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ARTICLE INFO ABSTRACT
Keywords: To balance NOx emissions and performance in ammonia-fueled marine engines, this
Ammonia/diesel engine study investigates exhaust gas recirculation (EGR) effects on combustion,

performance, and emissions, and proposes a full-load EGR strategy. Based on a
] ] validated CFD model of a methanol/diesel dual-fuel engine and an ammonia spray
Exhaust gas recirculation model, an ammonia/diesel dual-fuel engine model was developed. Simulations at four
Entire operating envelope typical loads were conducted with various EGR rates. Results show that higher EGR
slows ammonia combustion, prolongs combustion duration, intensifies after-burning,
and increases ammonia emissions. Heat release rate is load-dependent, with peaks
regulated by EGR. Engine performance varies with load: the gross indicated mean
effective pressure (IMEP,) increases with EGR at low-to-medium loads, but first rises
then decreases at high loads. EGR effectively reduces NOx emissions at all loads, with
maximum reduction ranging from 71.5 % to 90.2 %. Fuel NOx shows higher sensitivity
to EGR than thermal NOx. However, EGR also increases ammonia and N,O
emissions—marginal at low loads but significant at medium-to-high loads, with a
distinct surge threshold. Recommended EGR rates are 50 %, 40 %, 30 %, and 10 % at
25 %, 50 %, 75 %, and 100 % loads, respectively. This strategy enables compliance
with IMO Tier III NOx regulations, achieves low ammonia and N,O emissions, and
improves IMEP,.

High-pressure direct injection

NOx reduction

1. Introduction

The shipping industry, as one of the most important transportation modes in international trade,
undertakes over 80 % of the global trade volume, while simultaneously generating massive greenhouse gas
(GHG) emissions [1]. To mitigate the impact of shipping on the greenhouse effect, the International Maritime
Organization (IMO) has proposed the 2050 carbon neutrality strategic goal [2]. Under this context, exploring
the application of low/zero-carbon fuels in marine engines has become an effective pathway to reduce GHG
emissions [3, 4].
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Hydrogen and ammonia, as representative zero-carbon fuels [5, 6], exhibit tremendous application
potential in the field of transportation. Neither fuel contains carbon atoms in its molecular structure, a
characteristic that determines hydrogen and ammonia do not generate CO> during combustion. Compared with
hydrogen, ammonia possesses three prominent advantages [7]: (1) ammonia possesses higher volumetric
energy density to ensure providing more energy under the same storage space; (2) under normal temperature
conditions, ammonia only requires -33°C to liquefy, which is more economical and practical compared to the
liquefaction condition of -253°C for hydrogen; (3) more than 120 ports globally already meet ammonia
loading and unloading conditions, with established storage and transportation infrastructure. Therefore,
selecting ammonia as an alternative fuel for marine diesel has become a more practically feasible and ideal
carbon reduction pathway.

Although ammonia is regarded as a highly potential alternative fuel for marine engines, it possesses
inherent characteristics of difficult ignition and low flame propagation speed [8], leading to the fact that a
single ammonia fuel engine is difficult to meet the engineering requirements of combustion stability and power
output for marine power. Therefore, the dual-fuel combustion mode of "diesel ignition - ammonia main
combustion" has become a more feasible technical pathway to balance the cleanliness of ammonia fuel and
engine practicality [9]. Current research in this field mainly focuses on two technical modes: low-pressure
ammonia gas injection premixed combustion (LPGI) and high-pressure liquid ammonia direct injection
combustion (HPDI) [10].

For the LPGI mode, Reiter et al. [11] realized operation with an ammonia energy ratio as high as 95 %
on an ammonia/diesel dual-fuel (ADDF) engine using port injection, verifying the technical feasibility of high
ammonia substitution rates. Zhu et al. [12] conducted numerical simulations of combustion characteristics of
low-pressure ammonia gas injection based on a computational fluid dynamics (CFD) simulation model of a
two-stroke natural gas/diesel marine engine. The results indicated that compared to the pure diesel combustion
mode, the addition of ammonia within a suitable ammonia energy ratio range can improve the in-cylinder
combustion process, thereby enhancing engine combustion efficiency. Nevertheless, the study by
Liuetal. [13] also pointed out significant defects of the LPGI mode, namely the tendency to produce
substantial unburned ammonia slip and N2O emissions.

Regarding the HPDI mode, relevant studies have demonstrated greater potential for synergy between
performance and emissions. Zhou et al. [10] compared the combustion and emissions characteristics of the
LPGI mode and the HPDI mode. The results showed that the indicated thermal efficiency (ITE) of the engine
in both modes could reach over 50 %, while the emissions of the HPDI mode under appropriate conditions
were significantly lower than those of the port premixed mode. Zhang et al. [14] carried out an experimental
study on the ammonia/diesel dual direct injection strategy on a small-scale single-cylinder low-compression-
ratio two-stroke engine. The results indicated that the direct-injected high-energy diesel spray can enhance the
ignition and combustion process of ammonia through a local high-temperature and high-pressure environment,
effectively improving the issue of slow ammonia combustion, thereby increasing engine thermal efficiency.
Simultaneously, the direct injection of liquid ammonia can promote the secondary atomization and uniform
mixing of diesel spray, reducing soot emissions caused by local rich diesel combustion, and simultaneously
reducing CO emissions generated by incomplete combustion.

Physical tests serve as a crucial research method for the above two combustion modes, yet they
inherently suffer from high costs and potential safety hazards. In contrast, 3D-CFD simulation can acquire
multi-dimensional physical field data at low cost, and has become an indispensable tool for investigating in-
cylinder combustion in internal combustion engines. In the field of dual-fuel engines, Liu et al. [15] adopted
CFD models to reveal the synergistic effects of EGR, hydrogen addition and pilot fuel injection timing on
natural gas/diesel dual-fuel engines. Xiong et al. [16] established engine models via 3D-CFD software and
clarified the coupling effects and internal mechanisms of injector layout, ammonia injection timing and energy
fraction in ADDF engines. Moreover, CFD technology also facilitates research on dual-fuel schemes involving
methanol, hydrogen and ammonia. Chen et al. [17] illustrated the influences of boundary parameters such as
initial temperature, initial pressure and horizontal/vertical injection angles on large-scale diesel/methanol
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dual-fuel engines. Ma et al. [18] proposed the innovative ammonia-hydrogen coaxial stratified injection
method to explore its effects on engine combustion and emission performance.

It should be noted that although ADDF engines have significant advantages in CO reduction, they also
face the challenge of increased emissions of pollutants such as NOx, NH3, and N>O [19, 20]. Due to the
nitrogen-containing characteristic of the ammonia molecular structure, its combustion process generates
additional fuel NOx [21], which is different from the mechanism where conventional diesel engines only
generate thermal NOx (formed by the reaction of N> and O» at high temperatures). The superposition of fuel
NOx and thermal NOx easily leads to an increase in total NOx emissions from ADDF engines. The application
of ammonia fuel is expanding steadily in the marine power field. Nevertheless, whether its NOx emissions
can comply with IMO Tier |ll emission standards has become an urgent core challenge, which directly restricts

the marine popularization of ammonia fuel.

Among engine NOx emission reduction technologies, the exhaust gas recirculation (EGR) technology
is recognized as one of the most effective technical means for reducing NOx emissions in traditional diesel
engines [22, 23], as it regulates the combustion process through a triple mechanism of the thermodynamic
inhibition (reducing peak in-cylinder combustion temperature), the chemical reaction influence (inhibiting
NOx formation reaction paths), and the oxygen dilution (reducing in-cylinder oxygen concentration). The
study by Abd-Alla et al. [24] confirmed that under pure diesel combustion mode, EGR can significantly reduce
engine NOx emissions, with a 50 % reduction in NOx at a 20 % EGR rate. Regarding the ADDF combustion,
Sun et al. [25] also conducted a study on the applicability of EGR technology. The results showed that EGR
also has an excellent inhibitory effect on NOx in ADDF engines. Under the 70 % ammonia energy ratio
condition, an EGR rate of only 30 % is needed to achieve a 67.87 % reduction in NO emissions, and this
reduction efficiency is higher than that under pure diesel mode with the same EGR rate, verifying the
application potential of EGR technology on ADDF engine models.

Although the NOx reduction effect of EGR technology on ADDF engines has been preliminarily
verified, the following technical gaps still exist in current research: (1) the application research of EGR
technology on ADDF engines mainly focuses on the LPGI mode, while studies on the EGR adaptability for
the HPDI mode, which has better performance advantages, are rarely reported; (2) the existing studies mostly
focus on a specific load condition, and there are no published literature reports on the effect of EGR on the
combustion and emission characteristics of marine two-stroke ADDF engine under full-load conditions. Based
on this, this study constructs a three-dimensional (3D) CFD simulation model of a two-stroke ADDF engine
and selects four common loads of 25 %, 50 %, 75 % and 100 % within the full operating range. By analyzing
engine changes under these loads, we can fully grasp the impacts of EGR strategies on combustion,
performance and emissions under HPDI mode, and subsequently proposes a recommended EGR rate scheme
compliant with IMO Tier III NOx emissions. This research can provide theoretical support for the NOx
compliance and efficient operation of two-stroke ADDF marine engines.

The novelty of this study stems from: (1) based on the experimentally validated dual-fuel liquid injection
concept, a 3D CFD simulation model of a large two-stroke high-compression ratio ADDF marine engine is
constructed for the first time; (2) the combustion, performance, and emission (NOx, NH3, N>O) characteristics
of the engine in the low, medium, and high load ranges under wide-range EGR rate conditions are
revealed; (3) the difference in sensitivity of fuel and thermal NOx to EGR is clarified; (4) addressing the
balance between NOx emissions compliance and performance of the engine, an EGR optimization strategy
oriented towards the entire operating envelope is proposed.

2. Engine modelling description

2.1 Modeling strategy

A large two-stroke HPDI dual-fuel engine, which is already in commercial operation and utilizes a main
fuel with physicochemical properties relatively close to ammonia, was selected as the prototype engine.
Through simulation modeling, this engine was transformed into a two-stroke ADDF engine. The modeling
process is illustrated in Figure 1. First, based on the structural parameters of the prototype engine, the engine
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3D geometric model was constructed using SolidWorks software. On this basis, a CFD model of the prototype
engine was developed employing CONVERGE software, and the model was calibrated and validated using
the control parameters and test data of the prototype engine. Next, an ammonia constant volume bomb
simulation model was constructed using experimental data published by Li et al. [26] from an ammonia
constant volume bomb, and the calibrated ammonia spray model was validated against this experimental data.
Furthermore, the ammonia spray model was coupled with the prototype engine CFD model to establish the
complete simulation model of the two-stroke ADDF engine. Finally, based on the two-dimensional (2D) and
3D results obtained from the simulation experiments, EGR’s impact on the combustion characteristics, engine
performance, and emission behaviors of the engine were investigated.

. CONVERGE v3.0
Experimental data on

Protot_vlp e‘engine stmsiture/ ammonia constant Simulation model of
£ontxo pal;;nmeters L volume bomb published ammonia constant volume
A by Li et al. [26] bomb
i Caliln‘ationl Validation Validation Calibration
SolidWorks CONVERGE v3.0 CONVERGE v3.0
3D geometric model of ——— CFD simulation model of — "
: . : : : Ammonia spray model
prototype engine prototype engine

| Coupling model

Case setting l
Load: 25%, 50%, 75%, 100% | CFD simulation model of two-stroke
EGR rate: 0%, 10%, 20%, 30%, ammonia/diesel dual-fuel engine
40%, 50%
Data results 3D results
Combustion Performance Emission
Temperature Distribution of
» Cylinder distribution unburned ammonia
pressure ) » NOx
~ Energy
» Heat release - » Unburned
distribution :
rate IMEP. ammonia
» Combustion 2 = r N20 Distribution of fuel Distribution of
phase NOx thermal NOx

Fig. 1 Construction process of engine simulation model

2.2 Prototype engine selection

This study selected the Everllence 6G50ME-LGIM two-stroke methanol/diesel marine engine as the
prototype engine [27], and its technical specifications and experimental boundary conditions are shown in
Tables 1 and 2. This engine is equipped with a high-pressure common rail injection system. Two diesel
injectors and two methanol injectors are arranged on the cylinder head. The four injectors work independently
and only spray respective fuels. The layout of the injectors is presented in Figure 2. The engine adopts a high-
pressure dual direct injection strategy. Under the dual-fuel combustion mode, the pilot diesel is first injected
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into the cylinder after top dead center, and the methanol is injected immediately thereafter. This injection
strategy determines that the fuel combustion is dominated by diffusion combustion, enabling reliable and
efficient combustion.

Diesel Methanol

Methanol Diesel

Fig. 2 Injector positions

The selection of this engine as the prototype to establish the ADDF engine simulation model was

carefully considered, and the specific basis is as follows.

Consistency of combustion logic: Ammonia features an extremely low cetane number and cannot be
directly ignited via compression combustion, hence requiring high-activity fuel for pilot ignition.
Accordingly, the combustion strategy of the ammonia/diesel dual-fuel engine in this study is defined
as diesel pilot ignition with ammonia serving as the main fuel, consistent with that of the prototype
engine.

Reusability of core structures: The core structures of the two engine types (such as the basic power
components like cylinder, piston and crankshaft) possess high reusability, eliminating the need for
large-scale adjustments to the model infrastructure, significantly reducing the construction
complexity of the simulation model and shortening the modeling cycle.

Compatibility of key systems: The high-pressure common rail injection system and the diesel pilot
ignition control strategy equipped on the prototype engine can be adapted to the diesel ignition
requirements of the target engine without additional changes. Both methanol and ammonia maintain
liquid state under normal temperature and high pressure, so the original methanol-oriented common
rail hardware is applicable to ammonia supply, which reduces the model uncertainty introduced by
system parameter adjustments.

Adaptability of fuel characteristics: The lower heating values of methanol (21.2 MJ/kg) and ammonia
(18.6 MJ/kg) differ by merely 12 %. Their close mass energy densities render the prototype engine’s
injector geometry (e.g., nozzle hole diameter, injection pressure) and injection scheduling (e.g.,
injection timing, fuel metering) well compatible with ammonia. Although ammonia’s boiling point
(239.8 K) is much lower than methanol’s (337.8 K), discrepancies in spray breakup behaviors under
high-pressure injection can be compensated by calibrating the KH-RT spray breakup model. Overall,
the prototype injection strategy is highly adaptable to ammonia fuel; only spray model parameters
related to ammonia’s physical properties (such as viscosity and evaporation rate) require
modification to satisfy the simulation demands of the target engine.

Reliability of modeling method: The modeling idea based on iterative optimization of mature
commercial engine models can maximize the reuse of modeling methods, boundary condition
settings and error correction experiences that have been verified by engineering, effectively
improving the convergence and calculation accuracy of the target model, and finally obtaining an
efficient and reliable high-confidence simulation model.
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In summary, the selection of this prototype engine can guarantee the feasibility and accuracy of the
target engine simulation model from the aspects of combustion logic, structural reuse, system compatibility
and modeling efficiency, laying a foundation for the reliability of subsequent simulation analysis. It should be
noted that this prototype engine selection idea referred to the prototype engine selection idea of the marine
two-stroke ADDF engine currently being developed by Everllence.

Table 1 Prototype engine specifications

Parameter Value
Number of cylinders 6
Bore (mm) 500
Stroke (mm) 2500
Connecting rod length (mm) 2500
Compression ratio 29.58
Rated load engine speed (rpm) 80.4
Rated load engine power (kW) 6400
Number of diesel/methanol injectors 2/2
Diesel nozzle number and diameter (mm) 10x1.1
Methanol nozzle number and diameter (mm) | 8%1.6
Diesel/methanol injection pressure (bar) 600/430
Table 2 Boundary conditions of experimental engine
Parameter
Load | Ambient . Scav. Scav. Exhaust Methanol Diesel fuel
(%) press. Ambient press. | temp. press. Exhaust fuel mass mass
(bar) temp. (K) (bar) (K) (bar) temp. (K) (g/cycle) (g/cycle)
25 1.02 296 1.51 301 1.42 503 25.56 3.99
50 1.02 296 1.89 297 1.77 593 42.59 3.95
75 1.02 297 2.86 301 2.8 623 55.8 3.266
100 1.02 298 3.65 308 3.62 683 72.84 2.656

2.3 Prototype engine modeling and validation

First, the 3D geometric model of the engine cylinder was developed based on the structural parameters
of the prototype engine. The model is divided into two parts: the in-cylinder region and the exhaust region,
wherein the in-cylinder region includes the cylinder liner, cylinder head, piston and piston rings, and the
exhaust region includes the exhaust valve and exhaust port. Further, the CFD simulation model was
constructed based on the CONVERGE v3.0 software, as depicted in Figure 3. Table 3 lists the primary initial
and boundary conditions, and the exhaust valve lift profile is also provided in Figure 4. It should be noted that
the profile has been simplified using a piecewise linear approximation, although the actual lift curve still
exhibits slight rounded transitions over the limited crank angle intervals near the opening and closing phases.
Given that these transition regions occupy only a very small fraction of the total exhaust valve open duration,
any local perturbations introduced by this simplification are expected to have a negligible impact on the
simulation outcomes. Consequently, the resulting errors are not significant enough to affect the principal
conclusions of this study. The calculation process starts from the scavenging port closing time (-143.6 °CA
ATDC) and continues to the scavenging port opening time (143.6 °CA ATDC). Variable time step algorithm
is adopted in the research. The time step follows the recommended value of CONVERGE setting. The initial
time step is set to 1-107 s, and the maximum time step is limited to 0.0001 s. During intense reactions such as
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spray and combustion, the time step can be automatically adjusted down to a minimum of 1-10°® s to guarantee
calculation accuracy and numerical stability.

Exhaust valve

111

Hf

Cylinder #!
head =

Fixed embedding

A _4

Injectors

“Cylinder “liner

Piston

Fig. 3 Engine simulation model (left) and encryption strategy (right)
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Table 3 Initial and boundary conditions of simulation model

Load Parameter
oa
(%) Initial cylinder press. | Initial cylinder temp. | Piston temp. | Head temp. | Line temp.
(bar) X) X) XK) XK)
25 1.6 366.4 523 503 463
50 1.84 370.1 551 531 491
75 2.88 415.9 573 553 513
100 3.66 435.8 623 603 563
0.08} 0.08}
0.06¢ 0.06}
B E
£ 0.04} & 0.04
= =
0.02¢ 0.02}
0.00} - . . . - 0.00f - . . . .
0 128.2 180 274.7 360 0 128.2 180 267.6 360
Crank angle degree (°CA) Crank angle degree (°CA)
(2) 25% Load (b) 50% Load
0.081 0.08}
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Fig. 4 Exhaust valve lift profile

To accurately simulate the in-cylinder flow and mixing combustion processes, appropriate simulation
sub-models were selected, as shown in Table 4. The turbulent flow is calculated using the RNG £-¢ turbulence
model [28]; the fuel spray breakup process is described by the KH-RT model [29]; the liquid injection is
simulated by the Blob model [30]; the droplet evaporation adopts the Frossling model [31]; the droplet
collision employs the NTC model [32]; and the droplet wall impingement uses the Wall film model [33]. In
addition, the SAGE combustion model based on detailed chemical kinetics is selected, and based on the
similarity in combustion characteristics between diesel and n-heptane, n-heptane is chosen as a surrogate for
diesel simulation. The chemical kinetic mechanism for in-cylinder combustion adopts the methanol-diesel
dual-fuel chemical kinetic mechanism proposed by Liu et al. [34], which has been validated by numerous
studies. The wall heat transfer employs the O’Rourke and Amsden model [35], while for emission models,
the NOx formation model adopts the Zeldovich mechanism [36], and the soot generation and oxidation model
uses the Hiroyasu-NSC model [37].
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Table 4 Selection of simulation sub-models

Model name Sub-models

Turbulence RNG Fk-¢ [28]

Spray break-up model KH-RT [29]

Liquid injection model Blob [30]

Drop evaporation Frossling [31]

Drop collision NTC [32]

Spray-wall interaction model | Wall film [33]

Combustion SAGE chemical reaction solver
Wall heat transfer O’Rourke and Amsden [35]

NOx generation Extended Zeldovich mechanism [36]

Since the mesh size in CONVERGE software significantly affects the simulation results, considering
the characteristics of the large bore and long stroke of the engine in this study, different levels of fixed
embedding and Adaptive Mesh Refinement (AMR) strategies were first adopted to improve the accuracy of
the simulation results. Specifically, a level 2 fixed embedding strategy was adopted for the cylinder liner and
cylinder head, a level 3 fixed embedding strategy was adopted for the exhaust valve, and a level 3 fixed
embedding strategy was adopted for the diesel and methanol spray development regions. Meanwhile, a level 2
adaptive mesh refinement strategy was adopted for the in-cylinder velocity and temperature calculation mesh.

Keeping the embedding strategy unchanged, the base grid size was changed to perform grid
independence validation. Since the engine bore in this study is large, an excessively small grid size tends to
cause the computational feasibility to deteriorate, so this study set the base grid sizes to 30, 35, 45, and 65 mm,
respectively. Figure 5 shows the influence of mesh size on the in-cylinder pressure of the engine at 25 % load.
Among them, the in-cylinder pressure curve with a base grid size of 35 mm is already very close to that with
a base grid size of 30 mm, while deviations appear in the corresponding in-cylinder pressure curves when the
base grid size is 45 mm and above. Considering the computational accuracy and efficiency of the model, a
base grid size of 35 mm was adopted for the simulation calculations.

35mm — 45mm --—-65mm|

30mm

.

[
[\
T

10}

oL

)

In-cylinder pressure (Mpa)

/

//

=20 =10 0 10 20 30
Crank angle degree (°CA)

EN

Fig. 5 Influence of the basic grid on the cylinder pressure

Based on the factory test data of the prototype engine [38], the calibration and validation of the engine
CFD simulation model were performed for four loads of 25 %, 50 %, 75 %, and 100 % under the dual-fuel
mode. Figures 6 and 7 show the simulation results of the in-cylinder pressure curves and key parameters under
different loads. The experimental gross indicated mean effective pressure (IMEP;) corresponds to the full-
cycle value, whereas the simulated IMEP excludes work generated during the scavenging phase. As observed
from the measured pressure curves, that the in-cylinder pressure remains low and nearly constant throughout
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the scavenging phase, and the work contribution from this interval can be approximately neglected.
Accordingly, excluding the scavenging-phase work from the simulated IMEP, leads to only limited deviations.
For the comparison between simulated and measured cylinder pressure in Figure 7, the deviation
quantification analysis shows that, under the four operating conditions, the maximum deviation of the peak
in-cylinder pressure is 2.5 %, the maximum deviation of the compression pressure is 1.5 %, and the errors of
other validated parameters are all below 5 %, confirming that the model accuracy meets the requirements of
this study.
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Fig. 6 Experimental vs. simulation comparison of in-cylinder pressure
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Fig. 7 Experimental vs. simulation comparison of main engine parameters

2.4 Ammonia/diesel engine modeling and validation

Accurate high-pressure liquid ammonia spray and breakup models are crucial for the combustion
prediction of ammonia-diesel direct injection dual-fuel engines. The study constructed a liquid ammonia spray
numerical calculation model based on the optical visualization experiments of high-pressure liquid ammonia
spray and combustion processes under inert conditions conducted by Li et al. [26]. The constant volume bomb
calculation domain adopted a cuboid with dimensions of 48x48x97 mm, and the boundary conditions were
set according to the relevant experimental parameters, as shown in Table 5.

In order to improve accuracy and minimize calculation time, the base grid size of the model was set to
6.4 mm, and a level 2 adaptive mesh refinement strategy was selected for the velocity gradient and temperature
gradient. Based on the finding by Zhou et al. [10] that the calculation results of liquid ammonia spray
penetration distance show little difference when the ratio of mesh size to nozzle diameter (M/D) in the near-
nozzle region is approximately 1.1-2.1, a level 4 fixed embedding strategy was selected in the spray
development region. At this point, the mesh size of the ammonia spray part reaches 0.4 mm, and the M/D of
the liquid ammonia constant volume bomb model is 1.82, which satisfies the simulation conditions.
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Table S Liquid ammonia spray experimental conditions

Parameter Value
Number of nozzles 1
Nozzle diameter (mm) 0.22
Fuel injection pressure (MPa) | 60
Injection duration (ms) 2.5
Fuel temperature (K) 350
Ambient temperature (K) 900
Ambient density (kg/m?) 18
Ambient gas N2

Figure 8 shows the comparison results between the experiment and simulation of liquid ammonia spray
gas-liquid phase penetration distances under experimental conditions. The overall fitting effect of two-phase
penetration distance is satisfactory. Minor deviation only occurs in gas-phase penetration distance at the late
spray stage, with average relative error kept below 3 %. The simulation accuracy meets research requirements.
Figure 9 shows the comparison between the experiment and simulation of liquid ammonia spray morphology
under experimental conditions, where the solid line is the spray liquid phase contour, and the dashed line is
the spray gas phase contour. It can be observed that this spray model can predict the morphological
development of liquid ammonia spray well and can be used for subsequent numerical simulation research.

Based on the CFD simulation model constructed in Section 2.3, methanol was changed to ammonia fuel,
and the liquid ammonia spray sub-model was set up to construct the ADDF engine CFD model. In terms of
simulation settings, the liquid ammonia injection pressure was maintained at 60 MPa, and the injector orifice
diameter was set to 1.6 mm. A 4-level fixed refinement was applied to the ammonia injector and spray
development area; at this point, the M/D ratio in the near-nozzle region of the ammonia injector was 1.37,
which ensures the accuracy of liquid ammonia spray prediction. For the chemical reaction kinetics mechanism
of in-cylinder combustion, the ammonia-n-heptane combined combustion chemical reaction mechanism
developed and validated by Zhou et al. [39] was adopted, which includes 65 species and 344 reactions. Based
on the above model and parameter settings, further research on the EGR strategy and characteristics of the
ADDF engine was carried out. It should be noted that partial model validation has been accomplished, yet
sufficient experimental verification is still lacking regarding the overall performance characteristics and EGR
action mechanism of ADDF engines, which may slightly raise the simulation deviation of the model.
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Fig. 8 Comparison of spray penetration distance of high-pressure liquid ammonia
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3. Study Cases setting

Utilizing the developed simulation model of the ADDF engine, this paper examines the impacts of EGR
on the engine’s combustion behaviors, operational performance, and emission characteristics under dual-fuel
mode. Simulation cases are set up for four load conditions: 25 %, 50 %, 75 %, and 100 %. Specifically, the
100 % load condition of the ADDF engine is defined based on the factory specifications of the prototype
engine at 100 % load, where methanol fuel is replaced by ammonia fuel. Except for specific parameters
adjusted according to fuel property differences, all other parameters remain consistent with the prototype
engine’s 100 % load settings. Under the 100 % load condition, the ammonia injection mass is 72.8425 g/cycle
and the diesel injection mass is 2.65561 g/cycle, and these fuel injection parameters have been supplemented
in Table 2. The air-fuel ratio at 0 % EGR rate under 100 % load is approximately 18.35. For each load, EGR
rates of 10 %, 20 %, 30 %, 40 %, and 50 % are selected. To eliminate the interference of other factors, model
parameters (including injection pressure, single-cycle injection mass, injection rate profile, and other boundary
conditions for both ammonia and pilot diesel) are kept constant for different EGR rates under the same load.
The corresponding ammonia energy fractions at 25 %, 50 %, 75 % and 100 % engine load are 72.6 %, 81.7 %,
87.6 % and 91.9 % respectively.

In this study, the exhaust gas components are reasonably simplified based on ammonia combustion
characteristics. This method is carefully formulated with reference to the successful cases reported by Hu et
al. [38]. Firstly, major ammonia combustion products including N> and H,O, CO; generated from diesel
combustion, and O involved in combustion reactions are retained. Meanwhile, unburned ammonia and N>O
that supports combustion at high temperatures are incorporated to mitigate environmental pollution. Finally,
other trace exhaust gases are categorized into N2 components owing to the inert property of nitrogen. This
simplification strategy maintains component concentration balance, reduces reaction computation load, and
improves calculation efficiency and numerical stability. The EGR rate is defined as follows:

MEGR
Mger + Myrr

REGR = X 100 % (1)
where my;p represents the fresh air mass entering the cylinder when the scavenging port closes, and mggg
represents the exhaust gas mass recirculated into the cylinder when the scavenging port closes. The gas
component settings for all study cases are shown in Table A.1.

The ITE was used to analyze the engine combustion characteristics, and its calculation formula is as
follows:

2

I/l(gross

X 100 %
(Myk, fuet + My ecr) X LHV g, + Majeser X LHVgiose1

Rirgp =
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where W,.oss 18 the net indicated work done by the piston over the simulation interval (i.e., from -143.6 °CA
ATDC to 143.6 °CA ATDC), which equals the expansion work minus the compression work. This parameter
is obtained by integrating the in-cylinder pressure with respect to the cylinder volume change, where the
compression work is taken as negative and the expansion work as positive. Myy, ryer> MyH, EGR> ANd Mygjeger
represent the masses of fuel ammonia, recirculated ammonia, and pilot diesel, respectively. LHVyy, and

LHV ;0501 represent the lower heating values of ammonia and diesel, respectively, where the LHV of ammonia
is taken as 18.6 MJ/kg and the LHV of diesel is taken as 44.9 MJ/kg.

To facilitate the analysis of the effect of EGR on combustion phasing, this paper defines CA10, CAS50,
and CA90 as the crank angles where the cumulative in-cylinder heat release reaches 10 %, 50 %, and 90 % of
the total heat release, respectively. Among them, CA50 represents the center of combustion; the crank angle
interval from the start of diesel injection to CA10 is defined as the ignition delay period; and the crank angle
interval from CA10 to CA90 is defined as the combustion duration.

4. Results and discussion

4.1 Analysis of engine combustion characteristics

Figures 10 and 11 illustrate the impacts of varied EGR rates on the heat release rate (HRR) and cylinder
pressure of the engine at 25 %, 50 %, 75 % and 100 % loads. A distinct feature is that the compression pressure
and maximum pressure of the engine decrease with the increase of the EGR rate under all loads. Since
triatomic molecules in the exhaust gas, such as CO2, H>0O, and N2O, have higher specific heat capacities than
diatomic molecules like Oz and N2, EGR suppresses the temperature rise of the working medium, leading to
a reduction in compression pressure. The decline in peak pressure results from the combined effects of EGR.
Primarily, EGR reduces in-cylinder oxygen concentration and slows down combustion. Besides, the cooling
effect of high-specific-heat EGR gas and the chemical influence of water vapor on reaction pathways at high
temperatures also exert notable impacts. The in-cylinder temperature distribution for the 75 % load condition
with 0-50 % EGR rates is shown in Figure 12. This figure clearly demonstrates that the temperature in the
combustion region under high EGR conditions is significantly lower than that under low EGR conditions.
Observing the ammonia isosurface at 6 °CA ATDC, the area under high EGR conditions is larger than that
under low EGR conditions, indicating slower ammonia combustion and milder temperature rise. Meanwhile,
EGR gas with higher specific heat capacity cuts down combustion temperature. The superposition of these
two effects leads to the shrinkage of high-temperature zones. In addition, it can be observed from Figure 11
that the peak heat release rate decreases with the increase of the EGR rate under all loads. Another observation
is that the heat release rate in the late stage of combustion (the green dashed box in Figure 11) shows an
opposite trend; that is, the heat release rate is higher under high EGR rate conditions in this stage, implying
that the combustion of a larger amount of fuel is retarded. By quantifying the reduction in peak in-cylinder
pressure with EGR, it is evident that the maximum pressure under high loads is more significantly affected by
EGR. Taking the 50 % EGR rate as an example, the maximum in-cylinder pressures for the four loads under
this condition are reduced by 4.2, 9, 11.6, and 14.1 bar, respectively, relative to the baseline condition.

A careful observation of Figure 11 reveals that the HRR of the two-stroke ammonia/diesel engine exhibit
multiple peaks. The number of HRR peaks increases from two to four as the load increases from 25 % to
100 %, indicating that the combustion heat release pattern of the engine is load-dependent. The HRR peaks
within the blue dashed box are inferred to be generated by diesel combustion. Taking the 75 % load case as
an example for analysis, it can be observed from Figure 11(c) that there are two distinct minor peaks within
the blue dashed box, which are attributed to the premixed combustion and diffusion combustion of diesel,
respectively. In Figure 12, the white regions at 4 °CA and 6 °CA represent the iso-surfaces where the ammonia
mass fraction is 0.01. It can be observed that the ammonia iso-surface is located in a low-temperature region
at 4 °CA, whereas at 6 °CA, the ammonia iso-surface largely overlaps with the high-temperature region. This
indicates that ammonia participates in combustion at 6 °CA but has not yet participated at 4 °CA. It is worth
noting that the crank angle corresponding to the second peak within the blue dashed box in Figure 11(c) is
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approximately 4.2 °CA, implying that ammonia begins to participate in combustion only after this second
peak.

As the load increases from 50 % to 100 %, the HRR exhibits a twin-peak morphology that becomes
increasingly distinct. This is attributed to the fact that as the load increases, the increased ammonia injection
mass prolongs the injection duration; consequently, the fuel cannot be completely burned during the main
combustion stage, resulting in a larger proportion of fuel being burned in the second stage. With an increase
in the EGR rate, the first HRR peak shows a downward trend, while the second peak exhibits a trend of initially
rising and then falling. It is inferred that the decrease in in-cylinder temperature with increasing EGR rate
leads to a reduction in the amount of combustible mixture burned at the first HRR peak, causing the continuous
decline of the first peak. Consequently, more combustible mixture completes combustion during the second
peak, leading to an initial upward trend in the second peak. However, while the EGR goes beyond a certain
threshold, the formation of the combustible mixture becomes limited by temperature and oxygen
concentration. The rate of ammonia diffusion combustion decreases, and the heat release peak gradually
declines [40], resulting in the phenomenon where the second peak rises first and then falls.
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Fig. 10 Cylinder pressure under diverse loads and EGR rates
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Fig. 12 In-cylinder temperature distribution under 75 % load with different EGR rates

Figure 13 presents the in-cylinder combustion duration, ignition delay and CA50 timing under various
loads and EGR rates. It can be observed from Figure 13 that with the increase of the EGR rate, the ignition
delay periods under all studied loads are slightly prolonged. This is because as the EGR rate increases, the in-
cylinder temperature and pressure before ignition decrease (see Figure 10), thereby retarding the combustion
of diesel. In general, the combustion duration exhibits an extending trend, which can be attributed to the
multifaceted effects brought by EGR. Firstly, reduced oxygen concentration caused by dilution dominates the
decelerated combustion. Meanwhile, EGR gas with high specific heat absorbs heat during combustion and
lowers in-cylinder temperature, further slowing combustion. Additionally, exhaust gas alters reaction
pathways via chemical effects. The coupling of these three effects ultimately prolongs the in-cylinder
combustion duration. Taking the 50 % EGR rate as an example to compare the extension magnitude of the
combustion duration across different loads, the combustion durations at 25 %, 50 %, 75 %, and 100 % loads
are extended by 12 %, 17 %, 24 %, and 42 %, respectively, relative to the baseline conditions. This indicates
that the combustion duration at high loads is more significantly influenced by EGR. This observation is
consistent with the heat release rate curve results in Figure 11; that is, the increase in EGR rate retards the
combustion rate of ammonia, causing the heat release peaks to transition from steep to flat.
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Fig. 13 Combustion phase under different loads and EGR rates

4.2 Analysis of engine work performance

The influence of EGR on energy distribution and the IMEP, under different loads is illustrated in Figure
14. It can be observed that IMEP, and ITE rise steadily with the increase of EGR rate under medium and low
loads, while heat loss shows an opposite downward trend. At high loads, IMEP, and ITE increase first and
then decrease as EGR rate grows, and heat loss presents a reverse trend of initial decline followed by rise.
This results from the combined variation of piston work capacity and combustion state.

Figure 15 displays the variations in engine piston work under different loads. Compression work
declines steadily with rising EGR across all loads, while the expansion work shows varying changes across
loads due to the influence of compensatory work during the expansion process [38]. At medium and low loads,
the reduced loss of expansion work, combined with the compensatory work effect, enhances the piston's work-
done capability as the EGR rate increases. At high loads, the piston's work-done capability continues to
improve at lower EGR rates. However, when the EGR rate goes beyond a certain threshold, the piston's work-
done capability gradually weakens due to increased expansion work losses caused by the prolonged
combustion duration. Compared to the 30 % EGR rate threshold at 75 % load, the threshold at 100 % load
shifts earlier to 10 %, indicating that lower EGR rates should be adopted as the load increases to avoid an
excessive decline in piston work-done capability.

Furthermore, it can be seen that unburned losses exhibit an increasing trend with increasing EGR rates
across all loads. Since the unburned losses are minimal at the 25 % load condition, the influence of EGR is
negligible. Additionally, comparing the growth magnitude of unburned losses at a 50 % EGR rate, the values
for the four loads are 0, 0.02 %, 0.04 %, and 0.1 %, respectively. This indicates that unburned losses at high
loads are more significantly affected by EGR. This is attributed to the long quenching distance of ammonia
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combustion; as the load increases, the higher ammonia content leads to deteriorated combustion at the
periphery of the combustion chamber, thereby increasing the unburned ammonia content.

In summary, EGR can effectively regulate in-cylinder combustion temperature under medium and low
loads, cut heat dissipation loss and improve piston work capacity. Combustion deterioration and unburned
loss rise slightly in such operating conditions. The combined positive effects lead to continuous growth of ITE
and IMEP; as EGR rate increases. Under high loads, large fuel injection quantity and intense initial
combustion make EGR exert an inhibitory rather than promotive effect on combustion. Piston work capacity
rises first and then falls. Combined with the continuous growth of unburned loss, ITE and IMEP; increase
initially and decrease subsequently with rising EGR rate.

It should be noted that this study fails to separately quantify exhaust heat loss and wall heat loss when
analyzing EGR effects on power performance of ammonia-fueled engines. The individual influence
mechanism of EGR and load conditions on the two types of heat losses cannot be clarified independently.
This limitation needs to be optimized in further research.
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Fig. 14 Energy distribution and IMEP, under different loads and EGR rates
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Fig. 15 Engine power output changes under different loads

4.3 Analysis of engine emission characteristics

NOx emission is a crucial indicator for evaluating the emission performance of marine engines. In
ADDF engines, due to the nitrogenous nature of the fuel, the generated NOx can be categorized into "fuel
NOx" and "thermal NOx". Specifically, fuel NOx is primarily produced through the dehydrogenation and
oxidation reactions of ammonia during combustion; its reaction path is illustrated in Figure 16 [41]. NH;
generates radicals via dehydrogenation; when the temperature exceeds 1400 K, NO is produced through
reactions 3-5. Thermal NOx is mainly formed by the oxidation of N2 in high-temperature environments
(typically above 1800 K) through reactions 6-8 [42]. The formation of N>O primarily occurs via NH; radicals
in low-temperature environments (below 1400 K) through reactions 9-10 [43].
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Fig. 16 Schematic diagram of the main oxidation pathways of NH3
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Figure 17 illustrates the variations in NOx emissions under diverse load levels and EGR rates. As the
EGR rate increases, NOx emissions decrease across all loads. Firstly, the recirculated exhaust gas, with its
high specific heat capacity, absorbs in-cylinder heat and reduces the cylinder temperature. Secondly, it
decreases the oxygen concentration in the cylinder, which in turn slows down the combustion rate. As shown
in Figure 12, the combined effect of these two factors effectively lowers the peak in-cylinder combustion
temperature, the high-temperature region, and the duration of high temperatures, thereby reducing the
formation of thermal NOx. From the perspective of complying with IMO Tier III emission standards, the
necessary EGR rates corresponding to 25 %, 50 %, 75 %, and 100 % load conditions are roughly 50 %, 33 %,
20 %, and 2 %, respectively. This indicates that only a very low EGR rate is required to achieve compliance
at high loads, which will help reduce the application cost and difficulty of EGR on large-scale engines.
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Fig. 17 NOx emissions under different loads and EGR rates

To analyze the influence of EGR on fuel NOx and thermal NOx, the distribution of NOx formation with
respect to the in-cylinder equivalence ratio and temperature at 10° CA under different EGR rates is presented
in Figure 18, using the 75 % load case as an example. Fuel NOx mainly exists in regions with high equivalence
ratio (¢ > 1) and temperature below 1800 K, while thermal NOx distributes in areas with low equivalence ratio
(p < 1) and temperature above 1800 K. It can be clearly observed that NOx formation exhibits an overall
decreasing trend with the increase of the EGR rate, a finding that is consistent with the pattern presented in
Figure 17. A closer analysis of the patterns in the figure reveals that fuel NOx is clearly observable only in the
high equivalence ratio region under the baseline condition. When the EGR rate exceeds 10 %, the formation
of fuel NOx drops to a very low level and remains virtually unchanged. This indicates that fuel NOx is highly
sensitive to EGR, and even a low EGR rate can significantly reduce the formation of fuel NOx. In contrast,
thermal NOx gradually decreases as the EGR rate increases; when the EGR rate reaches 50 %, substantial
formation in the high-temperature region becomes difficult. This is because, as the EGR rate increases, thermal
NOx formation in the low equivalence ratio region is restricted by the drop in temperature. Reactions 6-8 are
suppressed in the lower-temperature environment, leading to a reduction in thermal NOx. In summary, it can
be seen that the inhibitory effect of EGR on thermal NOx is weaker than that on fuel NOx; therefore, a
sufficiently high EGR rate is required to effectively mitigate NOx emissions.
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Fig. 18 Equivalence ratio-temperature distribution at 75 % load and 10 °CA ATDC

Figure 19 presents the unburned ammonia emissions and N2O under various loads and EGR rates.
Generally, unburned ammonia emissions exhibit an increasing trend with the increase of the EGR rate across
all loads. Since the amount of unburned ammonia at 25 % load is very low, the impact of EGR is negligible.
It is worth noting that when the EGR rate exceeds a certain range, the unburned ammonia emissions increase
significantly. For loads from 50 % to 100 %, the corresponding EGR rates are 30 %, 40 %, and 50 %, with
corresponding growth rates of 356 %, 161 %, and 64 %, respectively. This result indicates that compared to
medium loads, the unburned ammonia growth rate under high load conditions exhibits a higher tolerance to

EGR.
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Figure 20 illustrates the in-cylinder distribution of unburned ammonia at the moment of exhaust valve
opening under different loads and EGR rates. It can be observed that under all loads, unburned ammonia
primarily accumulates at the bottom of the combustion chamber and in the piston ring area. This is the result
of the combined effect of the inherently slow flame propagation speed of ammonia and the decrease in
temperature and oxygen concentration caused by the introduction of EGR. The low-temperature and low-
oxygen environment leads to a reduction in the flame area; consequently, the ammonia located at the bottom
of the combustion chamber and in the piston crevices cannot be swept by the flame, resulting in the
accumulation of unburned ammonia. As the EGR rate increases, the reduction in temperature and high-
temperature regions (as shown in Figure 12) further promotes the expansion of the unburned ammonia
accumulation area, leading to the phenomenon of increased unburned ammonia emissions.
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Fig. 19 Unburned ammonia and N>O emissions under different loads and EGR rates
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Fig. 20 Distribution of unburned ammonia in the cylinder at different loads and EGR rates at the moment of exhaust valve

opening

Research indicates that the greenhouse effect of N2O is 298 times that of CO, [44]; therefore, N2O is a
greenhouse gas of significant concern. Observe the impact of EGR on N>O emissions under diverse loads in
Figure 19, it can be found that at low load (25 % load), EGR has a minor impact on N>O emissions. From
50 % load to 100 % load, N>O emissions generally exhibit an upward trend as the EGR rate increases.
Figure 21 displays the variations in in-cylinder N2O and NH; radical content at 100 % load. It can be observed
that the in-cylinder N2O content does not generally increase with the introduction of EGR during the ammonia
combustion phase (the angle interval corresponding to the red box in Figure 11), whereas it increases
continuously with the EGR rate during the post-combustion phase (the angle interval corresponding to the
green box in Figure 11). This indicates that, compared to the baseline condition, the increased N>O in the
exhaust emissions under EGR conditions originates primarily from the post-combustion phase. The primary
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reason is that high EGR conditions generate more NH; radicals during the ammonia combustion phase, thereby
promoting the progression of reactions 9-10, which ultimately results in increased N>O emissions.

Carefully observe Figure 19, it can also be found that the engine's unburned ammonia and N>O emissions
exhibit similar trends under various loads and EGR rates. Under low load, the introduction of EGR does not
significantly affect unburned ammonia and N>O emissions; however, under medium and high loads, both
unburned ammonia and N>O emissions rise significantly as the EGR rate increases. This suggests that EGR
exerts the same influence pattern on both unburned ammonia and N>O emissions from the engine.

EGR rate: 0% 10% 20%
30% 40% =——50%

0 10 20 30 40 50
Crank angle degree (°CA)
Fig. 21 Changes in N,O and NH; radical content in the cylinder at 100 % load

4.4 Recommendation for EGR optimization strategy

Comprehensively considering the influence of EGR on engine work performance and emissions, a full-
load-range EGR optimization strategy is proposed. The advised EGR rates for 25 %, 50 %, 75 %, and 100 %
load levels are around 50 %, 40 %, 30 %, and 10 %, respectively. The IMEPg, NOx, and N>O emissions
corresponding to these optimization points are shown in Fig. 22. The reasons for recommending this scheme
are as follows:

e The NOx emissions corresponding to the four loads are 3.4, 2.2, 1.8, and 2.6 g/kWh, representing
reductions of 71.5 %, 75.9 %, 70.0 %, and 28.8 % compared to the baseline conditions,
respectively. Both the individual load and weighted NOx emissions comply with the IMO Tier III
regulations and possess a sufficient margin.

e N0 and ammonia emissions are maintained at low levels to avoid increasing toxic gas emissions
and the greenhouse effect. It should be noted that the analysis results in Section 4.3 indicate that
ammonia and N>O emissions share the same trend; therefore, N>O emissions are used to represent
the ammonia emission trend in Figure 22. This allows the optimization parameters to be reduced
from four to three, thereby more clearly demonstrating the trade-offs among multiple variables.

e Engine work performance is improved. The IMEP; values corresponding to the four loads are 6.95,
10.45, 12.67, and 15.54 bar, representing increases of 1.04 %, 0.58 %, 0.56 %, and 0.18 %
compared to the baseline conditions, respectively.
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e The EGR rate configuration principle is suitable for the application scenarios of the studied engine.
Large marine two-stroke engines have high exhaust gas flow rates, which increase with load.
Therefore, applying EGR technology requires a rational design of the EGR scheme to minimize the
rated capacity of the EGR system, thereby reducing the operating costs of the EGR system and the
engine room space occupied [22]. In the recommended scheme, the EGR rate gradually decreases
as the load increases, reaching only 10 % at 100 % load, which will effectively reduce the rated
capacity of the EGR system.

EGR rate: 0% 10% ——20% —+—30% —+—40% ——50%
—=fe— Optimal point
IMEP (bar) IMEP (bar)
7.00 10.52

Optimal point:
50%EGR rate

Optimal point:
40%EGR rate

NO, (g/kWh)
10.2

13.6 9
N

N,O (mg/kWh) N,O (mg/kWh)
(a) 25% Load (b) 50% Load

IMEP (bar) IMEP (bar)
15.6

6.5 NOx (&/kWh)
10.2

~

Optimal point:
10%EGR rate

NO, (g/kWh)
6.8 24
N

N,O (mg/kWh) N,O (mg/kWh)
(¢) 75% Load (d) 100% Load

Fig. 22 Distribution of comprehensive evaluation points

3.4 NOx (g/kWh)

\5.1

5. Conclusions

In this study, a 3D CFD simulation model of a marine two-stroke high-pressure direct-injection ADDF
engine was established. Based on this, this work systematically reveals for the first time the effects of EGR
rates ranging from 0 % to 50 % on the combustion, performance, and emission characteristics of the engine
under the dual-fuel combustion mode at four loads: 25 %, 50 %, 75 %, and 100 %. The core conclusions of
this study can be summarized as follows:

e Under all investigated load conditions, increasing the EGR rate reduces the compression pressure
and peak in-cylinder pressure, prolongs the ignition delay and combustion duration, and
continuously increases unburned ammonia losses. Such effects are more pronounced at high engine
loads.

e Atlow and medium loads, the IMEP; increases with a rising EGR rate. By contrast, a critical EGR
threshold exists at high loads, which advances gradually as the load increases. Therefore, a low
EGR rate is required to avoid engine performance deterioration.
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e EGR effectively reduces NOx emissions across all operating loads. When the EGR rate reaches
50 %, the NOx emission reduction range is up to 71.5-90.2 %. Fuel NOx is highly sensitive to EGR,
and a slight increase in the EGR rate can significantly suppress its formation. In comparison,
thermal NOx is less affected by EGR, and a higher EGR rate is required to achieve effective control
of thermal NOx generation.

e At low loads, the application of EGR exerts a negligible influence on unburned ammonia and N,O
emissions. Nevertheless, at medium and high loads, both ammonia and N>O emissions rise
significantly with increasing EGR rates, exhibiting an obvious threshold characteristic. Strict EGR
rate regulation is essential to balance NOx reduction and the control of ammonia and N>O
emissions.

e Comprehensively considering engine performance and emission characteristics, the recommended
EGR rates at 25 %, 50 %, 75 %, and 100 % load levels are 50 %, 40 %, 30 %, and 10 %, respectively.
This strategy allows for a significant reduction in NOx emissions compared to baseline conditions
at each load, maintains NH3 and N>O emissions at low levels, and increases IMEP; to varying
degrees relative to the baseline.

In summary, employing an appropriate EGR strategy in two-stroke high-pressure direct injection ADDF
engines can achieve simultaneous improvements in performance and emissions while complying with IMO
Tier III regulations. However, the EGR strategy must be adjusted according to the combustion and emission
characteristics of different loads to avoid engine performance deterioration. Additionally, the increase in
unburned ammonia and N>O emissions caused by EGR should not be overlooked. Future research will focus
on the synergistic optimization of ADDF injection strategies and EGR to further improve engine combustion
and emissions.
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ABBREVIATIONS

ADDF Ammonia/diesel dual-fuel

ATDC After top dead center

CA Crank angle

CA10 Crank angle corresponding to 10 % of total heat release
CA50 Crank angle corresponding to 50 % of total heat release
CA90 Crank angle corresponding to 90 % of total heat release
CFD  Computational fluid dynamics

EGR  Exhaust gas recirculation

GHG  Greenhouse gas

HPDI  High-pressure liquid ammonia direct injection combustion
HRR  Heat release rate

IMEP; Gross indicated mean effective pressure

IMO  International Maritime Organization
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ITE
LHV
LPGI
NOx
N2O

%ross
3D

APPENDIX A

Indicated thermal efficiency

Lower heating value
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Low-pressure ammonia gas injection premixed combustion

Nitrogen oxides

Nitrous oxide

The gross work done by the piston

Three dimensional

Table A.1 Gas component settings for research cases

Load | EGR Mass fraction
rate
[%o] [Yo] 02 N2 CO: H:0 NH3 N20
0 0.233 0.767 - - - -
10 | 0.224972843 | 0.766900257 | 0.001701584 | 0.006425295 | 0.000000004 | 0.000000017
20 | 0.216945686 | 0.766800516 | 0.003403168 | 0.012850589 | 0.000000008 | 0.000000033
» 30 |0.208918529 | 0.766700774 | 0.005104751 | 0.019275884 | 0.000000012 | 0.00000005
40 10.200891372 | 0.76660103 | 0.006806335 | 0.025701179 | 0.000000017 | 0.000000067
50 |0.192864215 | 0.766501289 | 0.008507919 | 0.032126473 | 0.000000021 | 0.000000083
0 0.233 0.767 - - - -
10 0.22252831 | 0.767045951 | 0.00148176 | 0.008943902 | 0.000000054 | 0.000000023
20 0.21205662 | 0.767091902 | 0.002963521 | 0.017887804 | 0.000000107 | 0.000000046
> 30 0.20158493 | 0.767137852 | 0.004445281 | 0.026831706 | 0.000000161 | 0.00000007
40 | 0.191113239 | 0.767183804 | 0.005927042 | 0.035775607 | 0.000000215 | 0.000000093
50 | 0.180641549 | 0.767229755 | 0.007408802 | 0.044719509 | 0.000000269 | 0.000000116
0 0.233 0.767 - - - -
10 | 0.223836725 | 0.767132247 | 0.000877495 | 0.008152829 | 0.000000665 | 0.000000039
20 | 0.214673449 | 0.767264495 | 0.001754991 | 0.016305658 | 0.00000133 | 0.000000077
" 30 |0.205510174 | 0.767396742 | 0.002632486 | 0.024458487 | 0.000001995 | 0.000000116
40 | 0.196346899 | 0.76752899 | 0.003509981 | 0.032611316 | 0.00000266 | 0.000000154
50 | 0.187183623 | 0.767661237 | 0.004387476 | 0.040764145 | 0.000003326 | 0.000000193
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0 0.233 0.767 - - - -
10 | 0.223590561 | 0.76720809 | 0.000588561 | 0.008612116 | 0.000000628 | 0.000000044
20 ]0.214181122 | 0.767416182 | 0.001177121 | 0.017224231 | 0.000001256 | 0.000000088
10 30 | 0.204771683 | 0.767624272 | 0.001765682 | 0.025836347 | 0.000001884 | 0.000000132
40 ] 0.195362244 | 0.767832363 | 0.002354243 | 0.034448462 | 0.000002512 | 0.000000176
50 | 0.185952805 | 0.768040453 | 0.002942804 | 0.043060578 | 0.00000314 | 0.00000022
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