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Abstract: With the increasingly prominent environmental and energy issues, emission
regulations are becoming more stringent. Ammonia diesel dual fuel (ADDF) engine is
one of the effective ways to reduce carbon emissions. This study investigated the effect
of multiple injection strategy on the combustion and emission characteristics of liquid
ammonia/diesel dual direct injection (DI) engines through numerical simulation. The
results showed that under the condition of maintaining the same pre injection diesel fuel
and high ammonia energy ratio (80%), with the introduction of multiple injection, the peak
cylinder pressure decreased and the peak phase advanced, the combustion start angle
(CA10) advanced, the heat release showed a multi-stage pattern. The times of injection
(TSOI) has a significant effect on combustion and emissions. As TSOI increased, ignition
delay decreased, the combustion duration is shortened, and the combustion is accelerated.
Notably, overall emissions of NOx and N2O have decreased, but the emissions of unburned
NH3 have increased. Optimized the state of ammonia injection (SOAI) timing and ammonia
injection pressure (AIP), showed that advancing SOAI timing and increasing AIP improved
combustion. Advanced the SOAI timing to −8 ◦CA ATDC, resulted in a significant NOx
emissions decrease with an increase in TSOI, reaching over 50%. Although increasing
injection pressure can improve combustion, it also results in higher N2O emissions.

Keywords: direct injection of liquid ammonia; multiple injection; injection timing; injection
pressure; combustion; emission

1. Introduction
In the contemporary era, the finite nature of fossil fuels has driven the need to address

energy shortages, spurring innovations in engine technology and the exploration of alterna-
tive fuels [1]. In response to global environmental challenges such as the greenhouse effect,
the International Maritime Organization has convened the 80th Meeting of the Marine Envi-
ronmental Protection Committee with the goal of achieving net zero greenhouse gas (GHG)
emissions from international shipping by 2050 [2]. At the same time, China has introduced
strategies for carbon peaking and neutrality [3]. One of the most effective approaches to
reducing emissions is replacing fossil fuels with low-carbon or zero-carbon alternatives.
In recent years, the use of zero carbon or low-carbon fuels in internal combustion engines
provides enormous potential for reducing carbon emissions [4–6]. Ammonia (NH3) is a
zero carbon fuel that easily liquefies at low pressure (around 1 MPa) at room temperature,
making storage simpler [7]. Additionally, it has safety advantages over hydrogen, including
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a lower risk of explosion and a distinct odor that aids in leak detection [8]. However, am-
monia’s application in engines faces challenges due to its poor ignition characteristics, such
as high auto-ignition temperature, low calorific value, and slow flame propagation speed.
These factors make it difficult to use ammonia alone in compression ignition (CI) engines to
achieve efficient combustion [8,9]. To overcome these limitations, researchers have explored
using highly reactive fuels as combustion aids in ammonia-powered engines [10].

Ammonia-diesel dual-fuel (ADDF) engines have gained attention for their potential to
reduce emissions. Shin et al. [11] explored the combustion characteristics of ammonia-diesel
DI engines, discovering a reduction in NO emissions by 13.5% and GHG emissions by
approximately 91% when compared to engines operating solely on diesel. Niki et al. [12]
maintained an ammonia energy ratio (AER) of 15% in their study, investigating the emis-
sions of unburned ammonia and nitrous oxide (N2O) by altering the diesel injection strategy.
Their findings indicated that while pre-injection of diesel mitigates the release of unburned
ammonia, it concurrently elevated emissions of nitrogen oxides (NOx), carbon monoxide
(CO), and N2O.

ADDF engines typically fall into two categories: those injecting gaseous ammonia into
the intake manifold and those using direct in-cylinder injection of liquid ammonia [13–16].
Liu et al. [17] conducted an experimental investigation into an ADDF system, confirming
that the ignition process of diesel in an ammonia-air mixture is extended, enhancing pre-
mixed combustion. However, a higher ammonia substitution rate reduced the proportion
of mix-controlled combustion, diminishing the diesel flame propagation area. Ammonia
oxidation predominantly occurred near the diesel flame, and the overly dilute ammonia-air
mixture failed to sustain stable flame propagation, resulting in substantial unburned am-
monia emissions. Zhu et al. [18] numerically examined the carbon reduction potential of a
low speed two-stroke engine employing low-pressure port injection of ammonia, ignited
by direct diesel injection. Their study suggested that NOx emissions decreased when the
ammonia substitution rate was kept below 40%. Beyond this threshold, however, there was
a significant rise in NOx emissions. Additionally, the study observed a linear reduction in
CO2 emissions with an increase in ammonia substitution. They also noted the challenge in
simultaneously controlling NOx and GHG emissions. Li et al. [14,15] conducted a compar-
ative analysis of a dual-fuel engine’s performance and emissions, utilizing either gaseous
or liquid ammonia at varying speeds. Their findings indicated that injecting gaseous am-
monia into the engine enhances indicated thermal efficiency (ITE), while the use of liquid
ammonia injection markedly lowers emissions of NOx, NH3, and GHG.

The AER, which indicates the proportion of ammonia replacing diesel in combustion,
plays a critical role in maximizing ammonia’s decarbonization potential [19]. Currently,
research primarily focuses on ADDF engines operating at lower AER levels, yielding
promising results. Yousefi et al. [20] observed through experiments and simulations on
a heavy-duty single-cylinder diesel engine that as AER rises from 0 to 40%, emissions
of NH3 and N2O increase, while NOx emissions decline. Nadimi et al. [21] investigated
the ammonia/biodiesel dual-fuel combustion mode with liquid ammonia direct injection,
noting that ammonia’s significant cooling effect lowers the cylinder’s local temperature.
Although an AER of up to 50% was achieved, this was accompanied by a reduction in ITE.
However, by adjusting the injection timings of both ammonia and biodiesel, substantial
reductions in NOx, CO, and NH3 emissions were achieved, enhancing engine performance.

However, high-pressure ammonia experiments remain relatively scarce, and condi-
tions with high AER are less common. Additionally, the development of ammonia injection
strategies has been somewhat limited, with a primary focus on single-stage injection [22].

Sun et al. [23] employed optical methods to reveal that for ADDF engine combustion
at an AER of 80%, the flame area percentage and peak flame natural luminosity decreased
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by 60% and 92%, respectively. Førby et al. [24] achieved a maximum AER of 98.5% by
utilizing a gasoline DI injector. Their findings indicated that as AER increased from 80%
to 98.5%, emissions of NH3 and N2O decreased, yet NO emissions rose, highlighting the
complex interplay of AER with engine emissions under different operating conditions.

Yousefi et al. [25] maintained an AER of 40% and examined the impact of implementing
a diesel secondary injection strategy in an ADDF engine. Through the use of a diesel split
injection strategy, they managed to enhance the ITE. Moreover, by adapting this strategy,
they achieved a significant reduction in GHG emissions, approximately 30.6%. Liu et al. [26]
explored the effects of diesel secondary injection technology on the combustion process and
flame propagation in an optical engine. Their findings indicated that as the AER increased
to 60%, combustion efficiency decreased. In addition, they pointed out that by adjusting the
diesel split ratio, the interaction between fuel and air can be optimized, thereby improving
combustion efficiency and potentially achieving significant reduction in particulate matter.

Overall, although there has been extensive research on the combustion and emissions
of ADDF engines, there is little research on the effects of introducing secondary injection
or even multiple injection on combustion and emissions. This article addresses the gap in
previous research and investigates the effects of multiple injection on the combustion and
emission characteristics of liquid ammonia/diesel DI engines through numerical simulation.
The influence of ammonia times of injection (TSOI) on combustion and emissions was
discussed, and based on this, the start of ammonia injection (SOAI) timing and ammonia
injection pressure (AIP) were optimized.

2. Numerical Model and Method
2.1. Engine Specifications and Computational Model Selection

In this study, CONVERGE v3.0 was used to model and set parameters for a two-
stroke single cylinder engine. The engine parameters are shown in Table 1. The engine
is equipped with two injectors that inject liquid ammonia and diesel at a given injection
pressure. During engine operation, diesel is injected as a highly active fuel near the top
dead center (TDC) of the piston, followed by liquid ammonia injection. The pilot diesel
starts to burn soon after being injected into the cylinder, and then the liquid ammonia is
added, and the combustion continues.

Table 1. Engine parameters.

Parameters Value

Bore and stroke (mm) 150 × 225
Engine speed (rpm) 375

Effective compression ratio 13.8
Ammonia/diesel injection mode Direct injection in cylinder

Ammonia injection pressure (MPa) 65
Diesel injection pressure (MPa) 100

The engine cylinder was modeled, and Figure 1 shows the structure and mesh division
of the model. Simulate a crank angle (CA) of 195 degree starting from −85 ◦CA after the
top dead center (ATDC).

Table 2 lists the selected sub models. The physical models do a great effect on the
simulation results. The RNG k-ε model is used to simulate turbulence inside the cylin-
der [27]. The KH-RT model adopts the traditional Lagrange method, which can accurately
simulate the secondary fragmentation process of fuel droplets [28]. O’Rourke is used to
describe the collision between droplets and cylinder wall [29]. The NTC model is used to
represent the collision between droplets [30]. The Frosting model is used to represent the
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evaporation of droplets [31]. The SAGE model uses a transient chemical kinetics solver,
ensuring the accuracy of the calculation [32]. The Extend Zeldovich model [33] is used to
predict NOx emissions.
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Table 2. Selection of sub models.

Projects Models

Turbulence RNG k-ε [27]
Droplet breakup KH-RT [28]

Droplet wall collision O’Rourke [29]
Droplet Collision NTC [30]

Droplet evaporation Frossling [31]
Combustion SAGE [32]

NOx emissions Extend Zeldovich [33]

This study uses the mixing mechanism of ammonia diesel developed by Wang
et al. [34], which has been proven to have satisfactory predictive accuracy. The N-heptane
mechanism has been proven to be applicable for predicting diesel combustion, so N-heptane
is used to replace of diesel in the reaction mechanism [14]. The mechanism includes a total
of 495 reactions and 74 substances.

2.2. Grid Sensitivity and Model Validation

The size of the basic grid used in simulation has a great effect on the accuracy of the
simulation [35,36]. Figure 2 shows the grid sensitivity analysis of the engine. In this study,
five different basic grid sizes (10 mm, 12 mm, 14 mm, 16 mm, 18 mm) were selected to
simulate combustion, with hexagonal prisms as the basic unit of simulation. From Figure 2,
the trend of the cylinder pressure curve is consistent when different grid sizes are used,
and as the basic grid size decreases, the peak cylinder pressure gradually decreases. The
similarity of the cylinder pressure simulation results is high at grid sizes of 10 mm and
12 mm, with a maximum difference of 0.9%. Moreover, the pressure curves of the two
basically overlap after the first inflection point. Therefore, the basic grid size of the calculation
model is selected as 12 mm to ensure sufficient simulation accuracy and save computing
resources. Among them, the number of grids for the engine combustion chamber model at
the grid size of 12 mm is 85,669. The calculation is transient, with a maximum calculation step
size of 1 × 10−4 s and a minimum calculation step size of 1 × 10−8 s.
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Figure 2. Effect of base grid size on cylinder pressure.

Figures 3 and 4 show the comparison of cylinder pressure experimental and simulation
data under different AER conditions (0% and 50%, respectively), with the engine cylinder
pressure experimental data sourced from Zhang et al. [13]’s study. The simulated start
of diesel injection (SODI) timing is −14 ◦CA ATDC, and the simulated start of ammonia
injection (SOAI) timing is −0.5 ◦CA ATDC. From Figures 3 and 4, the simulated cylinder
pressure at AER of 0% and 50% are consistent and basically consistent with the experimental
data, with a maximum error of less than 5%. The experimental values of NOx emissions
at AER of 0% and 50% are 215.02 ppm and 408.94 ppm, respectively. The simulated
NOx emissions are 214.98 ppm and 408.71 ppm, respectively, and the errors are within
an acceptable range. This indicates that the accuracy of the combustion chamber model
simulation calculation for this engine is high and can ensure calculation accuracy.
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2.3. Multiple Injection Control Method

The numerical model includes two fuel injectors: one for injecting diesel and the
other for liquid ammonia. Diesel, as a highly active fuel, is first injected into the cylinder,
and then liquid ammonia is injected into the cylinder through different multiple injection
schemes. Figure 5 shows a control method for multiple injection. At present, research on
ADDF engines with direct injection of liquid ammonia mostly focuses on the case of a
single ammonia injection. To achieve multiple injection while keeping the injection pressure
constant, the duration of liquid ammonia injection will be extended. In order to eliminate
interference as much as possible, only the effect of multiple injection of liquid ammonia
on engine performance was studied. The solution adopted in this study is to control the
total duration of multiple injection to remain unchanged, with crank angle equivalent to
1.5 times the duration of 1 times of injection, and to maintain the total period of liquid
ammonia injection equal to the duration of 1 times of injection regardless of changes in
the times of injection. It can be understood that, with a fixed ammonia injection pressure
(AIP), introducing multiple injection actually increases the overall injection duration. When
ammonia times of injection (TSOI) = 1, the injection duration is 13.68 ◦CA. Taking TSOI = 2
as an example, injection is divided into two stages. In the first stage, liquid ammonia
injection starts from −0.5 ◦CA ATDC and lasts for 6.84 ◦CA. After an interval of 6.84 ◦CA,
the second liquid ammonia injection starts from 13.18 ◦CA ATDC and lasts for 6.84 ◦CA
until 20.02 ◦CA ATDC, and the entire injection process ends. By increasing TSOI to x, the
duration of each segment of liquid ammonia injection is 13.68/x ◦CA, and the interval
between each segment of liquid ammonia is 6.84/(x − 1) ◦CA. Precise control of each
segment of liquid ammonia injection can be achieved by setting the injection pattern.
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3. Results and Discussion
In this section, the influence of multiple injection on the combustion and emissions of

liquid ammonia/diesel dual DI was discussed, mainly focusing on the times of injection
for multiple injection, and optimizing the start of ammonia injection timing (SOAI) and
ammonia injection pressure (AIP). Under all operating conditions in this study, the AER
and diesel energy ratio were kept constant at 80% and 20%, respectively, and the diesel
injection pressure (DIP) was kept constant at 100 MPa.

3.1. Effects of Times of Injection
3.1.1. Combustion Characteristics

Figures 6 and 7 show the effect of ammonia times of injection (TSOI) on cylinder
pressure and heat release rate (HRR) at 80% AER. With the increase of TSOI, the peak
cylinder pressure gradually decreases and the peak phase advances. When TSOI > 2, there
is a significant decrease in cylinder pressure in the later stage, indicating that the overall
ammonia injection time is prolonged, which will affect the combustion after the top dead
center and suppress the combustion in the later stage. However, this situation will be
improved to some extent with the increase of TSOI. The instantaneous HRR can be seen
from Figure 7. The overall heat release is divided into two parts. The first part is the pre
injection diesel combustion heat release, which does not change with the different of TSOI.
The second part is the combustion heat release dominated by liquid ammonia injection into
the cylinder. With the increase of TSOI, the instantaneous HRR shows multiple peaks, but
there are also unexpected situations. It can be seen that when TSOI = 2, liquid ammonia
is supplied to the cylinder twice. Ideally, the heat release should be bimodal, but from
Figure 7, the heat release is only unimodal actually. Similarly, when TSOI = 3, the heat
release exhibits a bimodal pattern, and the second heat release peak is lower. Surprisingly,
the peak heat release in the first stage is slightly higher than that when TSOI = 1, indicating
that shorter liquid ammonia injection can promote higher quality combustion.

Figure 8 shows the phases of different combustion stages, including CA10, CA50, and
combustion duration. CA10 represents the crank angle corresponding to when the heat
release reaches 10% of the total heat release, while CA50 and CA90 are similar. Using
multiple injection will result in earlier CA10 phase and shorter combustion duration,
indicating that overall combustion becomes faster. As TSOI increases, both CA10 and CA50
show varying degrees of advancement, which may be due to a decrease in overall heat
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release. The combustion duration CA10–CA90 increases with the increase of TSOI, which
is also easy to understand. Liquid ammonia is injected into the cylinder multiple times,
and due to the existence of diffusion combustion, there will be some high-temperature
areas in the cylinder, causing some ammonia to be oxidized and release heat, prolonging
the overall combustion time. This situation will become more obvious with the increase
of TSOI. However, the low laminar flame velocity and high latent heat of vaporization of
ammonia, coupled with the downward stage of the piston, cannot meet the requirements
of large-scale ignition.
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3.1.2. Emission Characteristics

Figure 9 shows the CO2 and N2O emissions under different TSOI. CO2 and N2O are
both GHG, and N2O has a greenhouse effect about 300 times that of CO2. The sensitivity
of CO2 to TSOI is very low, although there are slight changes, the maximum change is
less than 1%, and the effect of TSOI on it can be ignored. The emissions of N2O basically
determine the emissions of GHG. When TSOI = 2, the total emissions of GHG are the
lowest, with CO2 emissions of 216.22 ppm and N2O emissions of 1.38 ppm. As a whole,
adding multiple injection will reduce N2O emissions, which is more pronounced when
TSOI = 2, 3 and TSOI is large. Figure 10 shows the NOx and NH3 emissions under different
TSOI. The overall NOx emissions show a trend of first decreasing and then increasing with
the increase of TSOI, while the emissions of unburned ammonia show a significant increase.
Similar results were obtained in Nyongesa’s study [37]. As mentioned earlier, multiple
injection lead to combustion deterioration after the top dead center. In this case, after the
liquid ammonia injected into the cylinder vaporizes, the portion involved in oxidation
heat release becomes less, and the amount of unburned ammonia escaping increases. It is
interesting that when TSOI = 3, NH3 and NOx emissions reach a relatively low state, with
NH3 emissions of 52.77 ppm and NOx emissions of 107.61 ppm, which is likely due to more
NH3 participating in chemical reactions related to NOx, ultimately leading to a decrease in
both. In addition, the CO2 emissions in pure diesel mode are 451.25 ppm, and the NOx
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emissions are 214.98 ppm. After multiple injection of liquid ammonia, the emissions of
both are reduced to varying degrees.

Atmosphere 2025, 16, x FOR PEER REVIEW 10 of 19 
 

 

Figure 8. CA10, CA50 and CA90 under different TSOI. 

3.1.2. Emission Characteristics 

Figure 9 shows the CO2 and N2O emissions under different TSOI. CO2 and N2O are 
both GHG, and N2O has a greenhouse effect about 300 times that of CO2. The sensitivity 
of CO2 to TSOI is very low, although there are slight changes, the maximum change is less 
than 1%, and the effect of TSOI on it can be ignored. The emissions of N2O basically 
determine the emissions of GHG. When TSOI = 2, the total emissions of GHG are the 
lowest, with CO2 emissions of 216.22 ppm and N2O emissions of 1.38 ppm. As a whole, 
adding multiple injection will reduce N2O emissions, which is more pronounced when 
TSOI = 2, 3 and TSOI is large. Figure 10 shows the NOx and NH3 emissions under different 
TSOI. The overall NOx emissions show a trend of first decreasing and then increasing 
with the increase of TSOI, while the emissions of unburned ammonia show a significant 
increase. Similar results were obtained in Nyongesa’s study [37]. As mentioned earlier, 
multiple injection lead to combustion deterioration after the top dead center. In this case, 
after the liquid ammonia injected into the cylinder vaporizes, the portion involved in 
oxidation heat release becomes less, and the amount of unburned ammonia escaping 
increases. It is interesting that when TSOI = 3, NH3 and NOx emissions reach a relatively 
low state, with NH3 emissions of 52.77 ppm and NOx emissions of 107.61 ppm, which is 
likely due to more NH3 participating in chemical reactions related to NOx, ultimately 
leading to a decrease in both. In addition, the CO2 emissions in pure diesel mode are 451.25 
ppm, and the NOx emissions are 214.98 ppm. After multiple injection of liquid ammonia, 
the emissions of both are reduced to varying degrees. 

 

Figure 9. CO2 and N2O emissions. Figure 9. CO2 and N2O emissions.

Atmosphere 2025, 16, x FOR PEER REVIEW 11 of 19 
 

 

 

Figure 10. NOx and NH3 emissions. 

3.2. Optimization of Spray Strategy 

3.2.1. Advance Ammonia Injection Timing 

In the above study, the SOAI timing was kept constant at −0.5 °CA ATDC, and in 
order to control the AIP, the ammonia injection under multiple ammonia injection 
strategies stopped at 20.02 °CA ATDC. From the simulation results, it is not difficult to see 
that only the ammonia injected into the cylinder in the first two times can participate in a 
large amount of oxidation heat release, and the ammonia injected into the cylinder in the 
later stage cannot participate well in combustion, only undergoing chemical reactions 
under complex working conditions inside the cylinder. Advance the SOAI timing, on the 
one hand, allows the ammonia initially supplied to the cylinder to participate in 
combustion earlier, which is beneficial for increasing the cylinder temperature and 
providing a more favorable chemical thermal atmosphere for the subsequent liquid 
ammonia entering the cylinder. On the other hand, advancing the SOAI timing can control 
combustion to a greater extent near the top dead center, increase cylinder pressure 
through a smaller volume, and promote combustion. 

Figure 11 shows the effect of different TSOI on cylinder pressure when SOAI timing 
is advanced to −8 °CA ATDC. As the SOAI timing advances, the peak cylinder pressure 
increases significantly and the peak phase advances, which is consistent with the expected 
results. This indicates that advancing the SOAI timing is beneficial for promoting 
combustion. Similar to Figure 6, as TSOI increases, the peak cylinder pressure decreases 
and the peak phase advances. However, the difference is that this change is not linear, but 
more like a repetition within a certain range. Figure 12 shows the effect of different TSOI 
on the HRR when SOAI timing is advanced to −8 °CA ATDC. Unlike Figure 7, when TSOI 
= 2, the HRR shows a double peak, indicating that advancing the SOAI timing can indeed 
improve the combustion of liquid ammonia injected into the cylinder for the second time. 
But when TSOI > 3, the HRR will not show multiple peaks corresponding to TSOI. For 
example, when TSOI = 3, liquid ammonia is supplied into the cylinder in three stages. 
Ideally, the HRR should exhibit three peaks, but Figure 12 also shows only two distinct 
peaks. This indicates that under the simulation conditions of this study, while keeping 

Figure 10. NOx and NH3 emissions.

3.2. Optimization of Spray Strategy
3.2.1. Advance Ammonia Injection Timing

In the above study, the SOAI timing was kept constant at −0.5 ◦CA ATDC, and in
order to control the AIP, the ammonia injection under multiple ammonia injection strategies
stopped at 20.02 ◦CA ATDC. From the simulation results, it is not difficult to see that only
the ammonia injected into the cylinder in the first two times can participate in a large
amount of oxidation heat release, and the ammonia injected into the cylinder in the later
stage cannot participate well in combustion, only undergoing chemical reactions under
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complex working conditions inside the cylinder. Advance the SOAI timing, on the one
hand, allows the ammonia initially supplied to the cylinder to participate in combustion
earlier, which is beneficial for increasing the cylinder temperature and providing a more
favorable chemical thermal atmosphere for the subsequent liquid ammonia entering the
cylinder. On the other hand, advancing the SOAI timing can control combustion to a greater
extent near the top dead center, increase cylinder pressure through a smaller volume, and
promote combustion.

Figure 11 shows the effect of different TSOI on cylinder pressure when SOAI timing
is advanced to −8 ◦CA ATDC. As the SOAI timing advances, the peak cylinder pressure
increases significantly and the peak phase advances, which is consistent with the expected
results. This indicates that advancing the SOAI timing is beneficial for promoting combus-
tion. Similar to Figure 6, as TSOI increases, the peak cylinder pressure decreases and the
peak phase advances. However, the difference is that this change is not linear, but more like
a repetition within a certain range. Figure 12 shows the effect of different TSOI on the HRR
when SOAI timing is advanced to −8 ◦CA ATDC. Unlike Figure 7, when TSOI = 2, the
HRR shows a double peak, indicating that advancing the SOAI timing can indeed improve
the combustion of liquid ammonia injected into the cylinder for the second time. But when
TSOI > 3, the HRR will not show multiple peaks corresponding to TSOI. For example, when
TSOI = 3, liquid ammonia is supplied into the cylinder in three stages. Ideally, the HRR
should exhibit three peaks, but Figure 12 also shows only two distinct peaks. This indicates
that under the simulation conditions of this study, while keeping other parameters constant,
it is difficult to achieve ideal multi-stage heat release by simply adjusting the SOAI timing.
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Figure 13 shows the effect of different TSOI on CO2 and N2O emissions with advancing
the SOAI timing to −8 ◦CA ATDC. Advancing the SOAI timing will lead to an overall
increase in N2O emissions, with the largest increment exceeding 50% at TSOI = 2. This is
because more ammonia participates in the oxidation reaction, resulting in an increase in
N2O emissions. Similar to Figure 9, even if SOAI is advanced, TSOI still has little impact on
CO2 emissions. Figure 14 shows the effects of different TSOI on NOx and NH3 emissions
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with advancing the SOAI timing to −8 ◦CA ATDC. Advancing the SOAI timing results in
an overall increase in NOx emissions and a decrease in unburned NH3 emissions, which
is consistent with the above results. As TSOI increases, NOx emissions show a trend of
first decreasing and then increasing, while unburned NH3 emissions show the opposite
trend of first decreasing and then increasing. When TSOI = 3, NOx emissions are the
lowest, reducing by more than 50% compared to when TSOI = 1. In addition, although
NOx emissions have increased, it still meets Tier III standards.
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3.2.1.1. Effect of Ammonia Injection Pressure

In the above study, the diesel injection pressure and ammonia injection pressure were
kept constant at 100 MPa and 65 MPa, respectively. In addition, the study by Xu et al. [38]
optimized the ammonia energy fraction and injection strategy of a dual-fuel engine. The
findings indicated that the increased injection pressure improved the combustion process
and performance of the engine and reduced the unburned ammonia and N2O emissions. In
Section 3.2.1.1, only the case of TSOI = 2 is discussed, and its effect on cylinder combustion
and emissions is studied by changing the injection pressure of ammonia.

Figure 15 shows the effect of different AIP on cylinder pressure when TSOI = 2. With
the increase of AIP, the peak cylinder pressure increases and the peak phase shifts forward,
indicating that increasing the pressure of liquid ammonia DI has a significant promoting
effect on combustion in the cylinder. On the premise of maintaining AER = 80% unchanged,
increasing the injection pressure of liquid ammonia will shorten its injection duration,
which is also the direct reason for the earlier peak cylinder pressure. In addition, increasing
the injection pressure of liquid ammonia can improve its atomization effect, which to
some extent compensates for the high latent heat of ammonia vaporization and helps
promote combustion [39]. Figure 16 shows the effect of different AIP on the HRR when
TSOI = 2. The heat release of diesel is basically the same, while the heat release dominated
by ammonia oxidation is only unimodal, and with the increase of AIP, the peak heat release
increases and the peak heat release phase advances. Increasing the injection pressure of
liquid ammonia can greatly improve the combustion of liquid ammonia injected into the
cylinder for the first time, but has little effect on the combustion of liquid ammonia injected
into the cylinder for the second time.

Figure 17 shows the effect of different AIP on CO2 and N2O emissions at TSOI = 2.
Since the main source of CO2 is diesel, changing the AIP has little effect on CO2 emissions.
As the AIP increases, N2O emissions also increase, most likely due to higher AIP resulting
in a larger contact surface between ammonia and the mixture, with more ammonia partici-
pating in the oxidation reaction. Figure 18 shows the effect of different AIP on NOx and
NH3 emissions at TSOI = 2. The emissions of unburned NH3 decrease with the increase of
AIP, while the overall NOx emissions show a trend of first increasing and then decreasing.
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However, from the perspective of quantitative relationship, changing the AIP has little
effect on NOx and unburned NH3 emissions.
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4. Conclusions
This paper simulated the effects of multiple injection strategy on engine combustion

and emissions based on a validated ammonia diesel dual fuel model. On this basis, the
study was conducted by advancing the start of ammonia injection (SOAI) timing to −8 ◦CA
ATDC and increasing the ammonia injection pressure (AIP) with the times of injection
(TSOI) = 2. The research conclusion is as follows:

1. Using multiple injection can have a negative effect on the combustion of liquid ammo-
nia injected later, but with an increase in the TSOI, this situation will be improved to
some extent. With the increase of TSOI, the peak cylinder pressure stage is advanced,
CA10 is advanced, the combustion duration is shortened, and the combustion speed
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is relatively faster than a single injection. Increasing TSOI will reduce GHG emissions
and overall NOx emissions, but unburned NH3 emissions will increase. TSOI = 2,
with the lowest N2O emissions at 1.38 ppm; TSOI = 3, with the lowest NOx emissions
at 107.61 ppm.

2. Advancing the SOAI timing to −8 ◦CA ATDC leads to earlier injection of ammonia,
allowing it to interact more effectively with the diesel-dominated combustion process,
thereby improving overall combustion efficiency. The peak cylinder pressure has
significantly increased, and the peak phase shifts forward as TSOI increases, but
oscillates within a certain range. Advancing the SOAI timing has an improvement
effect on later combustion. When TSOI = 2, the heat release shows a clear bimodal
pattern, while the heat release rate at SOAI = −0.5 ◦CA ATDC only shows a unimodal
pattern. The overall N2O and NOx emissions have increased, while unburned NH3

emissions have decreased. But when SOAI advanced to −8 ◦CA ATDC, NOx showed
a decreasing trend with the increase of TSOI, and the reduction was not small. When
TSOI = 3, NOx emissions reached their lowest point, which was more than 50% lower
than a single ammonia injection.

3. Increasing the injection pressure of ammonia can enhance its contact with the mixed
gas and promote combustion. When TSOI = 2, increasing AIP from 50 MPa to 150 MPa
increases the peak cylinder pressure, and there is a significant increase in the peak
heat release dominated by ammonia, but only a single peak, indicating that increasing
AIP alone cannot achieve multi-stage heat release. N2O emissions increase with the
increase of AIP, which is due to more ammonia participating in the oxidation reaction,
while CO2, NOx, and NH3 emissions, although changing, are small.
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Nomenclature
ADDF Ammonia diesel dual fuel
AER Ammonia energy ratio
AIP Ammonia injection pressure
ATDC After the top dead center
CA Crank angle
CA10 Crank angle corresponding to 10% of the total heat release rate
CA50 Crank angle corresponding to 50% of the total heat release rate
CA90 Crank angle corresponding to 90% of the total heat release rate
CI Compression ignition
CO Carbon monoxide
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DI Direct injection
GHG Greenhouse gas
HRR Heat release rate
ITE Indicated thermal efficiency
NOx Nitrogen oxides
N2O Nitrous oxide
SOAI State of ammonia injection
SODI Start of diesel injection
TDC Top dead center
TSOI The times of injection
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