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Abstract: The capability of operational marine diesel engines to adapt to renewable and low-carbon
fuels is considered one of the most influential methods for decarbonizing maritime transport. In the
medium and long term, ammonia is positively valued among renewable and low-carbon fuels in the
marine transport sector because its chemical elemental composition does not contain carbon atoms
which lead to the formation of CO, emissions during fuel combustion in the cylinder. However, there
are number of problematic aspects to using ammonia in diesel engines (DE): in-tensive formation
of GHG component N,O; formation of toxic NOy emissions; and unburnt toxic NHj slip to the
exhaust system. The aim of this research was to evaluate the changes in combustion cycle parameters
and exhaust gas emissions of a medium-speed Wartsila 6L.46 marine diesel engine operating with
ammonia, while optimizing ammonia injection intensity within the limits of Pmax, Tmax, and minimal
engine structural changes. The high-pressure dual-fuel (HPDF) injection strategy for the D5/A95
dual-fuel ratio (5% diesel and 95% ammonia by energy value) was investigated within the liquid
ammonia injection pressure range of 500 to 2000 bar at the identified optimal injection phases (A —10°
CAD and D —3° CAD TDC). Increasing ammonia injection pressure from 500 bar (corresponding
to diesel injection pressure) in the range of 800-2000 bar determines the single-phase heat release
characteristic (HRC). Combustion duration decreases from 90° crank angle degrees (CAD) at D100 to
20-30° CAD, while indicative thermal efficiency (ITE) increases by ~4.6%. The physical cyclic deNOx
process of NOy reduction was identified, and its efficiency was evaluated in relation to ammonia
injection pressure by relating the dynamics of NOy formation to local combustion temperature field
structure. The optimal ammonia injection pressure was found to be 1000 bar, based on combustion
cycle parameters (ITE, Pmax, and Tmax) and exhaust gas emissions (NOy, NH3, and GHG). GHG
emissions in a CO; equivalent were reduced by 24% when ammonia injection pressure was increased
from 500 bar to 1000 bar. For comparison, GHG emissions were also reduced by 45%, compared to
the diesel combustion cycle.

Keywords: marine engine; ammonia; dual fuel; combustion cycle; HRC; combustion optimization;
thermal efficiency; GHG emissions

1. Introduction

In 2021, the maritime transport sector of the European Union accounted for 3-4% of all
EU CO; emissions, which are one of the main components of greenhouse gas emissions [1].
To reduce CO,, IMO purposefully introduced regulatory measures for newly built and
operated ships [2,3]. In 2011, the Energy Efficiency Design Index (EEDI) was introduced
for newly built ships, increasing energy efficiency through technological solutions while
reducing emissions. Since 2023-01, ships in operation over 400 GT are indexed according
to the Energy Efficiency Existing Ship Index (EEXI) and must meet the minimum require-
ments of the energy efficiency standard. Moreover, ships in operation over 5000 GT are
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obliged to collect and declare data of efficient energy use, and in case of insufficient energy
efficiency assessment (CII), owners have to take corrective actions [3]. Addressing the
climate change issue, IMO updated their GHG reduction strategy in 2023, and aim to
reduce GHG emissions by 70-80% by 2040 compared to 2008 levels, and to reach zero GHG
by 2050 [4]. In parallel, the EU has also set long-term targets for maritime transport to
reduce GHG emissions by 90% by 2050 compared to 1990 levels according to SEC (2021)
562 directive [1]. To achieve the set targets, a significant reduction of CO, emissions in
maritime transport sector is required, mainly by increasing energy efficiency use and us-
ing renewable and low-carbon fuel (hydrogen, ammonia). Logistic, hydrodynamic, and
technological measures can potentially reduce GHG emissions from ships by 5-20% using
renewable and low-carbon-dioxide-generating fuel—up to 100%, according to DNV [5]. In
2023-07, the EU adopted a regulation on additional measures related to the use of renewable
and low-carbon fuels (FuelEU Maritime) [1]. The envisaged measures will ensure that
the greenhouse gas intensity of the fuel used in the maritime transport sector gradually
decreases over time from 2% in 2025 to 80% in 2050.

Different evaluations have found that existing IMO, EEDI, and EEXI (CII) measures
are insufficient to achieve ambitious EU and IMO targets. It is expected that the use of
zero or almost zero GHG technologies and fuel in international fleets will reach at least
5% by 2030, according to the 2023 IMO strategy plan [4]. The average operational age of
ships in operation is 21.1 years in the economies of developed countries, and 28.6 years in
the economies of developing countries [6]. Recently, on average, 79% of newly built ships
annually choose traditional fuel, while 98.4% of ships in operation use petroleum fuel [7].
After evaluating the facts, it becomes obvious that the achievement of EU and IMO GHG
reduction targets is related to retrofitting of newly built ships and operating ship power
plants with renewable and low-carbon fuels such as ammonia.

Ammonia in shipping among renewable and low-carbon fuel species is assessed
prospectively for the short-term 2025-2030 and the long-term 2050 period. Ammonia stores
50% more energy by volume than hydrogen [8], which is important considering limited
fuel tank volume on board. Ammonia is also valued positively from a decarbonization
perspective, as its chemical elemental composition does not contain carbon atoms which
lead to the formation of CO, emissions when fuel is burned. However, there are a number
of problematic aspects to using ammonia in maritime transport: due to nitrogen atoms in
the chemical composition of ammonia, NOy emissions are more intensively formed during
combustion than compared to diesel [9]. In addition, a fraction of unburnt NH3 emissions
slip to the exhaust system during exhaust stroke. Ammonia emissions contribute to air
pollution and can have detrimental effects on ecosystems, including acidification of soil
and water bodies, which can harm plant and aquatic life. Moreover, ammonia emissions
can lead to various human health issues. When individuals are exposed to elevated levels
of ammonia over time or in concentrated forms, it can cause irritation and inflammation of
the respiratory tract. Therefore, a solution to reduce these emissions is a priority in order to
use ammonia in DE. Using ammonia in DE also requires solutions due to its unfavorable
physical properties. In particular, ammonia combustion characteristics differ significantly
from those of petroleum-based fuels and most renewable fuels (see Table 1). Due to a
low fuel cetane number (5-7 units) and high auto-ignition temperature (650 °C), ammonia
ignition is possible at an engine compression ratio of 35:1 and more, which is unrealistic
to achieve considering the geometrical parameters of marine engines [10]. Therefore, to
ensure ammonia combustion in diesel engines whose compression ratio usually reaches up
to 20:1, pilot fuel with good auto-ignition characteristics is required (diesel, biodiesel).
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Table 1. Comparison of fuel physical properties [9-11].

Fuel Property Ammonia Hydrogen Methanol LNG Diesel
Formula NH3 H2 CHgoH CH4 C12H23
Density when liquified, kg/m?3 602.8 70.8 786.3 430 832
Calorific value, MJ /kg 18.8 120 19.7 38.1 427
Octane number 110 130 113 107 30
Cetane number 5-7 - 5-8 - 40-55
Ignition temperature, °C 651 585 385 540 254-285
Laminar flame speed, m/s 0.07-0.14 2.70 0.50 0.38 0.87
Stoichiometric air fuel ratio 6.06 34.32 6.45 17.2 145
Heat of vaporization, k] /kg 1370 461 1103 510 232

Ammonia has a rapid and even kinetic combustion phase due to an efficiently mixed
and evenly distributed ammonia and air mixture. On the other hand, it has more intense
heat release compared to diesel, due to the kinetic ammonia combustion phase which
leads to an increased maximum cyclic pressure (Pmax). For example, with dual-fuel ratio
D39/ A61 (diesel 39% and ammonia 61%) [12], maximum cycle pressure reaches 86.2 bar
when D100—76.3 bar. This has a negative impact on mechanical and thermal piston-rod
group part loading, which reduces engine reliability. Reviewed studies in the literature
are divided into two categories of dual ammonia diesel fuel injection into the cylinder:
low-pressure dual-fuel strategy (LPDF), when ammonia in gaseous phase is introduced
into the cylinder through the gas valve at low 2-3 bar pressure together with compressed
air to intake manifold; and high-pressure dual-fuel strategy (HPDF), when ammonia in
liquid phase is directly injected into the cylinder at high pressure through a separate fuel
injector. Studies show that in both cases, engine ITE is close to that of a diesel engine, and
with a fuel ratio of D20/ A80 (diesel 20%, ammonia 80%) with LPDF strategy, ITE increases
by 3.5% [13]. Nadimi et al. [12] have also found that higher engine ITE is achieved using
ammonia, and that the difference in ITE compared to diesel engine mode is 17% (D100
(100% diesel) ITE—32%; D16/ A84 ITE—37.6%). Indicative thermal efficiency increases
when the engine is running on ammonia using LPDF strategy due to several reasons.
According to the authors of [12], first of all, ammonia tends to have an ignition delay due to
its high octane number and high autoignition temperature. Therefore, when transitioning
to ammonia, an advanced start of diesel injection is necessary to achieve heat release
characteristics similar to a diesel engine. Due to the advanced start of diesel injection, diesel
has enough time to be evenly distributed in the combustion chamber. This results in a
short and intense homogeneous heat release of the ammonia-diesel mixture. As a result, a
lower combustion cycle temperature is achieved, leading to reduced heat losses through
the cylinder walls to the cooling system. Heat loss decreased from 320 J/cycle when the
engine was running only on diesel to 240 J/cycle at the fuel ratio A84/D16, when engine
work did not change [12]. Also, less heat was lost through exhaust system as the exhaust
gas temperature at the fuel ratio A84/D16 decreased by 132 °C compared to D100 [12].
Therefore, the distribution of the engine’s heat balance components towards an increase in
thermal efficiency is taking place. Aaron Reiter et al. [9] determined the highest ammonia
diesel dual-fuel ratio at D5/ A95 by energy value using LPDF strategy. However, engine
fuel efficiency and ITE results under these conditions were very low, with ITE reaching
18.9%. Therefore, according to Aaron Reiter et al., this mode of engine operation is not
rational. Nadimi et al. [12] used a wide range of ammonia ratios (0-84%) in a dual-fuel
balance using LPDF strategy. However, at a higher percentage of ammonia, according to
the authors, the engine lost its starting properties and did not start. Numerical studies
by Tie Li and Xinyi Zhou et al. [13] also showed that at 90% ammonia in the dual-fuel
balance, the combustion process became unstable when LPDF strategy was applied, and
the mass fraction of unburnt NHj3 in the exhaust system increased more than six times. As
a result, using LPDF strategy, the share of ammonia in the dual-fuel balance is limited to
80-84%. On the contrary, with HPDF strategy, the optimal proportion of ammonia in the
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dual-fuel balance is 95-97% [13,14]. In Tie Li and Xinyi Zhou et al., numerical studies [13]
using HPDF strategy at the fuel ratio A97/D3 ITE practically did not change, and reached
45.3% while at D100—45.4%. Using LPDF strategy and the ratio, A80/D20 ITE reached
47.0% [13]. The increase of ITE is associated with lower heat losses to the cooling system
due to the reduced interaction between the flame and cylinder walls close to top dead
center (TDC) [13].

In addition to positive increase of ITE, GHG harmful components and CO, emissions
are also higher with LPDF strategy. Using LPDF, more CO, emissions are released during
the combustion cycle than compared to HPDEF, as LPDF has a relatively large share of pilot
fuel (diesel) in the dual-fuel balance ~20%. The amount of released CO, emissions during
combustion depends solely on injected diesel mass [9,13]. It was also observed that N,O,
one of the GHG components, decreases in parallel with the increase of ammonia ratio in
the dual-fuel balance. In the literature [12,15], it is hypothesized that during ammonia
combustion, NoO from the elemental chemical composition of ammonia is formed mainly
in low-temperature zones during expansion stroke when NHj stuck in the gap between
piston crown and cylinder liner turns into NH, and reacts with NO,. This means that
unburnt NH3 and N,O emissions correlate [15]. Numerical studies by Tie Li and Xinyi Zhou
et al. [16] evaluated the differences between low and high dual-fuel injection strategies.
NOy emissions were found to be on average three times higher with LPDF than with
HPDEF strategy. Meanwhile, unburnt NH3 emissions using HPDF injection strategy reached
~0.02 mg/kWh, while LPDF resulted 10-480 mg/kWh, depending on the fuel injection
start angle. In continued numerical studies, Tie Li and Xinyi Zhou et al. [13], at fuel ratio
A97/D3 using HPDF strategy, recorded NOy emission levels approximately four times
lower than at the fuel ratio A80/D20 with LPDF, and NHj emissions were also up to seven
times lower. The reduction of NOy emissions is associated with thermal deNOy process
of nitrogen oxides, during which active NH; radicals react with NO to form N; + OH at
1000-1400 K cylinder temperatures [17]. The reduction of NH3 emissions is attributed to
more efficient combustion characteristics due to liquid ammonia penetration to the pilot
fuel spray flame zone [13]. As a result, HPDF compared to LPDF injection strategy does
not make a significant difference in terms of ITE, but in terms of emissions, HPDF injection
strategy emits less NH3, NOy, and CO; emissions in all cases. HPDF injection strategy also
has the potential to reduce CO; and NOy emissions compared to a diesel engine.

One of the important aspects of ongoing research is the arrangement of ammonia and
diesel injector nozzle holes. The literature analysis shows that arrangement angle of diesel
and ammonia nozzle holes has no significant effect on ITE, but ecological indicators differ.
Tie Li and Xinyi Zhou et al. [16] found that, when ammonia and diesel fuel injector nozzle
holes are overlapped (0° angle), a more efficient combustion process takes place. As a result,
ammonia penetrates more efficiently into the pilot fuel combustion zone from the start of
injection, and the induction period (from the start of injection till combustion) is shorter,
and due to which the emission level of NOy and NHj is lower. Meanwhile, ITE practically
did not change and reached 51.6% when nozzle holes were overlapping, and 51.8% when
nozzle holes were separated [16]. Valentin Scharl and Thomas Sattelmayer et al. [14], in
their experimental studies of ammonia and diesel nozzle holes” arrangement influence on
the induction period using HPDF injection strategy (2000 bar), also determined the optimal
(0-7.5°) hole overlap range at which the shortest induction period and the most efficient
fuel combustion, in terms of unburnt NH3, were observed.

In summary, direct diesel engine transition to ammonia is limited due to ammonia’s
unfavorable physical characteristics, specifically, high exhaust gas emissions. Therefore,
solutions to improve energy efficiency and reduce exhaust gas emissions while the engine is
operating with ammonia is necessary. The optimization of the combustion cycle primarily
involves adjusting fuel injection pressure, injection phase, and duration. The evolution of
trends in modern diesel engines is grounded in numerous theoretical and experimental
studies and justifications. Therefore, the systematic solutions they offer, including the
identification of the main optimized parameters and their determining factors, are also



J. Mar. Sci. Eng. 2024, 12, 309

50f23

rational in the case of ammonia use. Since the period of strategic thermal efficiency pa-
rameters increase for diesel engines, studies [18-21] have shown that under the condition
Pmax = const, heat release forming in the diesel engine cylinder practically does not affect
ITE. The main factor influencing ITE is the heat release process duration. Based on these
principles, the optimization of DE combustion cycle towards reducing the combustion
duration primarily involves increasing fuel injection pressure. The increase in maximum
combustion pressure is constrained by adjusting fuel injection timing towards TDC while
simultaneously raising compression ratio. This approach was executed in MTU 396 series
engines. Increased injection pressure was matched by adjusting the start of fuel injection
to 4° CAD before TDC, and an increase in compression ratio (CR) from 15 to 17.8. Conse-
quently, a 20% reduction in heat release duration was achieved, which resulted in improved
fuel efficiency and NOy reduction by 35% [21]. Thus, one of the most effective ways to
influence heat release intensity is to increase fuel injection pressure. At the same time,
increasing heat release intensity reduces combustion duration and increases combustion
cycle dynamics and ITE. In parallel, adjusting the start of the injection angle closer to TDC,
together with fuel injector design and parameters optimization, allows to improve ITE
without the exceeded Ppyax limitation. Since the 1990s, a trend for optimizing the combus-
tion process of market-leading diesel engines has emerged. During this period, studies
were conducted on the influence of fuel injection pressure on fuel ignition and combustion
dynamics [22-25]. Additionally, the ACE Company and the Japan Automotive Research
Institute compared the effects of the duration and intensity of the initial fuel injection stage
on air swirl parameters. Furthermore, comprehensive improvements were made to exhaust
gas toxicity indicators by companies such as MTU, YaMZ, and Fev Motorentechnik GmbH
& Co., KG [22,24,26].

The application of combustion cycle optimization trends, such as advancing the
start of pilot fuel injection, changing injection rate and pressure, and organizing multi-
stage injection, have enabled market-leading companies (Wartsild, MAN B&W, Caterpillar,
etc.) to develop dual-fuel engines with LNG. These advancements have allowed them to
achieve thermal efficiency similar to diesel engines and reduce PM and NOy emissions
by up to 90% compared to diesel engines [27-29]. Therefore, to increase ITE and reduce
emissions by optimizing combustion cycle parameters, this research is based on fuel
injection intensification by increasing injection pressure.

Considering the wide variety of diesel engines and models of ship power plants
in operation, it is rational to base marine transport sector decarbonization with engine
retrofitting based on numerical studies to reduce time and financial costs. Engine retrofitting
for operation with other types of fuel by numerical methods is basically related to research
and optimization of combustion cycle characteristics. Numerical research tasks for the
ship’s main propulsion diesel engine’s operation on ammonia fuel are based on multi-
zone mathematical models (MM), for example, using simulation software “AVL FIRE
M”. The use of multi-zone MM allows us to study combustion cycle physical processes
with sufficient accuracy for solving practical problems. Klaipeda University conducted
comprehensive marine diesel engine decarbonization research, including solutions for the
rational use of renewable and low-carbon fuels [30-32], the use of secondary heat sources
in engine cogeneration cycle [33], etc.

In this article, the research of ammonia combustion was performed to identify physical
combustion process conditions and to provide rational technological solutions for ammo-
nia applicability in ship power plants. The novelty of this article lies in the organization
of combustion process. Marine engines operate under different conditions compared to
automotive engines. One significant difference is in how the fuel interacts with the engine
components. Unlike automotive engines, where the fuel film along the cylinder walls is
common, marine engines are designed to avoid direct contact between the fuel jet and the
cylinder walls. This difference in design and operation significantly alters the combustion
characteristics of marine engines. Therefore, the purpose of this article is to evaluate the
changes in combustion cycle parameters and exhaust gas emissions for the ship’s propul-
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sion diesel engine operating on ammonia, and to determine the limits of combustion cycle
regulation parameters (NHj injection intensity when increasing the injection pressure). At
the time of writing, the authors are not aware of any similar published articles, making this
approach unique in optimizing the ammonia combustion cycle. The presented research
approach could provide valuable insights for combustion cycle optimization during the
transition of marine diesel engines to ammonia, requiring minimal changes to the engine
structure. In addition, the NH3 combustion cycle optimization strategy by injection intensi-
fication is related to optimization of the pilot diesel and ammonia injection phases, and is
planned for continuous studies.

2. Materials and Methods
2.1. Research Object

A marine medium-speed four-stroke Wartsila 6146 diesel engine (Wartsila: Helsinki,
Finland) was selected as the research object. Medium-speed (300-1000 rpm) four-stroke
diesel engines are widespread in ship propulsion systems, especially in smaller cargo ships,
as well as in larger specialized ships, such as cruise ships, ferries, and ro-ro cargo ships [34].
Medium-speed four-stroke diesel engines’ popularity is due to their higher power-to-weight
and power-to-space ratio, easier periodic maintenance, and acquisition costs compared to
low-speed two-stroke diesel engines [35]. Market-leading engine manufacturers’ (BERGEN,
WARTSILA, MAN) medium-speed four-stroke diesel engines thermal efficiency reach
46-49% when emission level meets IMO Tier II regulation, while using SCR technology
meets IMO Tier III [36-38]. Research object selection and simulation model verification
were carried out according to real DE data obtained during operation to bring research
results as close as possible to practical application for maritime transport decarbonization.
Table 2 presents the main research object structural parameters.

Table 2. Wartsila 646 engine data.

Parameter Data
Bore, mm 460
Stroke, mm 580
Connecting rod length, mm 650
Compression ratio 12.5
Engine speed, rpm 500
Compressed air pressure at inlet valve close, bar 3.45
Compressed air temperature at inlet valve close, K 372
Inlet valve closing angle, CAD 120° BTDC
Exhaust valve closing angle, CAD 128° ATDC
The total number of injection holes for ammonia and diesel injectors 10
The location of ammonia and diesel injectors Centre
Piston surface type Bowl-In Piston

2.2. Research Strategy

Guidelines for the Wartsila 6146 engine model creation to run on ammonia for numer-
ical studies using AVL FIRE M simulation software (version 2022 R2) is based on findings
of conducted research in the literature. Due to lower concentrations of NOy and NHj
emissions during combustion cycle, ammonia fuel injection is organized in liquid phase.
Due to greater CO, emission reduction effect, the selected dual-fuel ratio of diesel and
ammonia is D5/A95 (5% diesel and 95% ammonia according to energy value). To ensure
the shortest induction period and the most effective combustion, the diesel and ammonia
injectors’ nozzle holes are overlapped (0° angle). Simulations were performed with the
same amount of heat input. Inlet air pressure and temperature were unchanged for D100
and D5/A95. Initial simulation data are presented in Table 3.
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Table 3. Initial data used for simulation.

Parameter Diesel (D100) Ammonia + Diesel (D5/A95)
Start of injection, CAD 710° 710 NHj3; 717 Pilot
Diesel injection duration, CAD 26° 3
Ammonia injection duration, CAD - 26°
Injected mass (Diesel), g 1.87 0.1037
Injected mass (Ammonia), g - 4.016
Injection pressure (Diesel), bar 500 500
Injection pressure (Ammonia), bar - 500-2000
Diesel calorific value, MJ /kg 42.5
Ammonia calorific value, MJ /kg 18.8

2.3. Mathematical Model and Verification

Numerical mathematical studies of combustion cycle characteristics were performed
by transferring a ship’s propulsion main diesel engine Wartsila 6146 (B/S = 460/580 mm,
500 rpm, 4 stroke, 6 cylinders, 6300 kW) to ammonia operation. Engine combustion chamber
mesh for simulation was created using “AVL FIRE ESE DIESEL” software (version 2021
R1). To reduce simulation time, it was decided to perform the simulation for 1/5 part
of the total combustion chamber (360° /5 = 72). Despite the fact that the simulation was
performed on a 1/5 combustion chamber, emission results are presented for a full engine,
i.e., six cylinders. Total fuel injection nozzle quantity for full chamber is 10; therefore, for
1/5 part, the injection nozzle quantity was set to 2. Injected ammonia and diesel mass was
reduced to 1/5 part. The diesel and ammonia injection nozzles spray cones are overlapped,
meaning 0° angle distribution. An example of nozzle distribution is presented in Figure la.
The total number of cells was 97,076, average cell size was 3.80 mm, number of boundary
layers was 2, thickness of boundary layers was 0.60 mm, and number of subdivisions in
angular direction was 50 (Figure 1Db).

Ammonia injection cone | \

Diesel injection cone

(a) (b)

Figure 1. (a) Injector nozzle hole arrangement (0° angle) inside combustion chamber sector
(pink—NH3;, gold—diesel); (b) 1/5 (72°) combustion chamber sector mesh.

Numerical studies were conducted using the multi-zone mathematical model devel-
oped by AVL company, specifically designed to investigate the physical processes involved
in the ammonia combustion cycle. The gas phase reaction model, combining combustion
and emission models, is capable of solving diesel and ammonia combustion reactions.
General gas phase reaction model includes H, O, C, N, HE, and AR chemical elements and
54 numbers of species. The model is based on P. Glarborg’s methodology for modeling
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nitrogen chemistry in combustion [39]. The experimental verification of the model was
conducted by AVL company. Since combustion model is not yet commercially publicly
available by AVL decision, the description of the general gas phase reaction model is
not provided.

The spray module for calculating droplets in the simulation region uses the Lagrangian
approach [40]. The droplets are tracked in a Lagrangian way through the computational
grid used for solving the gas phase partial differential equations. Additional spray sub-
models, such as the the Schiller-Naumann injection drag model [41] and Abramzon-
Sirignano evaporation model [42], were selected for this simulation.

AVL FIRE M simulation software focuses on detailed analysis of physico-chemical
processes taking place in the cylinder. However, it does not provide the combustion cycle
(IMEP, BSEC, P;, ITE) parameters. Therefore, these parameters are calculated from the array
of AVL FIRE M simulation results according to given formulas.

Indicated mean effective pressure, IMEP, is calculated according to trapezoidal ap-
proximation Formula (1) [43]:

L3t Pen + R

IMEP = & 57— (Vi = Vi) 1)

cylk=9,

where Vy is cylinder volume [m3]; Py and Py, are consecutive cylinder pressure read-
ings [bar]; Vi and Vy,; are cylinder volume measurements corresponding to Py and
Py, [m3]; and the sum in increments of k from a crank angle degree value 6 to a value 6
are calculated.

Indicated power P; is calculated as per below Formula (2) [44]:

IMEP-V ¢y N

P; = 2
z-60 @)

where n is cylinders number; N is engine speed [rpm]; and z is coefficient (z = 1 for 2-stroke
engines, z = 2 for 4-stroke engines).
Specific fuel consumption, BSFC, is calculated according to the presented Formula (3) [44]:
BSFC = ot €)
P
where my is fuel consumption [kg/h].
Engine indicative thermal efficiency, ITE, is calculated as per the below Formula (4) [44]:

3600-P;

ITE =
my¢-Hy

4)
where Hy, is calorific value of kilogram fuel [k]/kg].

An indicator diagram was measured for all six cylinders and averaged when the engine
was running on D100 at 75% load. The combustion cycle parameters IMEP, BSEC, P;, Prmax,
ITE) were calculated from the indicator diagram using Formulas (1)-(4). The Wartsila 6L.46
simulation model was created using AVL FIRE M simulation software. The simulation
was performed when the engine was running on D100 at 75% load for model verification.
A simulation indicator diagram was matched with the real operating engine indicator
diagram for the combustion cycle from —120° (intake valve closing, corresponding to 600°
in the software) to +128° (exhaust valve opening, corresponding to 848° in the software)
crankshaft rotation angles when TDC was at 720° (Figure 2). The error of simulation meant
indicative pressure compared to real engine value reached 2.4%. Indicator combustion
cycle thermodynamic temperature and emission (CO,, NoO, CHy, NOy, NH3) diagrams
were calculated in parallel. A verified diesel engine combustion cycle simulation model
was considered as the base engine operating mode for this research, and will be used for
further comparison.
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Figure 2. Verification of simulation indicator diagram with real operating engine indicator diagram.

Ammonia combustion and emission model validation through experiment was not
feasible on operating the marine diesel engine. Therefore, the model validation relies
on similar simulation results found in the literature [13,16]. In the literature, studies
primarily focus on examining ammonia utilization technologies for relatively small cylinder
diameter high-speed engines for automotive applications, with the exception of [16]. There
is a notable absence of information regarding the application of ammonia to medium-
and low-speed marine engines, despite ammonia being regarded as one of the primary
alternative fuels in this sector. To justify the verification of the mathematical model, a
comparative analysis of obtained results was performed with two articles which were
discovered in the literature involving diesel engines running on ammonia using HPDF
strategy and a similar dual-fuel ratio alongside ammonia injection pressure. A direct
comparison of the combustion cycle parameters and exhaust gas emissions of this research
to the literature would provide inaccurate results due to differences in engine types and
combustion cycle organization. Thus, a comparison in the relative change in parameters
compared to the diesel combustion cycle was selected. A detailed comparison of these
parameters is provided in Table 4. In Case 1, ammonia injection pressure is set at 500 bar
for the presented simulation results and 600 bar for simulation results in the literature [13],
while Case 2 involves a 1000 bar ammonia injection pressure for both the present and the
literature results [16]. Despite differences in engine speed and fuel start of injection angles,
ammonia combustion in both cases resulted in a similar ignition delay. Moreover, the heat
release rate matches with the literature as it progresses towards the expansion stroke in a
similar manner. Prax also exhibits good agreement with the literature at 500 and 1000 bar
ammonia injection pressures. For example, for Case 1 Ppax decreases by 17% and 8%,
while for Case 2, it increases by 9% and 10%. Tmax mostly corresponds to the literature,
while thermodynamic temperature (T) at 60° CAD after TDC shows a decreasing trend.
Furthermore, exhaust gas emissions correspond to the literature in the same direction. In
conclusion, ammonia combustion and emission model provide similar relative changes in
combustion cycle parameters and exhaust gas emissions compared to the literature.
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Table 4. Comparison of dual ammonia—diesel fuel combustion cycle research results with results

from the literature review [13,16].

Case 1 Case 2
Parameter Pjnj 500 bar Li, T. et al. [13] Pjnj 1000 bar Li, T. et al. [16]
Engine type 4-stroke 4-stroke 4-stroke 2-stroke
Bore, mm 460 95 460 340
Stroke, mm 580 102 580 1600
Engine speed, RPM 500 1000 500 157
Dual-fuel ratio D5/A95 D3/A97 D5/A95 D3/A97
Diesel injector nozzle hole number 10 8 10 4
Ammonia injector nozzle hole number 10 8 10 4
Diesel and ammonia injector nozzle 0° 0° 0° 0°
hole angle
Diesel injection pressure, bar 500 600 500 200
Ammonia injection pressure, bar 500 600 1000 1000
Start of diesel injection, CAD —3° TDC —8° TDC —3° TDC —4° TDC
Start of ammonia injection, CAD —10° TDC —5° TDC —10° TDC —2° TDC
Ammonia ignition delay after diesel 7o 40 40 10
ignition, CAD
* Prmax, % >17 >8 <9 <10
* Tax, % >2 >7 <10 0
*T at 60° CAD ATDC, % >5 >7 >7 >20
*1TE, % <22 0 <4.6 >1.1
*COy, % >94 >96 >94 >96
*NOy, % >72 >50 >5 >46
from 0.0007 to
N,O, g/kWh from 0.003 to 1.67 from 0 to 25 ppm from 0.003 to 1.22 0.0016
Unburned NH3, g/kWh from 0.011 to 8.94 from 0 to 130 ppm from 0.011 to 1.51 N/A

* Relative change in parameters compared to diesel (D100) combustion cycle results. Symbol ‘<’ refers to increase
and ">’ refers to decrease. N/A: value was too small to determine.

3. Results
3.1. Combustion Cycle Parameters

Several studies with ammonia used in DE are associated with poor combustion charac-
teristics and therefore high emissions of unburnt NHj3 [9,10,12,13,15,16]. Ammonia injection
pressure ranges of 500-2000 bar are chosen for numerical studies to improve combustion
characteristics and evaluate the dependence of harmful substances on fuel injection pres-
sure. In this case, the start of injection for ammonia is constant at 710° CAD, while for
pilot diesel it is 717° CAD (720° = TDC). Result analysis shows (see Figure 3) that diesel
induction period is 4° CAD (observed from start of fuel injection until the first visible
increase in heat release). Meanwhile, the ammonia induction period (represented by the
second peak) lasts 13°, 14°, 15°, 16°, and 18° CAD at 2000, 1500, 1000, 800, and 500 bar,
respectively. Increasing ammonia injection pressure shortens the induction period during
which fuel is mixed with air and vaporized. When evaluating the induction period, it is
useful to separate the diesel combustion and subsequent ammonia combustion, as the latter
leads to a delay in the heat release characteristic. At injection pressures of 2000-800 bar,
ammonia combustion delay after ignition of pilot fuel at 721° CAD is 2-5° CAD, while
at 500 bar the delay reaches 7° CAD. In this case, a significant difference in combustion
phases was determined from the differential heat release characteristic due to a delay in
ammonia ignition. The first increase in heat release rate chart (Figure 3), especially at
500 bar ammonia injection pressure, is associated with the diesel combustion phase, and
the second one with ammonia. As a result, the heat release characteristic became double
phase. Delayed ignition of ammonia also leads to structural changes of the combustion
cycle parameters and exhaust gas emissions. The primary increase in Pmax resulting from
the increase in ammonia injection pressure is fundamentally related to structural changes
in the ammonia jet. Specifically, the fineness and uniformity of ammonia droplets in-
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crease [45,46]. Consequently, the evaporation time of the droplets is shorter, leading to a
reduction in the induction period. Additionally, due to the uniformity of the droplets in the
jet (i.e., a narrower range of differences in droplet diameters), when the flame covers a large
volume of the jet, it triggers a much more intense heat release. On the other hand, a shorter
induction period advances the ammonia combustion start phase to earlier angles, while
maintaining the same diesel ignition phase (Figure 3). As a result, before the phase change
of Pmax at ~720° CAD, the amount of heat released after TDC, which determines Ppax and
corresponding Tmax values, increases intensively. As a result (Figure 4), using ammonia in
DE increases maximum cyclic temperature (Tmax) in all cases. An increase in maximum
cyclic pressure and temperature has a negative impact on the mechanical and thermal
loading of the piston-rod group and, as a result, on engine reliability. Therefore, Pmax and
Tmax are limited to research object design Prmax—160 bar and Tmax—1566 K, considering
the D100 combustion cycle parameters. In the presented indicator diagram (Figure 5),
Pmax increases to 194 bar at 2000 bar injection pressure, but decreases to 132 bar at 500 bar
pressure. Correspondingly, at 2000 bar injection pressure in the thermodynamic cycle
temperature chart (Figure 4), Tmax reaches 1779 K, while at 500 bar—1540 K. A summary
evaluation of Pmax, Tmax and ITE parameters in relation to ammonia injection pressure and
D100 cycle is shown in Figure 6.
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Figure 3. Heat release rate of ammonia injection pressure variations.
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Figure 4. Temperature diagram of ammonia injection pressure variations.
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Figure 5. Indicator diagram of ammonia injection pressure variations.
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When comparing combustion cycle results at various ammonia injection pressures, it
was found that ammonia injection pressure has no significant effect on indicative thermal
efficiency. Only at 500 bar injection pressure is there a noticeable difference. Achieved
ITE is 2.4% lower than at the remaining injection pressures. The reason was the delayed
combustion in expansion stroke, at which the cylinder wall area increased and, accordingly,
the heat loss to the cooling system increased. This can be validated by evaluating the
integral of heat release (Figure 7). At 500 bar ammonia injection pressure, combustion
duration reached ~60° CAD according to 95% of total heat release introduced with the
fuel (corresponding to the limit of 75,000 J). The decrease in ITE was also influenced by
a decrease in Pmax and Tmax, which determined the low combustion efficiency, which is
determined by increase of unburnt NH3; emissions. As a result, it was found that part of
the heat introduced with the fuel was not released by evaluating the integral of heat release
characteristic results at the end of the cycle. Meanwhile, gradually increasing the injection
pressure above 800 bar results in a short combustion duration of 20-30° CAD, while at
D100, combustion duration is ~90° CAD. Therefore, gradually increasing the ammonia
injection pressure above 800 bar resulted in a high ITE of 42.6-42.8%, when D100 reached
only 40.7%. In a general assessment, when the test engine was transferred to dual-fuel
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operation with ammonia, a 4.6% increase in ITE compared to the D100 combustion cycle
was determined. The ITE increase coincides with other authors’ results [9,12,13]. The
increase in ITE is associated with a short and intense heat release close to TDC, due to
which heat losses through the cylinder walls are lower.
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Figure 7. Integral of heat release of ammonia injection pressure variations.

To conclude, it can be stated that when optimizing ammonia and pilot fuel injection
pressure, it is necessary to achieve a short combustion, and, respectively, a single-phase heat
release, which is ensured by a short induction period. In this way, high ITE and combustion
efficiency are achieved. However, increasing injection pressure also increases Pmax and
Tmax, which are limited to research engine design data.

3.2. Ecological Indicators

Analyzing the release of harmful substances at the end of the combustion cycle, it was
confirmed that CO, does not depend on injection pressure, since ammonia does not have
carbon atoms in its chemical composition, so the release of CO; is mainly from injected pilot
diesel mass. As a result, at 5% diesel mass by energy value, CO, emissions decreased up
to 17 times and reached 33 g/kWh, when D100—564 g/kWh. CH, emissions, which also
depend on pilot diesel mass, are estimated to have a 29.8 times greater contribution to the
greenhouse effect than CO,. During the ammonia combustion cycle, CH4 decreased from
4.01 g/kWh to 0.00249 g/kWh at 500 bar and to 0.00023 g/kWh at 2000 bar. In this case,
ammonia injection pressure has a significant influence on CHy, since CHy as an incomplete
combustion product depends on combustion efficiency.

In contrast to the decrease of CO, and CH, emissions, the N,O component of GHG,
which is estimated to have 273 times greater contribution to greenhouse effect than CO;, is
increasing. Published studies show that the N,O formation mechanism during ammonia
combustion takes place at temperature lower than 1400 K [12]. During combustion, NO
and NO; react with NH and NH; radicals to form N,O according to chemical reactions
(5) and (6):

NH + NO—N,O + H ®)

NH, + N02—>N20 +H (6)

As a result, N, O directly depends on combustion chamber temperature and ammonia
fuel mass. This resulted in N,O emissions of 1.67 g/kWh at lower combustion chamber
temperatures at 500 bar injection pressure and 0.59 g/kWh at 2000 bar, with D100 at just
0.003 g/kWh. N, O formation is analyzed by comparing visual results of N,O mass fraction
distribution in the combustion chamber with temperature fields at 770° CAD (Figure 8).
Visual results analysis shows that N,O is formed around the ammonia flame field only
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in 1000-1400 K temperature zone, while no N>,O formation was observed outside this
temperature zone. Therefore, changing the ammonia injection pressure, which affects
combustion temperature, can change the amount of N,O emissions at the end of the
combustion cycle. After comparing N>O mass fraction distribution in the combustion
chamber (Figure 8) at 500, 1000, and 2000 bar injection pressure, it was found that, in all
cases with a similar temperature field around the flame field, the intensity of N,O mass
fraction distribution differs. At 1000 and 2000 bar, the intensity of N,O mass fraction
distribution is obviously lower, which can be attributed to unburnt NH3 mass fraction
distribution. NH3 mass fraction in studied areas at 1000 and 2000 bar injection pressure
is also lower due to more effective combustion. It can be reasonably stated that N,O
formation depends not only on temperature, but also is inseparable from ammonia fuel
concentration in the combustion chamber.

Temperature, K at 770° CAD N20 mass fraction at 770° CAD
2700 0.0015

2283 0.0013

1867 0.0010

1450 0.0008

1033
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617
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Temperature, K at 770° CAD N20 mass fraction at 770° CAD
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0.0008
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0.0003
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Figure 8. Comparison of N,O cyclic mass fraction in combustion chamber with temperature fields
at 770° CAD at 500, 1000, and 2000 bar ammonia injection pressure. (a—c) Temperature; (d—f) N,O
mass fraction.
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On the other hand, NOy emissions formation, which are also partially dependent on
N atoms amount in fuel mixture, is also inseparable from injected ammonia mass. How-
ever, NOy also depends on the combustion chamber temperature. Usually, thermal NOx
is formed at a combustion chamber temperature higher than 1600-1700 K, and with the
increasing temperature, especially up to 2000 K and above [17,47], NOy concentration in-
creases exponentially. As a result, the highest amount of NOy (9.42 g/kWh) were observed
at the highest combustion temperature (Tmax—1779 K) at 2000 bar injection pressure, while
at 500 bar (Tmax—1540 K) NOx was lower (1.32 g/kWh). However, thermodynamic temper-
ature reveals NOy formation conditions quite conditionally; therefore, further evaluation of
NO, formation is carried out in relation to the structure of the combustion chamber local
temperature field. Visual analysis of NOy mass fraction distribution in the combustion
chamber compared to temperature fields at 735° and 745° CAD (Figure 9) perfectly reflects
thermal NOy formation conditions. It was observed that the largest part of NOy mass is
emitted precisely in the highest temperature zones. However, observed insignificant NOy
mass fraction formation zones below 1700K combustion chamber temperature indicate fuel
bound NOy emissions. Therefore, at 500 bar ammonia injection pressure with smaller high
temperature areas, NOy formation was reasonably lower compared to 1000 or 2000 bar in-
jection pressure. An interesting result was also observed, that despite high concentration of
N atoms in dual-fuel balance, NOx was formed 3.6 times less at 500 bar ammonia injection
pressure than at D100, at practically the same maximum temperatures (D100 Trax—1566 K,
D5/ A95 500 bar Tmax—1540 K). This phenomenon can be explained by the deNOx process,
when at the cylinder temperature in range of 1000-1400 K, active NH, radicals react with
NO to form N, + OH [17]. This process can be observed in the chart of NOy cyclic mass
fraction dependence on CAD (Figure 10). During heat release, NOx emissions increase
exponentially, peaking at the highest combustion chamber temperature. However, as
temperature decreases, NOx also begins to decrease due to the above chemical reaction.
It was found that when ammonia injection pressure is 500 bar and Tmax reaches 1540 K,
the deNOy process is three times more intense compared to 2000 bar and Tmax 1779 K.
This is because, at 500 bar injection pressure, the open temperature window duration of
1000-1400 K is longer.

Unburnt NHj that slip into that exhaust system also raises concerns in the scientific
community for large scale use of ammonia in DE due to ammonia toxicity to living or-
ganisms. Emissions of unburnt ammonia indicate combustion efficiency. NH3 emissions
were found to be dependent on ammonia injection pressure. At lower injection pressure, a
strong increase in unburnt NH; was recorded, which is related to relatively poor ammonia
vaporization in the combustion chamber volume. The visual results of NH; mass fraction
distribution in the combustion chamber at 770° CAD (Figure 11) show that, at 500 bar
injection pressure, burnt ammonia areas (blue color) are uneven and do not cover most
of the combustion chamber area compared to NHj3 results at 2000 bar injection pressure.
At 500 bar injection pressure, the level of NHj3 emission reaches 8.94 g/kWh, while at
2000 bar-0.67 g/kWh. It is worth mentioning that at 1000 and 1500 bar, NH; emissions
were 1.51 and 1.05 g/kWh, respectively. Between 1000 and 2000 bar, the difference in
NHj; emissions is not significant, which can be attributed to a negligible difference in Tpax
between 1731 and 1779 K. In conclusion, fuel injection pressure has a significant effect on
combustion efficiency, which in turn affects unburnt NHj3 emissions.
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Figure 9. Comparison of NOy cyclic mass fraction in combustion chamber with temperature fields at
735° and 745° CAD at 500, 1000, and 2000 ammonia injection pressure. (a-c) Temperature; (d—f) NOx
mass fraction.
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Figure 10. Comparison of NOy formation during the combustion cycle at different ammonia injec-
tion pressures.
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Figure 11. Comparison of the NHj3 cyclic mass fraction in the combustion chamber at 770° CAD.
(a) Ammonia injection pressure 500 bar; (b) ammonia injection pressure 2000 bar.

In terms of GHG emissions when using ammonia in DE, N,O has the biggest im-
pact according to CO, potential (GHG = 273 x NyO + 29.8 x CHy + CO,) (Figure 12).
At 2000 bar injection pressure at high combustion temperature outside the N,O forma-
tion field, GHG emissions are lowest, 195 g/kWh, while at 500 bar—490 g/kWh. In all
cases, using ammonia can reduce GHG emissions, as the D100 combustion cycle GHG is
684 g/kWh. However, GHG reduction in the reverse direction increases NOy emissions.
On the other hand, NOx reduction leads to higher unburnt NHj3 emissions. Therefore,
balance between main GHG (N,0), NOy, and NHj3 emissions should be selected.
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Figure 12. Comparison of emissions (GHG, N,O eq, NOy, and NH3) formation during the combustion
cycle at different ammonia injection pressures.

Summarizing the results of ammonia injection pressure dependence on combustion
cycle parameters and exhaust gas emissions, the optimal injection pressure due to Pmax
and Tmax design limitation is 800-1000 bar. In addition, ITE at these injection pressures
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compared to the 2000 bar was practically unchanged. In terms of toxic emissions, the
balance between GHG, NOy, and NHj is also at 800-1000 bar injection pressure. At
1000 bar injection pressure, GHG emission is 4.5% lower and NHj is 137% lower, although
NOy is 30% higher compared to 800 bar injection pressure. Therefore, the optimal ammonia
injection pressure for the research object is 1000 bar, considering changes in combustion
cycle parameters.

Summarized research main combustion cycle parameters and exhaust gas emission
values are given in Table 5.

Table 5. Simulation results of ammonia injection pressure variations.

Parameter D100 (P;,j 500 bar) Pjnj 500 bar Pjn; 800 bar Pinj 1000 bar  Pjyj 1500 bar  Pjpj 2000 bar
Tmax 1566.00 1540 1668 1731 1751 1779
Prmax 159.60 132.18 161.34 175.38 185.46 193.78
IMEP 17.24 17.86 18.29 18.28 18.36 18.30

ITE 0.407 0.416 0.426 0.426 0.428 0.426
BSFC(D) 208.04 11.13 10.87 10.88 10.83 10.87
BSFC(NH;) - 434.84 424.68 425.01 42297 42453
P; (complete engine) 4314.37 4191.17 4291.45 4288.09 4308.83 4293.00
CO, 563.95 33.32 32.72 33.24 32.72 32.88
N,O 0.0030 1.67 1.28 1.22 0.74 0.59
CHy 4.01 0.00249 0.00132 0.000505 0.00037 0.00023
GHG 684.12 490.29 382.90 366.60 235.28 195.11
NOyx 4.81 1.32 3.54 4.59 7.08 9.42
NH3; 0.011 8.94 3.59 1.51 1.05 0.67

4. Conclusions

To optimize the dual ammonia and diesel fuel combustion cycle, combustion cycle
parameters and exhaust gas emissions optimization strategy was chosen based on DE
development trends and intensification of ammonia injection using high-pressure injection
to reduce combustion duration. GHG emissions in CO; equivalent were reduced by 24%
when ammonia injection pressure was increased from 500 bar to 1000 bar. For comparison,
GHG emissions were also reduced by 45% compared to the diesel combustion cycle. Based
on this research’s results, detailed changes in the combustion cycle are characterized by
the following:

e Anammonia injection pressure increase from 500 bar to 2000 bar reduces ammonia
induction period by 28% from 18° CAD to 13° CAD. Correspondingly, ammonia
ignition delay after pilot diesel fuel combustion shortens from 6° CAD to 1° CAD. As
a result, at injection pressure 500 bar, a transformation of double-phase combustion
characteristic into single-phase at 800-2000 bar injection pressure leads to structural
changes in the combustion cycle parameters and exhaust gas emissions.

e At 500 bar ammonia injection pressure, the long induction period and double-phase
combustion characteristic results in a long ~60° CAD combustion duration (D100—90°
CAD). Meanwhile, by gradually increasing the injection pressure of over 800 bar and
approaching the single-phase combustion characteristic, the combustion duration is
reduced to 20-30° CAD.

e Due to the long combustion duration at 500 bar ammonia injection pressure, 2.4%
lower ITE was reached than compared to higher injection pressure due to higher heat
balance losses through the cooling—exhaust system. At 500 bar, ITE = 41.6%, while
at 8002000 bar, ITE = 42.6-42.8%. Therefore, at ammonia injection pressure above
800 bar, 4.6% higher ITE was reached compared to the D100 combustion cycle.

e Aninjection pressure increase over 800 bar leads to a higher Ppax and Tmax than the
D100 combustion cycle. Ppax increases from 161 bar to 194 bar by increasing injection
pressure from 800 bar to 2000 bar, while Tnax increases from 1670 K to 1780 K. For
comparison, D100 Pyax—160 bar, and Tmax—1565 K.
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e  GHG emissions decreased from 684 g/kWh at D100 to 490 g/kWh-195 g/kWh at
ammonia injection pressure 500-2000 bar. GHG emissions from dual ammonia—diesel
fuel combustion mainly did not depend on CO; as in the D100 case, but depended on
N,O, whose formation is associated with N atoms in fuel. The possibility to reduce
N,O emissions is associated with the increase of combustion chamber temperature.

e  Unburnt NHj reached maximum of 8.95 g/kWh at 500 bar injection pressure, which
indicated poor combustion efficiency. Gradually increasing injection pressure from
800 bar to 2000 bar reduced NH3 emissions from 3.60 g/kWh to 0.65 g/kWh, respectively.

e  NOy emissions can be reduced from 4.81 g/kWh at D100 to 1.32 g/kWh at ammonia
injection pressure 500 bar. However, at the same time, it can increase to 9.42 g/kWh
at 2000 bar injection pressure. NOy formation depends on N atoms in fuel, but at the
same time depends on combustion chamber temperature. The lower NOy levels at
500 bar ammonia injection pressure than D100 can be explained by the deNOjy process.
On the other hand, higher NOy levels at high ammonia injection pressures are directly
linked to thermal NOy formation due to increased combustion chamber temperature.

In conclusion, when optimizing the combustion cycle of dual ammonia and diesel
fuel, it is rational to achieve short, single-phase combustion, but within permissible Ppax
and Tmax boundaries, ensuring the engine reliability factor compared to D100. In parallel,
when selecting ammonia injection pressure, a compromise of GHG, unburnt NHs, and NOy
emissions must be ensured to maintain optimal balance between these harmful substances.
As a result, the optimal ammonia injection pressure for medium-speed, four-stroke Wartsila
6L46 marine diesel engine is 1000 bar. The next stage of ammonia combustion cycle
optimization research will be associated with the optimization of pilot diesel and ammonia
injection phases.
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Abbreviations

B/S cylinder bore, stroke;

BSFC specific fuel consumption;

CAD crank angle degrees;

CHy methane;

CO, carbon dioxide;

D100 100% diesel fuel;

D5/A95 mixture of 5% diesel and 95% ammonia fuel;
DE diesel engine;

EEDI Energy Efficiency Design Index;
EEXI Efficiency Existing Ship Index;

EU European Union;
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GHG greenhouse gases;

GT gross tonnage;

HPDF high-pressure dual-fuel strategy;

HRC heat release characteristic;

IMEP indicated mean indicative pressure;

IMO International Maritime Organization;

ITE indicative thermal efficiency;

LNG liquified natural gas;

LPDF low-pressure dual-fuel strategy;

MM mathematical model;

N,O dinitrogen oxide;

NHj ammonia;

NOy nitrous oxides;

PM particulate matter;

SCR selective catalytic reduction;

TDC top dead center;

Symbols

Hy fuel calorific value (kJ/kg);

my hourly fuel consumption (kg/h);

n cylinder number (-);

N engine speed (RPM);

P; indicated power (kW);

Pinj ammonia injection pressure (bar);

Py cylinder pressure reading (bar);

Pmax maximum cycle pressure (bar);

Tmax maximum cycle temperature (K);

T temperature (K);

Veyt cylinder volume (m3);

Vi cylinder volume corresponding to Py (md);

z coefficient (z = 1 for 2-stroke engines, z = 2 for 4-stroke engines (-);

09 crank angle degree value (-);

O¢ crank angle degree value (-);
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