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Abstract: Amid increasingly stringent global environmental regulations, marine engines are under-
going an essential transition from conventional fossil fuels to alternative fuels to meet escalating
regulatory requirements. This study evaluates the effects of injection pressure, the timing of ammonia
injection, and the pre-injection of ammonia on combustion and emissions, aiming to identify optimal
operational parameters for low-speed marine engines. A three-dimensional model of a large-bore,
low-speed marine engine in a high-pressure diffusion mode was developed based on computational
fluid dynamics (CFD). Simulations were conducted under 25%, 50%, 75% and 100% loads with a
high ammonia energy substitution rate of 95%. The results indicate that, compared to traditional
pure diesel operation, adjusting the injection pressure and the ammonia injection timing, along
with employing appropriate pre-injection strategies, significantly enhances in-cylinder pressure and
temperature, improves thermal efficiency, and reduces specific fuel consumption. Additionally, the
dual-fuel strategy using diesel and ammonia effectively reduces nitrogen oxide emissions by up to
37.5% and carbon dioxide emissions by 93.7%.
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1. Introduction

The escalation of human activities has brought climate variability to the forefront of
global concern [1]. In response, concerted efforts are underway to mitigate the impact on the
climate by transitioning from a fossil-fuel-dominated society, characterized by high carbon
emissions, to one propelled by renewable energy sources with reduced or zero carbon
emissions. The maritime industry, a cornerstone of the global economy, is a significant
contributor to annual greenhouse gas emissions [2]. Recent years have witnessed maritime
activities contributing between 2% and 3% of total global emissions, primarily consisting
of CO, emissions [3], with a discernible upward trend. In light of this, the International
Maritime Organization (IMO) has issued the “Initial Strategy for Greenhouse Gas Emission
Reduction from Ships” [4], outlining crucial emission reduction milestones: implementing
specific measures to reduce greenhouse gas emissions from ships by 2023, achieving a
minimum of a 40% reduction in emissions by 2030 compared to 2008 levels, and targeting a
minimum of a 70% reduction by 2050, ultimately aiming to eliminate ship greenhouse gas
emissions by the century’s end [5]. Realizing zero carbon emissions from ships necessitates
an energy transition for maritime vessels. Currently, primary maritime fuels, such as heavy
oil and diesel, yield substantial quantities of CO,, sulfur oxides, nitrogen oxides, and
other pollutants, posing significant environmental and human health hazards [6]. Thus,
identifying low-carbon or zero-carbon alternative fuels is pivotal for a maritime energy
transition. Among the array of alternative fuels, ammonia stands out as one of the most
promising zero-carbon options, primarily due to its capacity for generating water and
nitrogen upon complete combustion [7].
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However, ammonia as a fuel is not without its drawbacks. Firstly, its combustion
rate, flame speed, and stable combustion limits are relatively low, resulting in diminished
combustion efficiency [8]. Secondly, ammonia requires high ignition energy and high
temperatures to start burning, thereby encountering challenges with ignition. Additionally,
due to its high latent heat of vaporization [9], the injection of ammonia into the cylinder
may significantly lower internal cylinder temperatures, thus affecting combustion effi-
ciency [10]. Lastly, the combustion of ammonia fuel unavoidably generates emissions of
unburnt ammonia and nitrogen oxides, with unburnt ammonia emissions being known for
their irritant, toxic, and corrosive properties [11]. Furthermore, the greenhouse effect of
nitrous oxide emissions substantially exceeds that of carbon dioxide, highlighting an issue
in need of resolution [12]. Consequently, engines commonly employ a dual-fuel mode,
utilizing diesel for ammonia combustion initiation, with optimization efforts focused on
this mode [13].

In recent years, numerous scholars have conducted extensive research on the com-
bustion and emissions of ammonia-fueled engines. Several studies [14-18] have been
carried out on the effects of different ammonia energy replacement rates, injection strate-
gies and combustion patterns on engine performance, and some scholars [19-22] have also
investigated the emissions of the engine, including NOx, N,O and unburned NH3.

Currently, research on diesel/ammonia dual-fuel marine engines primarily focuses on
medium-speed and high-speed engines, as well as small-bore engines. To date, there has
been no reported research on large-bore, low-speed engines. Therefore, the focus of this
study is on large-bore, low-speed marine engines.

This study aims to numerically investigate the effects of various injection parameters
on the combustion and emission characteristics of a large-bore, low-speed marine engine
operating in a high-pressure diffusion combustion mode, using a computational fluid
dynamics (CFD) approach. The optimized parameters in this study;, i.e., the injection
pressure, the ammonia injection timing and the pre-injection strategy, are intended to
establish the optimum combustion strategy for the implementation of a diesel /ammonia
dual-fuel mode in a large-bore low-speed marine engine.

2. Methodology
2.1. Engine Parameters

This research focuses on a two-stroke marine low-speed engine with a cylinder diam-
eter of 520 mm. The 3D model of the original engine is shown in Figure 1. The original
engine has three fuel injectors, which are all located at the top of the cylinder. Other main
parameters are shown in Table 1.

Figure 1. Engine geometric model.
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Table 1. Basic size parameters of the original engine.

Basic Parameters Value
Number of strokes 2

Fuel diesel
Cylinder diameter (mm) 520
Stroke length (mm) 2658
Geometric compression ratio 21.8
Rotating speed (rpm) 103
Maximum pressure (bar) 250

2.2. Simulation Model Setup

The physical models used in the three-dimensional computation are detailed in Table 2,
and this model is constructed in CONVERGE. The adopted chemical reaction kinetics
mechanism is the diesel /ammonia mixed chemical reaction kinetics mechanism (97 species,
498 reactions) [23]. This mechanism has been experimentally validated and is applicable to
the experimental conditions of this study. The initial conditions and some temperature and
pressure boundary conditions in the established simulation model are based on previous
experiments and simulations, as listed in Table 3. High-pressure diffusion combustion
is employed, and the dual-fuel mode is achieved by installing three ammonia injectors
based on the original engine’s three fuel injectors. In dual-fuel mode, the original three
fuel nozzles are used for diesel injection, with diameters of 1.075 mm, 1.275 mm, 1.250 mm,
1.150 mm and 1.000 mm, respectively, and three ammonia injectors are arranged next to the
fuel injector on the original basis respectively, and the injection direction is at an angle of
60° with the diesel injector as shown in Figure 2.

Table 2. Calculation submodels.

Calculation Submodel Type
Turbulence model RNG k-¢ model
Spray breakup model KH-RT model
Evaporation model Frossling model
Droplet collision NTC model
NOx emission model Y. Zeldovich model
Soot emission model Hiroyasu-soot model
Combustion model SAGE model
Drop /wall interaction Wall film
Wall heat transferring model O'Rourke and Amsden
Mechanisms of chemical reaction kinetics CyH14/NHj5 [23]

Table 3. Intake and exhaust parameters and initial condition settings for the model.

Parameters Value Units
Exhaust valve opening time (EVO) 113 °CA
Exhaust valve closing time (EVC) 298 °CA
Initial cylinder pressure (relative pressure) 11.172 bar
Initial in-cylinder temperature (relative pressure) 1056.1 K
Boost pressure (relative pressure) 4.67 bar

Exhaust pressure (relative pressure) 4.30 bar
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Figure 2. Injector arrangement.
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2.3. Simulation Model Verification

Due to the considerable spatial dimensions of the marine low-speed engine, the mesh
sensitivity analysis of the model constructed in this study has been validated in a previous
study [24], and Table 4 lists the mesh strategies employed in the 3D model. The model
was validated at 25%, 50%, 75% and 100% loads of the engine at an injection pressure of
700 bar, a diesel injection timing of 2.5 °CA BTDC. The results are shown in Figures 3 and 4.
Figures 3 and 4 show the comparison between simulated and experimental data in terms of
mean cylinder pressure and heat release rate. The findings affirm that the computational
model utilized in the simulation can more precisely replicate the actual operating conditions
of the engine. A comparison of simulated and experimental emissions at a 100% load used
for the simulation is shown in Table 5.

Table 4. Grid strategy and grid size.

\ W
H3 #3 pilot #3

90°

Grid Strategies Region Size/Level
Basic grid overall 4 cm
. . cylinder level 2
Fixed embedding injector level 3
Adaptive mesh refinement velocity-temperature level 2
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Figure 3. Comparison of average pressure in the cylinder at different loads in simulation and test [23].
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Figure 4. Comparison of HRR(heat release rate) in cylinder at different loads in simulation and test.

Table 5. Comparison of emissions at 100% load in simulation and test.

Emissions Experiment/(g-(kW-h)—1) Simulation/(g-(kW-h)—1)
NOx 10.1 10.27
CO, 342 33.9

2.4. Simulation Research Scheme

In this study, the main research includes the following parts: Firstly, this study investi-
gates the effect of fuel injection pressure on a marine engine in a dual-fuel mode, where
the injection pressure includes diesel and ammonia. The physico-chemical properties of
the fuels are shown in Table 6. Secondly, this study investigates the effect of ammonia
injection timing on the combustion and emissions of a marine engine. Then, in the study of
the pre-injection, the changes in the combustion and emission characteristics of the engine
were investigated for pre-injection ratios of 10% and 30% of the total ammonia injection,
respectively. The numerical simulation study parameters used are shown in Table 7.

Table 6. Fuel properties [18].

Fuel Properties Ammonia Diesel
Research octane number 130 -

Boiling point (°C) —33.4 180-360
Ignition point (°C) 800 220
Minimum ignition energy (M]J) 680 0.63
Low heating value (M]/kg) 18.8 425

Laminar flame speed (cm/s) 10 33
Auto-ignition temperature (K) 930 527-558

Adjiabatic flame temperature (K) 2073 2573
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Table 7. Numerical simulation research conditions of dual-fuel combustion mode.
Case Injection Pressure Ammonia Pre-Injection Timing Diesel Injection Ammonia Injection
(bar) (°CA BTDCQ) Timing Timing
1-4 500, 600, 700, 800 - 2.5 °CA BTDC 2.0 °CA BTDC
512 700 - 3,25,2,15°CABTDC  25,2.0,15,1°CABTDC
a 0.5,1,1.5°CA ATDC 0,0.5,1 °CA ATDC
13-15 700 4.43,10.8 2°CA BTDC 1°CA BTDC

3. Results
3.1. Effect of Diesel/Ammonia Injection Pressure on Combustion and Emission Characteristics of
Low-Speed Engines

This section investigates the simulation study under the conditions of a 100% load, a
95% ammonia energy substitution rate, and injection timings of 2.5 °CA BTDC for diesel
injection and 2 °CA BTDC for ammonia injection in the diesel/ammonia dual-fuel engine.
Simulations are conducted at injection pressures of 500 bar, 600 bar, 700 bar and 800 bar
(consistent for both diesel and ammonia).

Figure 5 illustrates the comparative analysis of the in-cylinder pressure and heat release
rate, under different diesel/ammonia injection pressure conditions. It can be observed
from the figures that as the injection pressure gradually increases, the in-cylinder pressure
and heat release rate both show an increasing trend, and the peaks of the pressure and heat
release rate are shifted earlier in the phase. This phenomenon is mainly attributed to the
higher injection pressure promoting more effective fuel atomization, thereby accelerating
the combustion rate.

30 4.5x10°
= 500bar
= 600bar
= 25 = T700bar 4 3.6x10°
E —— 800bar
kot =
— |
2 20 2.7x10° &0
4 [
2 ©
a, -
St
S 15 1.8x10° §
= an
=
?
S 10 9.0x10*
5 0.0
350 360 370 380 390 400

Crank angle (°CA)

Figure 5. Effect of cylinder pressure across injection pressures.

The effects of injection pressure on the CA10 (the crankshaft angle at the beginning
of combustion), the CA50 (the crankshaft angle at the middle of combustion), and the
combustion duration are shown in Figure 6. Figure 6 illustrates the influence of injection
pressure on the CA10 (the crank angle at 10% of heat release), the CA50 (the crank angle
at 50% of heat release), and the combustion duration. The results indicate that the CA10
shows no significant variation with increasing injection pressure, while the CA50 and
combustion duration exhibit an overall trend of initially decreasing followed by an increase.
At an injection pressure of 500 bar, the CA10, CA50 and combustion duration reach their
maximum values. This could be attributed to the lower injection pressure resulting in a
slower fuel injection rate, requiring more time for fuel-air mixing to form a combustible
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mixture, thereby prolonging the combustion duration. Moderate increases in injection
pressure help shorten this process, improving combustion efficiency.

However, the results also demonstrate that the influence of injection pressure on the
CA50 and combustion duration gradually diminishes with further pressure increases. At
an injection pressure of 700 bar, the combustion process reaches its optimal state. However,
when the injection pressure continues to rise to 800 bar, both the CA50 and combustion
duration increase. This may be due to excessively high injection pressures accelerating
the fuel injection rate, causing some fuel to adhere to the cylinder walls, deteriorating the
combustion process, and resulting in a delay in the combustion phase and prolongation of
the combustion duration.
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Figure 6. Comparison of CA10, CA50 and burn duration at different injection pressures.

Figure 7 compares the in-cylinder mixture distribution under different injection pres-
sure conditions. At lower injection pressures (e.g., 500 bar), the mixture concentration
distribution is more dispersed, indicating inadequate fuel-air mixing, and thus reducing the
combustion efficiency. As the injection pressure increases to 600 bar and 700 bar, the mixture
concentration distribution tends to be more uniform, indicating an improvement in fuel
atomization at higher injection pressures, promoting the formation of a more homogeneous
mixture. However, at the highest injection pressure (800 bar), some fuel may have adhered
to the cylinder walls, potentially affecting mixture uniformity and combustion efficiency.

500bar 600bar 700bar 800bar

CAL0 ;‘::g/%l =N C—lgﬁ’ éﬁ}&

v
CA50 — }}:{)\E\ 1

CA90

0.000 0.500 1.000
= .

ratio

Figure 7. Comparison of in-cylinder mixture distribution at different injection pressures.
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Figure 8 depicts variations in the average indicated mean effective pressure (IMEP),
the thermal efficiency (ITE), and the indicated specific fuel consumption (ISFC) under
different operating conditions, where the ISFC is calculated by converting the consumption
of ammonia into the equivalent consumption of diesel fuel based on energy.
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Figure 8. Comparison of IMEP, ITE and ISFC at different injection pressures.

However, the results in the figure also show that its effect on the CA50 and combustion
duration diminishes with a further increase in injection pressure. The combustion process
is optimized at an injection pressure of 700 bar. When the injection pressure continues to
increase to 800 bar, the CA50 and combustion duration increase, which may be attributed
to the high injection pressure accelerating the fuel injection velocity, resulting in part of
the fuel adhering to the cylinder wall, deteriorating the combustion process, shifting the
combustion phase backwards, and lengthening the combustion duration.

Figure 9 compares the distribution of in-cylinder temperatures under different injection
pressure conditions. It can be observed that as the injection pressure increases, the area
of high-temperature regions within the cylinder gradually expands, and the temperature
distribution becomes more uniform. This is primarily attributed to the enhancement of the
injection pressure, which improves the degree of fuel-air mixing, thereby promoting more
effective combustion.

Figure 10 illustrates the variation trends of major emissions under different injection
pressures. The results indicate a pattern of increasing and then decreasing NOx emissions
with increasing injection pressures. This trend may be closely related to the distribution
of temperature within the combustion chamber and changes in local oxidation-reduction
states. At lower injection pressures, inadequate atomization may lead to uneven fuel
dispersion, resulting in an uneven distribution of temperatures and oxygen concentrations
in localized areas, thus promoting NOx formation. Conversely, as the injection pressure
increases, improved fuel atomization and more uniform mixture formation leads to a more
even combustion process, effectively reducing local high-temperature areas and decreasing
NOx generation.
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Figure 9. Temperature distribution in the engine cylinder under different injection pressures.
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Figure 10. Comparison of NOyx, N,O, CO; and unburnt NHj at different injection pressures.

For emissions of N,O, CO,, and unburnt NHj3, the emission trends show an initial
decrease followed by an increase. This is mainly attributed to the initial improvement
in fuel atomization quality with increasing injection pressures, which enhances fuel-air
mixing and promotes more complete combustion, thereby reducing the generation of N,O
and CO; to some extent and decreasing unburnt NHj emissions. However, the increase
in unburnt NH; emissions at 800 bar may be due to excessively fast injection speeds,
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causing some ammonia gas to not fully mix with air before the exhaust process begins and
participate in combustion reactions.

Figure 11 illustrates the distribution of cylinder NOx under different injection pressure
conditions. Analysis of the contour maps reveals that with the gradual increase in injection
pressure, both the concentration and distribution area of NOx initially show an increasing
trend, followed by a leveling off for this trend. The area of high-concentration NOx slightly
expands, indicating that within a certain range, increasing the injection pressure improves
combustion conditions and increases NOx generation. However, further increasing the
injection pressure to 800 bar does not significantly affect NOx generation.

500bar 600bar 700bar 800bar

- “ ‘
) 3 ) W B
CA50 <
)

CA90

0.001 0.002 0.004
B .

mass(kg)
Figure 11. In-cylinder NOx distribution at different injection pressures.

3.2. Effect of Diesel/Ammonia Injection Timings on Combustion and Emission Characteristics of
Low-Speed Engines

Figure 12 depicts the effects of different ammonia injection timings on the cylinder
pressure and heat release rate under the condition that the injection interval between diesel
and ammonia is fixed at 0.5 °CA. It can be observed from the figure that, with a delay in the
ammonia injection timing, the cylinder pressure shows an overall decreasing trend. This
phenomenon can be attributed to two main factors: firstly, an earlier ammonia injection
time contributes to improving the mixture of diesel and ammonia in the cylinder, thereby
promoting a more effective combustion process; secondly, an earlier injection time causes
the fuel to start burning and releasing energy before the top dead center, increasing the rate
of pressure rise, and consequently leading to an increase in cylinder pressure.

30 3.0x10°
——2 5°CA
———-2.0°CA
25 s
= 2.4x10°
S
: 20
—
= 1.8x10° T
7 <
215 &
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3 1.2x10° 2
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W
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350 360 370 380 390 400
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Figure 12. Effect of injection timing on in-cylinder pressure and heat release rate.
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Figure 13 illustrates the variation in engine combustion characteristics under different
ammonia injection timings. Upon observing the results, it is evident that with the delay in
injection timing before reaching the top dead center (TDC), both the start of combustion
and the center of the heat release shift towards later crankshaft angles. One reason for
this change is that the delayed injection timing leads to a delayed mixing of combustion
gases with air, thus delaying the start of combustion accordingly. Another reason is that
the combustion propagation slows down due to the delayed injection timing, causing the
center of the heat release to move backwards and prolonging the combustion duration.

05—
Bl cAlo
Bl cAs0
20k I Combustion duration
&)
a
H
<
< 15
O
<
2
210
<
A4
=
s
©s
0

-2.5 2.0 -15 -1.0 0 0.5 1.0
Ammonia injection timing(°CA ATDC)

Figure 13. Comparison of CA10, CA50 and combustion duration with different injection timings.

When the injection timing occurs after the top dead center, there is a significant
backward shift in both the start of combustion and the center of the heat release, while the
combustion duration decreases. This phenomenon is attributed to the fact that combustion
mainly occurs during the piston’s downward stroke, during which cylinder temperatures
and pressures are higher, facilitating accelerated combustion.

Figure 14 depicts the effects of different ammonia injection timings on the engine’s
mean effective pressure, the indicated thermal efficiency and the indicated specific fuel
consumption. The analysis results reveal that, as the ammonia injection time is delayed,
both the IMEP and ITE exhibit fluctuations but show an overall decreasing trend. Be-
fore the ammonia injection time approaches the TDC, the decrease in IMEP and ITE is
relatively slow.

After reaching the top dead center, there is a significant decrease in both the mean ef-
fective pressure and the indicated thermal efficiency. Meanwhile, the trend of the indicated
specific fuel consumption (ISFC) is opposite to that of the mean effective pressure and the
indicated thermal efficiency. As the ammonia injection time is delayed, the ISFC gradually
increases, especially when the ammonia injection time reaches the top dead center, there
is a significant rise in the ISFC, followed by a stabilization. The main reasons for this
change include: the delayed ammonia injection time leads to insufficient time for thorough
mixing and atomization of ignition fuel and ammonia fuel, thereby reducing combustion
efficiency, and resulting in a decrease in the mean effective pressure and the indicated
thermal efficiency; simultaneously, at the start of combustion, the piston is positioned
lower, causing a cooling effect on the engine cylinder’s components such as the piston
and cylinder wall, which leads to partial thermal energy loss, and further affects engine
performance. Overall, injecting ammonia before 1 °CA BTDC can essentially achieve the
original engine combustion performance.
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Figure 14. Comparative analysis of IMEP, ITE and ISFC across various injection timings.

Combining Figure 15a,b, it can be observed that as the ammonia injection timing is
delayed, the area of high temperature (deep-red) decreases. This phenomenon may be
attributed to the early mixing of ammonia with air before reaching the top dead center,
leading to the commencement of the combustion process before the piston reaches the
top dead center, resulting in rapid heat accumulation and a localized temperature rise. In
contrast, in conditions after the top dead center, the combustion process occurs later, and the
piston has already begun to descend, resulting in a decrease in the area of high temperature.

2.5°CA BTDC 2°CA BTDC 1°CA BTDC

Q) 0

CA10

(@)

0°CA 0.5°CA ATDC 1°CA ATDC

400 1400 2400
Temp(K)

(b)

Figure 15. Effect of in-cylinder temperature distribution on (a) ammonia injection timing before TDC

and (b) ammonia injection timing after TDC.
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Considering the significant differences in the combustion characteristics of ammonia
compared to traditional fossil fuels, and the disparities in spatial scale and operational
status between low-speed and medium /high-speed marine engines, this section continues
the investigation on the impact of different ammonia injection timings on the combustion
and emission characteristics of low-speed engines based on Section 3.1. The aim is to
determine the optimal injection timings.

Under the conditions of a 100% load, a 95% ammonia energy substitution rate, and
an injection pressure of 700 bar, with diesel injection advanced by 0.5 °CA, simulations
were conducted at ammonia injection timings of 2.5, 2.0, 1.5, 1 °CA BTDC, 0, 0.5, and
1°CA ATDC.

Figure 16 illustrates the variations in major emissions of the engine under different
ammonia injection timings. It can be observed from the graph that with the delay in
the ammonia injection time, there is an overall reduction in NOx emissions. Particularly,
under these conditions and before reaching the top dead center (TDC), the NOx emissions
decrease with the delay in the ammonia injection time. This reduction may be attributed
to the synchronization of the ammonia injection time with the high-temperature zone
in the combustion chamber near the TDC, which helps in reducing the area of the local
high-temperature and effectively inhibits NOx formation.
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Ammonia injection timing(°CA ATDC)
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Figure 16. Comparison of NOy, N,O, CO, and unburnt NHj at different injection timings.

The trends in N;O and CO, emissions are similar to NOy, showing a decrease over-
all under conditions before reaching TDC and stabilizing after reaching TDC. This phe-
nomenon is due to the smaller area of the local high-temperature zone before reaching
TDC, which reduces the generation of N,O and CO,. After reaching TDC, the dissipation
of heat in the combustion chamber causes a decrease in cylinder temperature compared
to before, slowing down the generation of N,O and CO,, and resulting in minor changes
in emissions.

The emission of unburnt NHj shows a gradual increasing trend, mainly because the
reduction in mixing time between ammonia and air leads to decreased uniformity of the
mixture, reducing combustion efficiency, and subsequently increasing the emission of
unburnt NHj.
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Figure 17 depicts the distribution of NOx in the cylinder under different ammonia
injection timings before and after reaching TDC. It can be observed from the graph that
with the delay in the ammonia injection time, the area of the NOy distribution region
gradually decreases, especially the reduction in the area of the high concentration region
is more significant. This phenomenon indicates that delaying the ammonia injection time
contributes to reducing NOyx generation. The possible reason is that delaying the ammonia
injection time reduces the mixing time between ammonia and fuel, resulting in a decrease
in the average temperature in the cylinder during the combustion process, and thereby
reducing NOx generation. The distribution of NOx after reaching TDC shows significant
differences compared to before reaching TDC, although there is not much change in the
distribution area, which corroborates the analysis in Figure 16.
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Figure 17. In-cylinder NOx distribution at different injection timings: (a) ammonia injection timing
before TDC and (b) ammonia injection timing after TDC.

3.3. Effect of Diesel/Ammonia Injection Strategy on Combustion and Emission Characteristics of
Low-Speed Engines

Figure 18 illustrates the impacts of different injection strategies on the in-cylinder mean
pressure and heat release rate. As depicted in the figures, compared to the D-A (diesel-
ammonia) mode, the A-D-A (ammonia-diesel-ammonia) mode significantly increases the
initial rate of rise in the in-cylinder pressure, with an earlier and more pronounced peak
phase shift. This is primarily due to the pre-injection of ammonia, which evaporates
within the cylinder and rapidly forms a combustible mixture, effectively accelerating the
combustion rate. Additionally, an increase in the pre-injection proportion further elevates
the peak values of the in-cylinder pressure. Moreover, the peak phase of the heat release rate
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advances and significantly heightens, with the heat release curve reflecting characteristics
of premixed combustion.
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Figure 18. Effect of injection strategy on in-cylinder pressure and heat release rate.

Figure 19 presents a comparison of the CA10, CA50, and combustion duration under
different injection strategies. It can be observed that, compared to the D-A mode, the
A-D-A mode significantly advances the CA10 and CA50, and also substantially shortens
the combustion duration. This is primarily due to the addition of pre-injected ammonia,
which initiates combustion earlier and accelerates the reaction rate. Additionally, increasing
the pre-injection ammonia ratio from 10% to 30% further advances the CA10 and CA50, and
continues to shorten the combustion duration. This is mainly attributed to the increased
proportion of pre-injected ammonia, which enhances the fraction of premixed combustion
and consequently speeds up the combustion rate.
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Figure 19. Comparison of CA10, CA50 and combustion duration under different injection strategies.

Figure 20 depicts the comparison of the mean effective pressure, the indicated thermal
efficiency, and the indicated specific fuel consumption under various injection strategies.
The results demonstrate that the A-D-A mode exhibits higher mean effective pressure and
indicated thermal efficiency compared to the baseline engine, while also achieving lower
indicated specific fuel consumption. Furthermore, an increase in the pre-injection ammonia
ratio further enhances these effects, underscoring the significant role of the A-D-A mode in
improving the combustion performance of dual-fuel low-speed engines.
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Figure 20. Comparison of IMEP, ITE and ISFC under different injection strategies.

Figure 21 presents a comparison of the in-cylinder average temperature distribution
under different injection strategies. It is evident that in the A-D-A mode, the CA10 occurs
earlier, and compared to the D-A mode, the temperature distribution at CA50 is more
uniform with a larger area of high-temperature regions. Additionally, as the pre-injection
ammonia ratio increases, the area of the high-temperature regions within the cylinder also
expands. This indicates the effectiveness of the A-D-A mode in achieving a more favorable
temperature distribution during combustion.
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Figure 21. Comparison of average in-cylinder temperature distribution under different injection strategies.

Figure 22 illustrates the comparative emissions of NOx, N,O, CO; and unburnt NH3
under various injection strategies. It can be observed that in the A-D-A mode, the emissions
of NOx and CO; are significantly elevated, while N;O emissions decrease and unburnt
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NHj is substantially reduced. Despite the significant increase in NOx and CO; emissions,
their levels remain substantially lower than those of the baseline engine.
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Figure 22. Comparison of NOy, N,O, CO; and unburnt NH3 with different injection strategies.

Figure 23 shows a comparison of the in-cylinder NOx distribution under different
injection strategies. The contour plots indicate that the A-D-A mode leads to an increase
in NOx production and an expansion of its distribution area compared to the D-A mode.
Additionally, an increase in the pre-injection ammonia ratio further enhances the in-cylinder
distribution of NOy, highlighting the influence of pre-injected ammonia on NOx formation.
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Figure 23. In-cylinder NOx distribution at different injection strategies.

4. Conclusions

In this study, utilizing a simulation computational model developed for a diesel/ammonia
dual-fuel marine low-speed engine, we investigated the impact of various injection strate-
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gies on engine combustion and emission characteristics in a dual-fuel mode. The key
findings of our research are summarized as follows:

1. The injection pressure of diesel and ammonia significantly influences the combustion
and emission characteristics of dual-fuel engines. Appropriately increasing the injec-
tion pressure enhances the mean effective pressure and indicated thermal efficiency,
thereby reducing the indicated specific fuel consumption. Concerning emissions,
the emissions of NOx and CO, are substantially reduced compared to the diesel
mode. However, excessively high injection pressures may have a detrimental effect
on combustion. Simulation results indicate that at an injection pressure of 700 bar, the
combustion performance and emissions can reach a relatively optimal state.

2. The combustion and emission characteristics of dual-fuel low-speed engines are highly
sensitive to the timing of ammonia injection. When ammonia is injected 0.5 °CA
after diesel injection, as the injection timing is retarded, the mean effective pressure
and indicated thermal efficiency gradually decrease, while the indicated specific fuel
consumption gradually increases. However, at this point, there is a noticeable decrease
in NOx and N,O emissions in the exhaust gases. Nevertheless, after reaching the
top dead center, the emission of unburnt ammonia increases significantly. Therefore,
injecting ammonia before the TDC (approximately 1 °CA BTDC) can effectively reduce
emissions to a more favorable level while maintaining engine performance. At this
timing, compared to the diesel mode, NOx emissions decrease by 67.5%, and CO,
emissions decrease by 93.7%.

3. Theimpact of different injection strategies on the combustion and emission characteris-
tics of low-speed engines is pronounced. Employing the pre-injection ammonia-diesel-
ammonia main injection (A-D-A) mode, while enhancing emission levels, significantly
improves the combustion conditions of the low-speed engine. It is recommended
to adopt a strategy using 10% pre-injection ammonia, which can increase the mean
effective pressure by 1.2 bar compared to the diesel mode and reduce the indicated
specific fuel consumption by 0.7 g-(kW-h)~!. At the same time, the NOx emissions
have increased by 2.4 g-(kW-h)~!, compared to the D-A mode. However, compared
to the diesel model, NOx is still reduced by 35%. Meanwhile, emission standards can
be ensured with the help of post-processing equipment.
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