle
case. At 10.5° CA ATDC, the equivalence ratio distribution of the triangle shape was wider due to its
higher maximum injection rate, hence the high-temperature combustion region of the triangle shape
being larger than those of the other cases. However, more NOx formed in the larger high-temperature
region. In the late stage of gas injection, the wedge, slope, and rectangle shapes still maintained a
higher injection rate. The high equivalence ratio regions were exhibited near the natural gas injector.
Therefore, the combustion processes were more intense than those of the other two cases. However, the
intense combustion was not conducive to power output because the combustion phase deviated from
top dead center. In addition, the air flow (in the black circle) outside of the gas jet was less affected by
the gas jet, and the fuel-air mixing was worse. In other words, the fuel was concentrated in a relatively
small region, which was not suitable for combustion; hence, the UHC emissions were higher.
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Table 4. The in-cylinder temperature (left) and equivalent ratio (right) distributions for different gas
injection rate shapes.

ATDC Trapezoid Wedge Slope Triangle Rectangle

0.5° CA

5.5° CA

10.5° CA

15.5° CA

20.5° CA

Temperature(K) Equivalence Ratio
8.0e+002 1.6e+003 2.4e+003 0.0e+000 2.0e+000 4.0e+000 6.0e+000
| e — ] [ e se—— ]
1.2e+003 2.0e+003 1.0e+000 3.0e+000 5.0e+000

3.2. Emissions

Since Tier III emission regulations were implemented in 2016, the emissions of marine engines are
further limited [60]. Therefore, the emissions of HPDI natural gas marine engines are an important
indicator for evaluating these engines. The common emissions of five different injection shapes are
compared in Figure 7. The NOx emissions of HPDI natural gas marine engines can meet Tier Il emission
regulations without any optimized strategy, which is better than traditional diesel engines. However,
the NOx-ISFC trade-off is not eliminated. NOx formation is mainly related to high temperature,
oxygen concentration, and high-temperature duration. The high-temperature region of the triangle
shape was the largest, and it maintained a long duration; hence, the NOx emissions were the highest.
The NOx emissions of the rectangle and slope shapes were lower due to their lower mean in-cylinder
temperatures. The NOx and soot emissions of the wedge shape were slightly lower than those of
the base case, while ISFC was just slightly higher than that of the base case. The potential of the
wedge shape to reduce NOx emissions can be further explored. The soot emissions of the HPDI
natural gas marine engine are much lower than those of a traditional diesel engine. However, the
NOx-soot trade-off is unmitigated. The soot emissions of the rectangle shape were the highest, and
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those of trapezoid, wedge, and triangle shapes were lower. On one hand, the higher initial injection
rate of the rectangle had a negative effect on the combustion of pilot diesel and the subsequent
combustion temperature was lower. On the other hand, the higher initial injection rate resulted in a
high equivalence ratio region, which was suitable for soot generation in moderate-temperature high
equivalence ratio regions. Additionally, the whole combustion temperature of the rectangle shape was
relatively low, which was not conducive to oxidation of soot; thus, soot emissions were higher for the
rectangle shape. Table 5 shows the soot (left) and NOx (right) distributions at 0.5°, 10.5°, 20.5°, and
30.5° CA ATDC for the five injection rate shapes. The temperature and equivalence ratio distributions
in Table 4 show that the high equivalence ratio regions of the trapezoid, wedge, and triangle shapes
were relatively smaller at the initial injection stage; thus, the initial combustion regions were smaller.
However, the combustion temperatures of pilot diesel in these three cases were higher. Therefore,
the NOx emissions were higher than the other two cases, whereas the soot emissions were lower. A
higher gas jet velocity promotes natural gas—air mixing, and the equivalence ratio distribution suitable
for combustion is larger. Meanwhile, the high injection rate enhances in-cylinder turbulence flow,
and the higher turbulence intensity promotes the entrainment effect of the unburned mixture into the
burning regions. Therefore, a better combustion process is achieved. Hence, the NOx distribution of
the triangle shape was the highest. The oxidations of soot for the rectangle and slope shapes were
slow due to their lower combustion temperature in the late combustion stage. Therefore, the soot
concentrated near the cylinder wall for the rectangle and slope shapes at 20.5° CA ATDC due to their
lower temperature near the wall.

CO and HC are the intermediate species of the oxidation of fuel, and their fluctuations are
consistent with soot emissions. The CO + HC emissions of the rectangle shape were highest owing to its
lowest mean in-cylinder temperature and lower maximum injection rate. The lowest mean in-cylinder
temperature indicated that the in-cylinder reaction rates were slower, and the lower injection rate led
to fuels concentrating in a small region. More fuels were consumed in incomplete combustion as a
consequence of the above two effects; thus, CO + HC emissions were higher. The CO + HC emissions
of the triangle shape were the lowest due to its highest maximum injection rate and highest peak value
of mean in-cylinder temperature profile. The maximum injection rate and the peak values of mean
in-cylinder temperature profiles for the trapezoid and wedge shapes were slightly lower than those
of the triangle shape but higher than those of the other two cases. Therefore, CO + HC emissions
were slightly higher than the triangle shape but lower than the other two cases. Methane (CHy) is a
greenhouse gas, which has a greater effect than CO,. Since CHy is the primary component of natural
gas, CHy emissions are directly related to ISFC. The trend of CH,4 emissions was associated with the
emissions of soot and CO + HC. The CHy emissions of the triangle shape were relatively low, and the
CH4 emissions of the wedge shape and base case were just slightly higher than those of the triangle
shape. It should be noted that the impact of natural gas leakage was not considered in the simulation.
CHj emissions are derived from unburned methane in the excessively lean equivalence ratio regions.
The flammability limit of methane is relatively wide [61], hence the calculated CH, emissions being
lower than the experiment (2 g/kW-h). Figure 8 compares the formation of the main intermediate
species of the rectangle shape (a) and the triangle shape (b). C7, C5, and C4 of the rectangle shape
were higher. Since lower alkanes are difficult to combine into higher alkanes, the C7, C5, and C4
were mainly derived from the oxidation of diesel. Due to higher initial injection rate of the rectangle
shape, more low-temperature natural gas was entrained into the burning region, which had a negative
effect on combustion. The intermediate species with a high carbon number increased, which was
consistent with combustion analysis discussed in Section 3.1. Therefore, a lower initial gas injection
rate is beneficial for reducing CO + HC emissions.
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Table 5. The distribution of soot (left) and NOx (right) distributions at 0.5°, 10.5°, 20.5°, and 30.5° CA
ATDC for different injection rate shapes.
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4. Conclusions

The injection rate shape has a great influence on the combustion and emissions of dual-fuel marine
engines. In the current study, numerical investigations were conducted to study the influences of
different injection rate shapes on the combustion and emission characteristics of a large-bore two-stroke
natural gas/diesel dual-fuel marine engine. The major results can be summarized as follows:

(1) Compared with the trapezoid shape, the triangle shape had a higher peak value of in-cylinder
pressure and heat release rate profiles due to its highest peak value of gas injection rate, and the phase
of the peak value was close to top dead center. Meanwhile, the mean in-cylinder temperature and
IMEP were higher. Conversely, the ISFC was lower. However, the higher combustion temperature of
the triangle shape also led to higher NOx emissions.

(2) The lower NOx emissions of the rectangle and slope shapes were beneficial due the lower
combustion temperature, but their ISFCs increased. The emissions of soot, CO + HC, and CH; of the
rectangle and slope shapes were higher.

(3) The wedge and trapezoid shapes achieved a good balance between ISFC and emissions.
However, other abatement technology must be applied to meet Tier III emission regulations.
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