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This study investigates ammonia-fueled RCCI combustion in a medium-bore research engine. Ammonia is
introduced via port injection, while light fuel oil is directly injected inside the cylinder. The experimental
campaign explores variations in engine load, air-to-fuel ratio, injection timing and duration, and valve timing. A
phenomenological model is developed and validated, incorporating chemical kinetics and flame propagation.
The framework employs a multi-zone approach to calculate fuel distribution, integrating a spray model, a

tabulated method for ignition prediction, and an emissions model to estimate CO, NO, uHC, uNH3, and N,O
concentrations. The model accurately simulates experimental results, achieving an average error below 10 % in
global performance predictions and of about 20 % in pollutant emission evaluations. By capturing the key
physics of RCCI combustion, this study provides valuable insights into ammonia potential as a marine zero-
carbon fuel and supports the development of predictive tools for engine design and optimization.

1. Introduction

Global efforts to address the challenges of climate change necessitate
the development and implementation of low-carbon processes across all
energy consumption sectors. Rapid advancements in propulsion system
technologies [1] are critical to achieve significant decarbonization and
limit global temperature increases to 1.5 °C [2,3]. While electrification
and hybridization offer viable solutions for the light-duty road transport
sector [4], alternative approaches have to be pursued for
hard-to-electrify domains such as aviation, off-road vehicles, and the
maritime industry.

The marine transportation sector faces considerable obstacles in
reducing its environmental footprint. The International Maritime Or-
ganization (IMO) has set ambitious targets to cut greenhouse gas (GHG)
emissions by 50 % by 2050 compared to 2008 levels [5], with inter-
mediate goals of a 40 % reduction in CO2 emissions by 2030 and a 70 %
reduction by 2050 [6]. In response to these objectives, the European
Union (EU) has incorporated the maritime sector into its Emissions
Trading System, aiming for a 55 % reduction in GHG emissions by 2030
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relative to 1990 levels.

To meet these targets, the Institute of Electrical and Electronics En-
gineers (IEEE) estimates that 50 % of marine engines have to be adapted
to zero-carbon and low-carbon fuels by the mid-2040s [7]. Given the
long service life of marine engines, the adoption of these fuels is ex-
pected to make a fundamental contribution to the future of shipping in
order to comply with the emissions reduction targets and ensure sus-
tainable shipping operations. Therefore, both retrofit solutions and the
development of new engine technologies are essential to decarbonize
the marine industry.

A variety of zero-carbon and low-carbon fuels are being explored for
commercial application in the maritime sector, including hydrogen,
ammonia, natural gas (NG), and methanol [8-11]. The adoption of these
alternative fuels faces several challenges, such as meeting stringent
safety regulations, ensuring global availability, and addressing trans-
portability problems. Additionally, marine engines have to operate
efficiently under economically viable single- or dual-fuel combustion
modes, even when fuel availability varies. Ammonia (NH3) emerged as a
promising candidate for zero-carbon fuel in marine applications,
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offering significant potential for GHG emissions reduction. Like
hydrogen, ammonia can be synthesized from various sources, including
fossil fuels, biomass, or renewable energy such as wind and solar power.
In particular, surplus renewable electricity can be converted into
ammonia, serving as an efficient energy storage medium [12].

In recent years, ammonia earned increasing attention due to its po-
tential benefits, supported by initiatives from governments (e.g. Japan
[13,14], United States [15,16], United Kingdom [17,18], Australia [19],
European Union [20,21]) and industry leaders [22]. Key advantages of
ammonia include its low cost per unit of stored energy, high volumetric
energy density, widespread production capabilities, established
handling and distribution infrastructure, and commercial viability.
Ammonia derived from renewable sources exhibits several useful
properties:

o It is inherently carbon-free, has no direct greenhouse gas emissions,
and can be synthesized through fully renewable, carbon-neutral
processes.

o With a lower heating value of 18.6 MJ/kg, it offers a level of per-
formance comparable to conventional fossil fuels.

o Ammonia can be easily liquefied under moderate conditions,
requiring compression to just 0.8 MPa at ambient temperature.

o A robust and well-established infrastructure for ammonia storage
and distribution already exists, encompassing pipelines, rail trans-
port, road networks, and shipping.

Despite these advantages, ammonia poses several challenges as an
engine fuel. Its toxic and flammable nature introduces specific storage
and handling requirements. Furthermore, ammonia combustion char-
acteristics present technical difficulties, including high resistance to
autoignition, a high minimum ignition energy, and a low laminar flame
speed, which can complicate its application in marine engines. Another
critical aspect of ammonia combustion is nitrous oxide (N20O) produc-
tion. This species is a product of ammonia incomplete combustion [23]
and gained a particular focus in ammonia combustion [24-27] since its
high global warming potential, 273 times greater than CO2 on a
100-years scale [28]. These drawbacks necessitate further research and
technological advancements to fully realize ammonia potential as a
sustainable marine fuel.

In the maritime sector, most international ship engines are large,
low-speed, two-stroke compression-ignition engines that are less
impacted by ammonia slow combustion velocity during ignition. How-
ever, for high-speed, four-stroke engines, significant improvements in
NHj combustion initiation and duration are necessary to enhance effi-
ciency. Generally speaking, most of zero- and low-carbon fuels are suited
for pre-chamber or spark-ignition engine configurations. Several igni-
tion system designs are already well-developed for small four-stroke
engines fueled by natural gas and alcohols, with some progress being
made in hydrogen-fueled systems and ammonia-fueled engines. How-
ever, these engines often fail to achieve the torque targets of reference
diesel engines. At high engine loads, deflagration-based combustion
systems exhibit issues such as knocking. Dual-fuel combustion modes
provide a viable solution by using a diesel pilot in a mixing-controlled
combustion process [29-31], which allows retrofitting of existing
compression-ignition engines. Many ship engines retrofitted for
diesel-NG dual-fuel operation, where diesel acts as the ignition source,
can adapt to NH3 with minor engine modifications. When replacing NG
with NHjs, the engines can achieve power densities comparable to diesel
while theoretically reducing GHG emissions in proportion to the
gas-energy substitution ratio. However, NoO generation has to be taken
into account in order to correctly evaluate GHG reduction in NHs-diesel
combustion. In order to clarify the impact of ammonia substitution and
N2O production, Fig. 1 displays the GWP reduction of NHgs-diesel
dual-fuel combustion with respect to pure diesel combustion, consid-
ering N2O emissions. The GWP calculation is performed considering the
COs-equivalent mass for each condition in the hypothesis of constant
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Fig. 1. GWP reduction in ammonia-diesel combustion compared to pure diesel
experiments.

fuel energy content, complete combustion in lean conditions (A equal to
2), and N»O as a possible combustion product in the global reaction
(more details about the assumptions and the equations adopted to
calculate the GWP reduction are available in the Appendix section). As
expected, the introduction of ammonia reduces GWP emissions since a
smaller amount of CO is generated. However, a higher N3O concen-
tration drastically reduces this gain, and may even worsen the engine
carbon footprint if it exceeds values of about 230 ppm. For this reason, it
is fundamental to achieve very reduced N,O concentrations in
ammonia-diesel combustions.

Advanced dual-fuel combustion strategies, such as reactivity-
controlled compression ignition (RCCI) combustion [32], offer prom-
ising pathways for reducing GHG emissions. NH3-diesel RCCI combus-
tion is experimentally investigated for smaller four-stroke engines to
achieve high combustion efficiency. The substantial reactivity differ-
ences between NHj3 (with its high RON) and HFO or distillate diesel fuel
make RCCI and Active Combustion Control (ACC) promising approaches
to mitigate GHG emissions [33]. Chiera et al. [34] demonstrated that
substituting NH3 could reduce GHG emissions by up to 80 %. Addi-
tionally, selective catalytic reduction (SCR) systems or catalytic con-
verters [35,36] can be employed to mitigate high NOy and N3O
emissions associated with NHs combustion, further supporting its
viability as a marine fuel. Ref. [37] investigated NHs-diesel RCCI com-
bustion in a light duty single cylinder engine. The main objective of this
experimental campaign is to provide data about efficiency and pollutant
emissions with the lowest possible diesel energy fraction. The results
showed that this strategy does not lead to minimal carbon footprint, and
that the minimum footprint can be achieved with an ammonia equiva-
lence ratio of 0.8 and a diesel energy fraction higher than the minimum
acceptable. Ref. [38] investigated ammonia-diesel RCCI combustion
with two injection strategies (single and double injections) with
different timings. The outcomes demonstrated that an anticipated single
injection reduces unburned NHgs but increases NOy and N,O emissions.
The adoption of the split injection strategies leads to an increase in
combustion efficiency and a reduction in combustion instability, while
also reducing all the pollutant species concentrations.

In addition to experimental tests, the literature analyzes the poten-
tialities of NHs-diesel RCCI or dual-fuel combustion through numerical
models. These simulations can be categorized into two groups: 3D CFD
simulations; 0D multi-zone models. These studies introduce novel
methodologies to address the challenges associated with mixing and
combustion when utilizing dual-fuel systems. The RCCI combustion
process, in particular, involves multiple fuel combustion modes, pre-
senting a significant challenge in accurately modeling these complex
interactions. Ref. [39] performed a numerical 3D CFD simulations of
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NHj-diesel RCCI combustion, demonstrating that an increasing
ammonia substitution percentage can drastically reduce NOx concen-
trations while maintaining low concentration levels of CO, uHC and
N2O. Ref. [40] continued the previous study, substituting hydrogen in
ammonia, demonstrating that this addition improves combustion effi-
ciency while lowering the concentrations of CO, unburned NHs, uHC,
and N,O. Ref. [27] analyzed different ammonia substitution fraction and
diesel Start of Injection (SOI) through 3D CFD simulations of a
heavy-duty cylinder. Compared to diesel combustion, ammonia intro-
duction decreases thermal efficiency and NOy concentration, while
increasing NoO concentration. Advancing the SOI, a partial compensa-
tion for the thermal efficiency reduction and N2O concentration increase
can be achieved.

In the context of 0D modeling, it is well established that multi-zone
models are essential for accurately representing the key aspects of low-
temperature combustion (LTC) regimes, such as spatial distributions of
temperature and fuel and different modalities of mixture combustion
[41]. The first aspect is critical for RCCI combustion due to its sensitivity
to fuel distribution. Two primary methodologies are employed to
address this challenge: assigning a predefined fuel distribution, either
derived from 3D CFD simulation results or defined through tunable
profiles [42], or utilizing detailed fuel spray models to capture the
spatial variations [43-45]. In combustion modeling, fuel ignition is
widely acknowledged as the primary combustion mode in LTC. How-
ever, studies such as [46-48] have highlighted the importance of ac-
counting for flame propagation in RCCI combustion. The simplest
approach to modeling fuel ignition involves using ignition delay corre-
lations coupled with the resolution of the Livengood-Wu integral [49,
50]. While this method offers high computational efficiency, its accu-
racy is limited. Alternatively, several studies [51-53] have employed
detailed chemical kinetics to model fuel chemistry, providing a high
level of accuracy. However, this approach significantly increases
computational burden, particularly when applied to models with a large
number of zones. To alleviate these challenges, researchers have
explored simplified kinetic mechanisms [54] or reduced zone counts
[55-57], achieving a balance between accuracy and computational
effort. A more computationally efficient option involves the use of
tabulated approaches to simulate ignition processes. One method is to
tabulate ignition delays under various engine-relevant conditions and
apply the Livengood-Wu integral [58] to determine ignition timing.
While computationally rapid, this approach does not provide informa-
tion on intermediate composition or temperature evolution during
ignition, which can be a critical limitation, especially in scenarios
involving cool flame phenomena. To address these shortcomings, an
improved strategy involves tabulating the global evolution of the
auto-ignition process using a progress variable, which enables a more
detailed and reliable prediction of ignition behavior [42,43].

In the current literature, few works employ these kinds of models in
ammonia-diesel dual-fuel and RCCI combustions. Ref. [49] utilizes a
multi-zone 0D model that employs a multi-zone spray model, an ignition
delay correlation to estimate the diesel ignition and a simplified flame
propagation model to model the flame generated by the mixture igni-
tion. The model is initially tuned with respect to pure diesel combustion
and then tests with ammonia substitution, resulting in an acceptable
prediction of heat release rate and in-cylinder pressure at different
substitution percentages. Ref. [50] utilizes a multi-zone 0D model to
numerically test the aqueous ammonia substitution in a
compression-ignition engine. The model is constituted of a simplified
spray model to compute diesel distribution, an ignition delay correlation
and different correlation for the mixture combustion on the basis of the
different combustion phases. Additionally, NOx and soot are calculated
with simplified models. From a modeling perspective, previous re-
searches present several shortcomings. Fuel ignition is often over-
simplified, and flame propagation is addressed in only one study, using a
simplified methodology. Experimental validation is either minimal or
entirely absent, and gaseous pollutant predictions are restricted to NOy
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emissions.

To address these gaps, this study focuses on the development of a
multi-zone 0D model, extensively validated for combustion performance
and pollutant emissions, which can serve as a reliable tool for engine
design and calibration. Initially designed for NG-diesel RCCI engines
[43], the model has been adapted to simulate NHs-diesel RCCI engines.
It incorporates a suite of sub-models categorized as follows:

o Zonal interaction and evolution models: these include sub-models for
heat transfer, diffusion, spray dynamics, and fuel evaporation,
defining the inhomogeneities in the combustion chamber.

o Combustion models: these comprise an ignition model, which em-
ploys a tabulated approach (Tabulated Kinetics of Ignition), and a
flame propagation model, which adopts the fractal theory.

o Emission models: these involve an unburned fuel model, a pollutant
burned-zone model, and a partial oxidation model.

The novelty of the proposed phenomenological framework does not
ground on specific aspects, which in their essence are taken from the
literature or previous works of the authors such as, for instance, auto-
ignition, spray evolution, droplet evaporation, flame propagation, but
in the way they are combined and customized to describe combustion
and emissions in an engine operated in RCCI mode and supplied with
ammonia. In the authors’ knowledge, literature is poor of phenomeno-
logical models for this kind of engine supplied with ammonia and the
works in Refs. [49,50] are the only available attempts, although these
present important limitations, as detailed above. Additional novelties in
the presented work are:

o The verification of the adopted blending rule for the estimation of the
laminar flame speed for ammonia/diesel blends through the com-
parison with 1D planar flame chemical kinetics calculations.

o The proposal of a one-step reaction mechanism for the evaluation of
post-oxidation of ammonia.

The structure of the paper is as follows: first, the experimental setups,
including the engine and constant volume spray chamber, together with
the corresponding test matrices, are described; next, a detailed expla-
nation of the 0D model and its constituent sub-models is provided;
finally, the calibration and validation of the model are presented,
focusing on global engine performance, exhaust pollutant concentra-
tions, and detailed results.

2. Objects and methods
2.1. Engine description and experimental setup

The experimental campaign was conducted utilizing a marine-
derived single cylinder engine (SCE), built for research scopes and
adapted for operation with ammonia. The principal characteristics of the
engine are collected in Table 1. The intake line is equipped with a
volumetric compressor and an intercooler for an accurate control of the
boost pressure and intake temperature. A throttle valve is installed in the
exhaust line for the backpressure regulation, in order to simulate the

Table 1
Principal engine and sub-system characteristics.

Specification

Bore, mm 250

Stroke, mm 340

Nominal Speed, rpm 900

Air System External air compressor with air temperature and pressure
control

Fuel System Common rail with twin needles and ammonia admission
valve

Valve train System Fully flexible
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Table 2
Experimental SCE test matrix.
Case Sweep Load Al Abpy; Norm. ABpyc Norm.
Label [%] [-] [CAD] Tinj [—] [CAD] yiro [-]
1 ABpyc 25 0.0 -20 0.69 66 1.83
2 LL 25 0.0 -20 0.69 56 1.86
3 25 0.0 —-20 0.69 47 1.87
4 AMLLL 25 —-0.1 -20 0.71 56 1.97
5 25 -0.1 —14 0.69 57 1.86
6 25 0.1 -20 0.71 56 2.03
7 25 0.3 —-20 0.71 56 1.92
8 25 0.4 -20 0.69 57 1.89
9 25 0.7 -20 0.69 56 1.93
10 Ty LL 25 0.2 —-20 0.68 57 1.73
11 25 0.2 -20 0.70 57 1.89
12 25 0.1 -20 0.72 57 211
13 A)\ HL 85 -0.1 —26 0.81 15 1.32
14 85 0.0 —26 0.81 15 1.34
15 AOp,; HL 85 -0.1 -20 0.81 15 1.39
16 85 -0.1 —-26 0.81 15 1.34
17 Load 10 0.0 —15 0.63 71 1.97
18 25 0.0 -10 0.66 61 1.59
19 50 0.0 -5 0.69 47 1.17
20 75 0.0 0 0.81 6 1.18
21 920 0.0 0 1.00 0 1.00

typical conditions of a turbocharged engine. The main fuel, ammonia, is
injected in vapor phase into the intake line through a low-pressure so-
lenoid valve. A high-pressure common rail injection system is employed
for the light fuel oil (LFO) direct injector, in order to ease the air-fuel
mixture.

The main goal of the experimental campaign is the assessment of the
capabilities and limitations of an ammonia-fueled marine engine. In this
perspective, the experimental campaign is subdivided into three main
blocks. The first one, consisting of 12 operating conditions, is designed
fixing a low load condition (25 %) and performing sweeps of relative
intake valve closure (AO), relative air-to-fuel ratio (AA), and
normalized injection duration (t1y). The second block, consisting of 4
operating conditions, is designed fixing a high load condition (85 %) and
performing sweeps of relative air-to-fuel ratio (A)), and relative injec-
tion timing (A6y;). To conclude, the last 5 operating conditions repre-
sent a load sweep with optimized engine parameters. In order to
stabilize the combustion process, the proportion between LFO and
ammonia, defined as y;ro in Eq. (1), is optimized for each operating
condition.

myroLHViro
MyroLHV ro + MyyzLHVyp3

Yiro = (€Y)

Table 2 provides details about the operating conditions of the test
matrix. To preserve confidentiality, the parameters are normalized with
respect to Case #21. Some of them (AA, A8, A6yc) are defined as
differences with respect to the reference case (e.g. AL = A—\rf), while
the normalized 71, and y;ro are defined as the ratio between the current
and reference values.

During engine operation, different global values are measured (LFO
and ammonia consumptions, air flow rate, wall temperatures and
exhaust gases concentrations), in combination with the in-cylinder
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instantaneous pressure. For the global parameters, the test procedure
entails that the acquisition time for global values covers 3 min with a
sample rate of 10 Hz, and then the time-average values are extracted.
For the in-cylinder pressure, the signal is recorded for 300 consecutive
cycles with a 0.2 CAD resolution. The stability of the engine operation is
guaranteed by the verification that the IMEP CoV is lower than 2.5 % in
all tested operating conditions. Although the above procedure does not
provide quantitative metrics about repeatability of the experiments and
of the measurement noise, the indicated analysis can be considered
adequately reliable thanks to the “ensemble average” process over a
large number of cycles and the same applies for the global data thanks to
a long acquisition time and to the stability of the combustion during this
time. Table 3 provides information about the instrument accuracies
employed in the experiments.

2.2. Constant volume spray chamber setup

The experimental campaign also included an investigation on the
spray characteristics generated by the LFO fuel injection. The main goal
of this activity is to characterize the spray behavior in terms of cone
angle and tip penetration, in order to properly calibrate the spray model
available in the simulation framework. The injector used in these ex-
periments matches the one installed in the SCE, and the principal
characteristics of the latter are listed in Table 4.

The spray chamber employed in this study is cubic, and it is con-
structed with a circular window in the upper part, having a diameter of
180 mm (Fig. 2). At the bottom side of the chamber the injector is
installed in centered position. A high-speed imaging system is utilized to
capture the spray evolution, with the camera placed on the upper side of
the chamber, surrounded by four LED lights, as depicted in Fig. 2. Four
lights are used to uniformly illuminate the chamber and enable the use
of short exposure times to freeze the motion of the spray. The mea-
surement principle adopted in the spray tests is the elastic scattering of
light from the droplets in the spray. This methodology allows to measure
the morphological characteristics (cone angle, tip penetration) of all the
spray plumes positioning the camera in front of the injector, as detailed
in Ref. [59].

Considering the centered location of the injector and the umbrella
angle of the injector nozzles (Table 4), the maximum visible path length
of the spray plumes is about 100 mm. The ambient conditions for the
spray evolution are accurately controlled acting on the thermodynamic
parameters of the mixture trapped in the spray chamber. In particular,
the desired chamber pressure is obtained through a compressor, while
the temperature is controlled with the chamber body warming. The
spray chamber dataset is formed by 6 sweeps of injection duration with
different chamber pressures and injection pressures. The injection
duration spans from 700 to 1200 ps, with a step of 50 ps. The mixture
temperature is set to 300 K in order to purposely avoid ignition inside
the chamber. The spray chamber test matrix is listed in Table 5.

The images recorded with the high-speed camera during the spray
evolution are read with a Matlab image post-processing toolbox and
then processed and analyzed with a specifically developed tool in order
to extract the main spray characteristics. The measurements of each
plume are then combined in order to derive an average spray evolution.

Table 3

Engine experimental equipment.
Parameter Instrument Uncertainty
Pressure Kistler transducer 0.2 %
Air flow rate Coriolis type flowmeter 0.35 %
Ammonia flow rate Coriolis type flowmeter 0.35 %
Light fuel oil flow rate Gravimetric balance 0.2 %
In-cylinder wall temperatures Type K Pentronic thermocouple 1.5°C
Exhaust species concentration Horiba Mexa-One (CO, NO, uHC, uNHs, N,O) 1%
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Table 4

Injector characteristics.
Specification Value
Nozzle diameter 384 pm
Umbrella angle (Oymprelia) 140°

High-speed camera\'
4x LED lights /
Post holders & Rails }. )

Y e

Fuel sprays
I EmEe—
Fig. 2. Constant volume spray chamber setup.

Table 5

Experimental spray chamber test matrix.
Test Chamber Chamber Injection Injection
Case Temperature Pressure Pressure [bar] Duration [ps]

[K] [bar]

T1 300 5 2200 700:50:1200
T2 300 15 2200 700:50:1200
T3 300 25 2200 700:50:1200
T4 300 35 2200 700:50:1200
T5 300 5 1400 700:50:1200
T6 300 15 1400 700:50:1200

2.3. Engine model

The employment of more fuels with differing physical and chemical
characteristics significantly complicates the combustion evolution,
presenting relevant challenges for its modeling in a OD model. This
model needs to describe a variety of interdependent phenomena, such as
air-fuel mixing, auto-ignition, and flame propagation. Research in-
dicates that the initial auto-ignition is primarily related to the high-
reactivity fuel (HRF), while low-reactivity fuel (LRF) governs flame
propagation and/or delayed auto-ignition [60]. Given the critical role of
HRF auto-ignition chemistry in dual-fuel combustion, accurately
capturing its local reactivity is a fundamental requirement for an RCCI
model. Therefore, local reactivity is highly sensitive to the local pro-
portion between air, HRF and LRF, requiring precise tracking of HRF
distribution inside the cylinder.

The HRF in-cylinder distribution may be predicted through various
approaches, such as implementing a specialized spray model [61,62],
utilizing experimental outcomes obtained from spray experiments, or
utilizing CFD outcomes [63]. Another option involves assigning a pre-
defined fuel distribution in the cylinder, which can be modified by
adjusting specific tuning parameters [64]. The authors successfully
implemented in the model a predefined distribution [42] and a dedi-
cated spray model [43] in distinct activities, demonstrating the better
versatility and the general improvements of the adoption of the spray
model in the 0D model.

The model presented here aims to capture the essential physical
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phenomena characteristic of RCCI engines, such as the distribution of
injected fuel in the combustion chamber, heat and mass flows inside the
cylinder, and the fuel combustion via auto-ignition and/or flame prop-
agation processes [46,65-67]. Leveraging the custom coding function-
ality of commercial software, the model has been implemented. In each
simulated engine cycle, the model calculates the initial in-cylinder
thermodynamic conditions and composition at intake valve closure
(IVC) through a 1D intake and exhaust systems flow model. The up-
coming section will describe the OD in-cylinder model framework in
terms of zone structure and balance equations. Subsequently, the
sub-models that compose the framework will be detailed. In particular,
the sub-models are categorized in: zonal interaction and evolution
models, including the heat transfer model, the diffusion model, the spray
model and the evaporation model; combustion model, encompassing the
ignition model and the flame propagation model; the emission model,
comprising the unburned fuel model, the pollutant burned zone model
and the partial oxidation model.

2.3.1. 0D in-cylinder model

In this model framework, two zonal division structures are com-
bined: an axisymmetric and cylindrically shaped zonal structure for
capturing the combustion chamber gradients, and conical shaped vol-
umes to represent the spray plumes generated by a multi-hole injector.
As a result, the in-cylinder zones are classified into two types: “in-spray
zones”, formed by the intersection of the spray volumes with the cy-
lindrical discretization, and “out-spray zones”, that include the
remaining volumes outside the spray intersections. Fig. 3 provides a
visual depiction of this zone classification.

In Fig. 3, the “in-spray” zones, represented by sky blue-shaded sec-
tors, are formed by the intersection of spray volumes with the cylindrical
zones, while the orange-shaded regions correspond to the “out-spray”
zones. The proposed approach assumes symmetry in the circumferential
direction, thereby neglecting potential asymmetries. However, it in-
corporates radial stratifications of composition and thermodynamic

|
\
\
1

(J

Fig. 3. Cylinder zone structure schematization, top and lateral views.
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states, distinguishing between zones located inside and outside the spray
regions. Each generic zone, denoted as z, is encircled by the adjacent
zones z+Iand z-1, as well as the corresponding in-spray or out-spray
zone, labelled as zOUT.

Based on the conditions determined by the 1D intake and exhaust
systems flow solver, the thermodynamic state and composition of the in-
cylinder zones are defined at the start of each engine cycle, corre-
sponding to the IVC. At this step, the cylinder mass is evenly allocated
between the zones, with the assumption of a uniform mixture of air,
ammonia, and residual species, together with a consistent thermody-
namic state. The differentiation between in-spray and out-spray zones
begins at the start of injection, when the volume corresponding to the
spray plumes is calculated and subtracted from the cylindrical zones.
Inside the spray regions, an initial uniform distribution of pressure,
temperature, and gas composition is imposed, with mass allocated based
on uniform density.

The governing equations for each zone are derived under the
following hypotheses:

o The combustion chamber mixture behaves as an ideal gas.

o Pressure is equal in all the zones.

o The unburned gas is divided into multiple zones, with auto-ignition
modeled using tabulated chemical kinetics.

o The burned gas is represented as a single zone, with its composition
assumed to be at chemical equilibrium.

For the unburned zones, two balance equations are solved to deter-
mine temperature and composition evolution. Species composition for
species i-th in the zone z-th is calculated using a species balance equa-
tion, which is generally expressed in Eq. (2).

dmi,z _ dmiAI,z + dmi.evap.z
dt dt dt

+ Myinjz + Migze1 + Migzour — Mipz 2

In this equation, dm; a1 ,/dt represents the species variation rate due to
chemical kinetic evolution for auto-ignition, the term dm; ey »/dt ac-
counts for the liquid fuel evaporation, the term m;,, denotes the
injected fuel mass flow rate, which is applied only for the first in-spray
zone located on the cylinder axis, while is zero in all other zones, the
term m; ;17 describes the species flows between the encircled zones of
the same type, while m;, ,oyr represents the species flows between the
paired in-spray/out-spray zones. Additionally, m;} , corresponds to the
species flow rate evolving from the unburned zones to the burned zone.
The global burning rate, the computation of which will be detailed in a
subsequent section, is allocated between the unburned zones based on
their respective mass fractions.

The second equation is an energy balance equation, whose general
form is provided in Eq. (3):

dv, 6Qw. Q.
— d_z_%_ vapz +mm]z inj +szil +szOUT+
dE, toa
dr ) M Nye ®

+ g rhi.z‘zilhi,z.zil + § mi,z.zOUThi,z.zOUT _mb.zhu‘z

i=1 i=1

In this equation, E, indicates the total internal energy, while the term
pdV,/dt accounts for the work due to piston motion and to the expansion
or contraction of neighboring zones. The heat transfer rate to the cyl-
inder walls in contact with the zones is denoted by 5Qy;,/dt, whereas
8Qevap,/dt represents the heat absorbed from the fuel evaporation, that
is subtracted to the cylinder walls. The term nup; hi represents the
enthalpy flow due to fuel injection. The terms Qz 21 + Quz0ur repre-
sents the diffusive heat exchanges between the zones, while the terms m;,
2,241 Nizz11 + Migzout hizzour denotes the mass flows of species and
their associated enthalpies. The interzonal flow enthalpies, h; , ;+; and h;
2,20UT, are evaluated with an upwind approach. The final term in Eq. (3)
indicates the enthalpy flow from each unburned zone to the burned
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region. From Eq. (2) and Eq. (3), the temperature derivate equation can
be derived, as expressed in Ref. [43].

In a similar way to the unburned zones, the species and energy
balance equations are solved for the burned zone. The species balance
equation is reported as Eq. (4):

dmlb dml chemz
T le Tiipa @

This equation follows a similar form with Eq. (2), where the term dm;
chem,b/dt Tepresents the change in species associated with the evolution
of equilibrium gas composition, along with the contribution of the
species flows from the unburned regions. Likewise, in alignment with
Eq. (3), an energy balance equation is formulated, considering work due
to piston motions, heat transfer to the walls, and convective flow from
the unburned zones. This equation is reported as Eq. (5):

dEy dVe  8Qwp =
TP a2y e ®

Again, rearranging Eq. (4) and Eq. (5), it is possible to obtain the
burned zone temperature time derivative equation. To evaluate the time
evolution of the thermodynamic state and to couple the zones, the time
derivative of pressure is also calculated by differentiating the ideal gas
state equation and integrating it alongside the energy balances for both
the unburned and burned zones.

After the description of the general equations solved in the OD cyl-
inder model, the description of all the sub-model integrated in the
framework for the characterization of the different equation terms will
be presented.

2.3.2. Zonal interaction and evolution models

In this section, the mechanisms of interaction between the zones,
interaction between zones and cylinder walls, and the variation of the
zonal composition not addressable to combustion phenomena will be
discussed. Starting from the interactions between the zones, the gener-
ical terms can be expressed as:

. . dij - d

Mizze1 = mi.lzfﬁ 1+ ;}ffzn + Y M, (6)
. . di

Mz zour = 1;, szzouT + mf‘;r:}c;ur @
: : i diff diff

Qz,zil + QZ,ZOUT sz 1 + sz+l + Qz 2O0UT (8)

The first two terms of Eq. (6) and the first term of Eq. (7) correspond
to mass diffusion mechanism between the zones, driven by species
concentrations gradients across adjacent zones. These terms are calcu-
lated according to Eq. (9):

AX;
:hszz 1 *Az.z—lﬂtkdiff.m(Arl) 1
22—

. di AX;
mld;ff2+1 = Az.z+1ﬂrkdiff.m (Trl) . (C)]
AXi

- diff 7)
Ar/ zzour

m;, our = Az.zOUTltkdiff.m (

In these expressions, A, .1, Azz1, Az zouT represent the contact areas
between zones z and z+1, z-1, in-spray/out-spray, respectively. The
parameter Ar denotes the centerline distances of surrounding zones, Ax;
represents the relative mass fraction difference, and 4; is the total
(including both turbulent and laminar effects) conductivity, calculated
using the methodology described in Ref. [68]. A tuning constant, kg m,
is applied to adjust this equivalent conductivity. The terms in Eq. (8)
describe the heat diffusion between the zones. They are calculated in a
similar way to Eq. (9). However, in this case, the concentration differ-
ence is replaced by the temperature difference, and a separate tuning
constant, kg g, is used for adjustments.
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The last two terms in Eq. (6) and the last term in Eq. (7) correspond to
the mass transport associated with spray evolution. The spray model
adopted in this study builds upon the approach proposed in Ref. [62]
and improved with some modifications, utilizing a control volume
methodology that extends from the injector nozzle to the cylinder walls.
This control volume is defined by a conical geometry, characterized by a
specified spray cone angle. The volume is subdivided into smaller seg-
ments, and balance equations for fuel mass and momentum along the
spray axis are solved for each segment. These equations enable the
calculation of spray penetration in the control volume and the temporal
evolution of the spray composition, considering the relative proportions
of fuel and air. To simplify the modeling approach, some hypotheses are
made: the spray angle remains constant, and radial distribution is
assumed to be unchanging. During the injection phase, this model has
been shown to yield results consistent with the steady-jet solution [69],
while also accounting for the effects of the entrainment wave following
the end of injection (EOI) [70], which is a critical phenomenon in the
late-stage evolution of the spray. As extensively discussed in the litera-
ture, the key parameters influencing spray temporal evolution in terms
of penetration and volume occupation include ambient and fuel den-
sities, injection pressure and duration, as well as the geometric charac-
teristics of the injector, particularly the hole diameter. To capture these
dependencies, specific input data are required for the spray jet model.
For defining the control volume, the nozzle diameter and spray cone
angle are essential. The instantaneous cone angle for each test was
determined by post-processing experimental data, and a representative
cone angle value was derived for each test using an averaging method.
These results were subsequently compiled to establish a correlation for
the cone angle as a function of the most significant parameters [71-74].
Consistent with the findings in Ref. [74], the parameters most affecting
the spray cone angle were identified as the ambient density (p,) and the
injected fuel density (pse), as expressed in Eq. (10):

1.396
Ycone =4.204 - atan(369.218 %) ) +121 (10)
fuel

The developed correlation, combined with an appropriate mathe-
matical framework, ensures that the spray jet model accurately responds
to variations in ambient and fuel densities in a physically consistent
manner. Another critical input required for the model is the fuel injec-
tion profile. In this activity, a symmetrical trapezoidal profile is devel-
oped and employed in the model. The key features of the profile are
represented in Fig. 4.

For the characterization of the injection profile, it is mandatory to
define the total duration of the profile, the temporal duration of the two
ramps (in this case, it is assumed the same duration for both the
increasing and decreasing ramp) and the maximum mass flow rate. For
the latter, the value is derived using the incompressible flow equation

Energization time

A
\4

T I

Mass flow rate, kg/s

Time, ms

Fig. 4. Reference injection profile.
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for fluid passage through an orifice, given the injection pressure and the
nozzle characteristics (including the number of holes, their diameters,
and the flow discharge coefficient). The profile duration is set equal to
the energizing duration, while the ramp duration and the discharge
coefficient are derived from the experiments at different injection
pressures and rearranged in simplified correlations, reported in Eq. (11).

¢ = 3.75:10°° (piy — 1400) + 0.5

an
Tramp = ~2.510°° (pyy — 1400) + 0.1
In this equation, cp represents the discharge coefficient, zy4mp indicates
the ramp time duration in milliseconds, and pp,; symbolizes the injection
pressure in bar. This methodology allows the model to incorporate the
effects of the injector’s key geometric features, as well as the injection
pressure and duration, thereby enhancing its predictive capability.
Although the adopted spray model may not fully reflect transient
injection effects, some aspects are taken into account, such as:

o Injection law is trapezoidal, and hence leads, during the injection
tail, to slower local speeds and bigger droplets.

o Assoon as the injection ends, the spray momentum is no longer fed at
the tail of the column. This generates the so-called “entrainment
wave” that suddenly increases the mixing of the injected fuel from
the tail to the head, leading to typical fuel-lean regions close to the
injector and resulting in triangular fuel distribution and speed pro-
files along the jet axis after the EOL

In addition to the approach of [62], the spray model implemented in
this framework is improved with the integration of the near-wall spray
expansion mechanism [75], as described in the previous work of the
authors [43]. This phenomenon is mathematically represented by the
last term in Eq. (7) and calculated according to Eq. (12):

. . S —So
spray _ spray
1M 60T =My ;-1 Kout spray (1 — So> 12)

The fuel flow exiting from the zone 2, m},J ., is assumed to be pro-
portionally related to the mass flow entering from the preceding in-spray
zone, z-1, modulated by a constant, koy,spray, and a non-dimensional
weighting factor that accounts for the relative position along the spray
axis. In this formulation, s represents the generic relative position of the
zone along the spray axis, while sy represents the initial position where
the expansion begins (treated as a tuning parameter). This term is
calculated only when it yields positive values, meaning it applies solely
to zones where s > sp.

The liquid fuel evaporation is described utilizing the droplet evap-
oration model developed in Ref. [76]. This model calculates the evap-
oration of a single moving droplet in evaporating conditions solving the
energy and mass balance equations. The main hypotheses of the model
are the following:

o Quasi-steady conditions for the gas phase mass and its heat transfer.

o Negligible pressure drop in the gas phase.

o Employment of the “film theory” for boundary conditions (boundary
conditions applied to a finite distance).

o Uniform fuel vapor concentration distribution at the droplet surface.

o Uniform temperature distribution in the droplet (surface included).

In accordance with the hypotheses listed above, the energy balance,
rearranged to estimate the temperature derivative, is reported as Eq.
(13):

= n(1+B
ﬂ'kgddmpNu 7( T) (Tu - Tdrap)+
derop T
mdropCFuelT = dm (13)
—AH,q ddt""’
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In this equation, Tgrop represents the droplet temperature, mgr,p denotes
the droplet mass, cse Symbolizes the heat capacity of the liquid fuel, ke
indicates the average thermal conductivity, dgrep is the droplet diameter,
Nu* denotes the corrected Nusselt number, Br indicates the thermal
Spalding number, T, symbolizes the unburned gas temperature, and
AH,q, represents the heat of vaporization. The equation presents two
competitive terms: the first one, that represents the convective heat
transfer with the surrounding ambient, generally leads to the droplet
temperature increase if the unburned temperature is higher; the second
term, that represents the heat loss due to evaporation, leads to a tem-
perature reduction. The second equation to be solved is the droplet mass
balance equation, that is expressed in two forms on the basis of the
droplet temperature:
ﬂljgﬁgddmpSh* 1I1(1 + BM ) psat(Tdrap) < Deyt
k a4

dmdrop
= k. .
dt s & ddropNu 111(1 + BT) Dsat (Tdrop) =Dyt

Cp fuel

The first form of the equation is applied if the saturation pressure
(psq) at the droplet temperature is lower than the ambient pressure
(Pcy)), meaning that the droplet is not in boiling conditions, and the mass
diffusion is the leading phenomenon, while the second form is applied
when the droplet is in boiling condition and the heat diffusion is pre-
dominant. In this equation, p, denotes the average fuel density, D, in-
dicates the average mass diffusivity, Sh* symbolizes the corrected
Sherwood number, By is the mass Spalding number, and ¢, s, represents
the average specific heat capacity at constant pressure. Note that the
properties, denoted with symbol “*, correspond to an average between
properties on the surface of each droplet and properties far from those,
adopting as weighing method the linear rule proposed in Ref. [77].

The initial droplet diameter at the injector holes is determined based
on the correlation outlined in Ref. [78]. As known, the initial droplet
sizing has a great influence on the injected fuel evaporation rate. Any-
way, in all considered operating conditions for the investigated engine,
the injection occurs very early during the compression stroke, and hence
the fuel evaporates quite before TDC, even introducing relevant modi-
fications (+20 %) to the prediction of the adopted correlation for droplet
size initialization. This aspect would have had a critical effect on the
combustion prediction in case of injections later those here considered,
where injected fuel just acts as a “liquid spark plug” and the injection
timing is used as a trigger for flame propagation onset. This is not the
case of the analyzed injection timings, that are well before the TDC.

In this model, LFO is represented as n-dodecane, with its thermo-
physical properties adopted for the evaporation process. Leveraging
data obtained from the spray model, in particular the local flow velocity
and droplet distribution, the evaporation model is employed to evaluate
the evolution of droplet diameters and the associated phase transition
from liquid to vapor in all the in-spray zones except the last one, in
which a liquid film evaporation model [79] is employed. This is based
again on the solution of mass and temperature equation in the liquid
layer on the cylinder surface, and it is able to sense both the wall tem-
perature and in-cylinder flow intensity. This last information is obtained
from the turbulence model, that will be detailed in the upcoming
section.

The evaporated portion of the injected fuel is assumed to mix with
the gases entrained in the spray cone (composed of air, residuals and
ammonia), leading to a mixture at a homogeneous temperature, pres-
sure and composition for each of the “in-spray” zones of the multi-zone
model. In this way, the proposed numerical approach allows to track,
not only the spray tip penetration, but also the temporal evolution along
the jet axis of the liquid and vapor phases of the injected fuel.

The wall heat transfer term is calculated according to:

6QW,X
dt

=HA (T — Ty) (15)
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In this equation, A, denotes the heat transfer surface area, T, the zone
temperature, Ty is the wall temperature, and H; refers to the convective
heat transfer coefficient, which is calculated using the Woschni corre-
lation [80]. The subscript x applies to either the z-th unburned zone or
the burned zone. The heat transfer surface area for each unburned zone
is estimated on the basis of the geometric schematization of the zones. In
this setup, the inner cylindrical zones are in contact with the piston and
cylinder head, while the outermost zone also interfaces with the cylinder
liner. Conical zones in the spray region do not directly exchange heat
with the cylinder walls, except for the outermost one. Wall surface
temperatures, derived from experimental data, are treated as constants
in the model.

2.3.3. Combustion models

In this section, the two combustion models, namely the ignition
model and the flame propagation model, implemented in the framework
and their mutual interactions will be displayed. The integration of two
combustion mechanisms is necessary to improve the prediction of the
model and make it more generic in adoption. As mentioned earlier,
ignition represents the main mechanism in RCCI combustion, but as
demonstrated in Refs. [46-48] it is also possible to find propagation
combustion in RCCI combustion. The mentioned references underlined
that in dual fuel engines, where one fuel (usually with lower reactivity)
is premixed with the air and the other fuel (usually with higher reac-
tivity) is directly injected in liquid form in the cylinder may lead to the
coexistence of auto-ignition and chemistry controlled combustion
mechanism, especially in the cylinder portion richer of HRF, and flame
propagation where the LRF is predominant. In light of these consider-
ations, proper models are implemented in the adopted simulation
framework to describe the above-described fuel consumption
mechanisms.

Starting from the first one, a conventional approach [81,82] can be
employed to determine the rates of species formation and consumption,
utilizing a chemical kinetics solver that manages the relevant reaction
mechanisms. Even with a reduced set of species and reactions, the
computational demands associated with solving chemistry for each time
step and zone in a 0D multi-zone model can be considerable. To address
this, the Tabulated Kinetics of Ignition (TKI) approach is adopted in this
study, as described and validated in Refs. [42,43,83].

This method condenses the ignition process into a progress variable,
with its derivative pre-tabulated for a range of initial thermochemical
conditions. During the simulation, this tabulated data is used to calcu-
late the term dm,a,/dt specifically for the vapor phase and gaseous
species in each unburned zone. By replacing hundreds or thousands of
individual chemical reactions with a single progress reaction variable,
the TKI approach delivers results closely approximating real-time
chemistry, particularly with respect to the heat release rate, while
significantly reducing computational requirements. The primary limi-
tation of this method is its inability to track intermediate species, a
factor reputed to be non-critical for the objectives of this study.

The core of the TKI approach lies in modeling heat release from the
auto-ignition process, based on offline chemistry simulations conducted
in an adiabatic homogeneous reactor. The reactor initial conditions are
designed to reflect all plausible engine-like conditions. Critical param-
eters influencing chemical reactions include pressure, temperature, and
the composition of reactants, characterized by the fuel/air equivalence
ratio, residuals mass fraction, and mass of LFO relative to total fuel. The
discretization criteria used for the tabulation of the progress variable
and the access variables, such as pressure, temperature, equivalence
ratio, residual ratio, fuel proportions were investigated in previous
studies of the authors, and the effectiveness of these criteria was verified
against results of direct real-time chemistry computation in constant
volume/pressure reactors and engine operations [83-85]. Accurate
representation of combustion in dual-fuel engines requires the careful
selection of fuel surrogates and corresponding chemical kinetic
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mechanisms. In absence of specific data, LFO is modeled as n-dodecane
[86], selected as the surrogate appropriate for the engine operation in
RCCI mode. This choice is very common in the spray/combustion
simulation, as already done for instance in Refs. [87-89]. Auto-ignition
processes for both ammonia and diesel fuel are simulated using a
reduced chemical kinetic mechanism [86], which includes 176 species
and 2839 reactions.

The flame propagation model estimates the flame burn rate using the
principles of fractal theory [90,91], which incorporates a turbulence
sub-model [92] as outlined in prior research [42,43]. This turbulence
sub-model provides estimates of the average in-cylinder turbulence
properties, including intensity and temporal/spatial scales. The mass of
fuel burned (m,) is determined based on the following expression:

) A
ity = puALSLA—T = p,ALS.E 16)
L

In this equation, p, represents the average density of the unburned gas,
Ar/AL denotes the ratio of turbulent to laminar flame front areas, S;,
symbolizes the laminar flame speed, and = represents the flame wrin-
kling factor. The wrinkling factor is derived based on fractal geometry
theory [91], that establishes a relationship between the degree of flame
wrinkling and the characteristic length scales of the largest (/'max) and
smallest (I'min) flame structures, along with the fractal dimension D3, as
described by the following expression:

Fmax D32

- (Fmin) (17)
The minimum wrinkling scale is assumed to coincide with the Kol-
mogorov length scale of the turbulent flow field, while the maximum
scale is considered proportional to the flame radius, modulated by a
tuning parameter, c,rk. Additionally, a tuning parameter, Cepgps, iS
introduced to regulate the transition from an initial quasi-laminar
burning regime, where £ = 1, to a fully developed turbulent flame
propagation, and another tuning constant, ¢y, is introduced to modu-
late the transition from the fully developed turbulent flame propagation
to the wall combustion, where the propagation reverts to laminar con-
ditions [92]. The total burning rate described in Eq. (16) is distributed
across zones according to their respective mass fractions, yielding the
zonal burning term m,, in Eq. (2), Eq. (3), Eq. (4) and Eq. (5). The se-
lection of the fractal theory to describe the flame propagation mecha-
nism grounds on its better effectiveness also in comparison to other

models, as demonstrated by the authors in previous researches [93].
To improve the representation of the combustion process under
ultra-lean and blended conditions, an enhanced approach to calculating
the laminar flame speed is utilized. Specific laminar flame speed cor-
relations are applied for both ammonia [94] and light fuel oil [95], with
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Fig. 5. Comparison between blended S; and chemical kinetic calculated S;.
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the flame propagation characteristics of LFO approximated to those of
n-heptane. The overall S is determined by blending values from indi-
vidual "pure fuel" correlations, using the mass fractions as weighting
factors [96]. The reliability of this methodology is confirmed in Fig. 5
with the comparison between the “mass-average blended” Sy and the
actual Sy estimated with the chemical kinetic calculations in a plug-flow
reactor, employing the kinetic scheme adopted for the TKI offline cal-
culations [86]. In this figure, the pure ammonia S; and two blends with
an energy LFO percentage of 16.7 % and 30.5 % respectively are
considered.

The implementation of dual combustion mechanisms presents
considerable challenges in managing the interaction between the two
models. During the compression phase, even before the direct injection
of the HRF, only auto-ignition mechanism is enabled for the combustion
heat release. As expected, the injection of a liquid and high reactivity
fuel enhances this mechanism, with increasing intensity as the piston
approaches the TDC. The flame propagation mechanism is activated
when the heat release from auto-ignition surpasses a specified energy
threshold (adjustable through a tunable parameter, cpesyap), leading to
the formation of flame kernels. The number of these kernels corresponds
to the total number of injector holes, and their radial positions are
assumed to coincide with the zones where auto-ignition occurs first
(most likely within the spray region, at the location with the highest
concentration of HRF). From these locations, flame fronts propagate
spherically and consume the unburned zones, as for example illustrated
in Fig. 6. It is noteworthy that the auto-ignition process persists in the
unburned zones even after the flame kernels are established and are
expanding, leading to the coexistence of both the phenomena. The
predominance of one combustion mechanism over the other is deter-
mined by their respective rates of progression.

2.3.4. Emission models

The multi-zone model presented in this study is augmented with sub-
models specifically designed to predict the most relevant pollutant
emissions, including NO, CO, unburned hydrocarbons (uHCs), unburned
ammonia (uNHs3), and nitrous oxide (N,O). These emissions are
addressed through three distinct mechanisms:

o Burned zone emission model, that estimates pollutants generated
behind the flame front.

o Unburned fuel emission model, that assesses the fraction of fuel that
escapes combustion in the chamber.

o Partial oxidation emission model, that calculates products resulting
from partial oxidation of the unburned fuel.

The burned zone emission model predicts the concentrations of NO
associated with the flame propagation process. This is achieved by first
defining the temperature gradient in the burned region, as described in

UNBURNED
ZONE

UNBURNED
ZONE

UNBURNED
ZONE

Fig. 6. Flame propagation schematization.
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Ref. [97]. At regular time intervals from the initialization of the burned
zone, the mass entrained by the flame front during that interval is
tracked, along with its pressure, composition, and temperature. Based
on these parameters, temperature evolution is computed under adia-
batic conditions, also considering composition at equilibrium in the
burned gas. For each packet of entrained mass, a simplified kinetic
mechanism is applied to determine pollutant concentrations. To main-
tain energy balance in the burned gas, a thermal boundary layer is also
considered. NO formation/destruction is modeled using the simplified
kinetic mechanism proposed in Ref. [98], for which a tuning constant,
CNo, is utilized to modulate the chemical kinetic rates. It is worthwhile to
underline that the adopted approach only describes the so-called ther-
mal NO formation mechanism, which activates above 1600 K and leads
to the reaction between molecular nitrogen and oxygen contained in the
burned gas. In the case of ammonia combustion, the molecular nitrogen
available in the burned gas results from the combination of the nitrogen
present in the air and the nitrogen generated from the ammonia com-
bustion itself. For this reason, the thermal NO formation mechanism
implemented in the model is capable to calculate a certain part of the NO
production from the fuel. On the contrary, other mechanisms of NO
formation within the flame front from the fuel itself are not taken into
account. These are regulated by a complex chemistry, as described in
Refs. [99-101]. A real-time computation of flame chemistry is beyond
the scope of this work, also in the perspective of not compromising the
computational efficiency typical of phenomenological models, and
hence the numerical results shown in the following do not include these
possible NO sources.

A detailed model is implemented to estimate unburned fuel emis-
sions, specifically uHCs and uNHjs. This approach accounts for processes
such as the filling and emptying of the piston ring-pack crevices, flame
quenching near cylinder walls, and fuel post-oxidation [102,103]. The
cylinder model framework is extended by incorporating an additional
volume to represent the piston crevice region. Using a filling/emptying
methodology, the exchanges of mass, species, and energy between the
cylinder and crevice volume are computed. The fraction of fuel that
escapes combustion due to flame extinction at the cylinder walls is
estimated by computing the quenching distance, based on the correla-
tion provided in Ref. [104] and modulated through a tuning constant
(Cquencn) as expressed in Refs. [102,103]. After combustion is complete,
any residual unburned fuel in the cylinder is subject to post-oxidation.
This process is modeled using a “boundary layer” approach, which as-
sumes that escaped fuel collects in a specific portion of the cylinder,
along with a tunable proportion of burned gas (modulated with tuning
constants, respectively, koxidcrev» and Koxid quench), as expressed in Refs.
[102,103]. Different oxidation tuning constants are adopted for uHCs
and uNHjs, respectively. The conditions for post-oxidation, including
thermodynamic state and local concentrations of fuel and oxidizer, are
determined in this boundary layer. The post-oxidation process is gov-
erned by a simplified one-step reaction mechanism, represented math-
ematically as shown in Eq. (18) for a generic unburned fuel species
(uFuel).

d[uFuel]

B
— = — AeRT [uFuel)*[0,)

dt as)

In this equation, the generic unburned fuel consumption rate, %, is

mol mol
cm3s’ cm3?

while E, is expressed in ;L. The constants of the one-step reaction are
specified according to the fuel under consideration. For uHCs the

expressed in

the reactant concentrations, [uFuel|] and [O3], in

Table 6

One-step rate parameters.
Fuel A Ea o B
LFO 5.1E11 30.0 0.25 1.5
Ammonia 4.53E12 311 1.17 0.65
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Fig. 7. S-Shape function adopted in the model framework.

correlation in Ref. [105] is adopted, while for uNHj the correlation is
developed on the basis of chemical kinetic calculations performed in a
homogeneous reactor with the same kinetic scheme adopted for the TKI
offline calculations [86]. The values are reported in Table 6.

The model incorporates the transport of uHC and uNHj along the
exhaust system, integrating an additional mechanism to define the gas
composition at the exhaust valves [102]. This mechanism models the
scavenging process in the cylinder using an “S-Shape” function, which
determines the exhaust residual ratio based on the in-cylinder burned
gas fraction (cylinder residual ratio), as represented in Fig. 7. This
modeling framework enhances the accuracy of exhaust gas composition
predictions, improving the representation of unburned fuel transport
and its impact on emissions.

Some works in the literature underline that one mechanism leading
to the formation of both N»O and CO is the incomplete oxidation of the
fuel, ammonia and LFO, respectively, escaped from the regular com-
bustion [23]. On the basis of this observation, in the presented model, a
tunable fraction of post-oxidized LFO and ammonia is converted into CO
and N,O, respectively, modulated by the tuning parameters kco and
knzo-

2.4. Engine model setup and tuning

The engine model in the simulation framework replicates key com-
ponents, including the intake and exhaust piping systems, the ammonia
supply line, the direct injector for light fuel oil, the cylinder, and the
intake and exhaust valves. For simulation configuration, boundary
conditions are established using measured pressure and temperature
levels in the intake and exhaust environments. Additionally, the quan-
tities of LFO and ammonia, along with the timing and duration of LFO
direct injection, are specified based on experimental data. The initial
stage of model calibration involves determining the optimal number of
zones. While increasing the number of zones can enhance accuracy, it
also raises computational demands. Preliminary studies conducted on a
similar engine [42,43] revealed that a radial segmentation into 80 zones
achieves solution invariance, providing an effective balance between
precision and computational efficiency. Accordingly, this configuration
is adopted in the present study.

The spray and droplet evaporation model does not involve any
tuning with respect to their original formulations, presented in the
previous sections. The only adaptation concerns the description in the
spray model of the jet interaction with the cylinder walls, consisting in
assigning the values to parameters koy;spray and sp in Eq. (12). As for
multi-zone cylinder model and the combustion model, the calibration
process involves optimizing the tuning constants associated with
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diffusion mechanisms between zones (kgif;m, Kaifq) and the flame
propagation model (Cygans, Cwrks Cxwe)-

Model calibration is performed across five operating conditions,
corresponding to the engine load sweep detailed in Table 2. These
operating points are selected for model calibration since the load sweep,
among the other considered sweeps, is the most challenging engine
setting variation to be replicated by the model adopting the same set of
tuning constants. This is because of the simultaneous and substantial
changes in many of the engine setting parameters, such as pressure at the
intake (related to the engine load level), injection timing and duration,
LFO content over the total fuel amount, and intake valve closure timing
(see Table 2). In all other sweeps these settings are modified in many
cases individually and sometimes to a smaller extent.

Defined as an optimization problem, the objective of the optimiza-
tion is to minimize the integral error between experimental and simu-
lated heat release rates across all operating cases, with the tuning
constants employed as optimization variables. The resulting optimized
constants, presented in Table 7, are subsequently applied to additional
cases to assess and validate the robustness of the developed model. It is
worthwhile noting that the identified constants for flame propagation
description are in line with those adopted to a similar engine operated in
RCCI mode but supplied with natural gas instead of ammonia [42,43].
Those are also similar to the value identified for a premixed engine
supplied with gasoline [92]. Although these arguments cannot be
considered a real and proper validation, at least demonstrate the
versatility of the adopted flame propagation model in various contexts.
As for spray model calibration, no 3D CFD or experimental data are
available to explicitly validate the correctness of the identified con-
stants. Anyway, the proper working of the identified model calibration
in all operating conditions can be assumed as an indirect verification,
considering that experimental dataset includes engine settings with
various injection timings and engine loads (with different cylinder
densities at the injection event).

As for the emission models, the constants of the models are defined
through a trial-and-error procedure and fixed for all the tested operating
conditions. The optimized values are reported in Table 8. Regarding the
scavenging model, the S-Shape function adopted in the simulation is
reported in Fig. 7.

3. Results and discussion

In this section, the validation of the presented 0D models and the
associated outcomes will be displayed. Firstly, the validation of the
spray model compared to the experimental spray chamber experiments
will be depicted. Thereafter, some insight into the model outcomes will
be shown. To conclude, the validation of the 0D combustion and
pollutant model in terms of global and detailed outputs will be
performed.

3.1. Spray model validation

The validation of the jet model against the experimental outcomes is
illustrated in Fig. 8. The results depicted in this figure represent extreme
and medium operating conditions of two specific test cases (T1 and T5)
from the experimental test matrix (refer to Table 5). Operating condi-
tions not explicitly presented exhibit behaviors falling between these
extremes and are omitted for brevity. Fig. 8 presents a comparison

Table 7

Diffusion, flame propagation and spray tuning constants of the model.
Tuning constant Value Tuning constant Value
Kaift,m 0.016 Kaifr,q 0.019
Kout,spray 1.100 So 0.781
Ctrans 0.995 Cwrk 3.775
Cxwe 0.900 Cresh, Al 250J
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Table 8

Emission models tuning constants.
Tuning constant Value Tuning constant Value
o 5.00 Cquench 2.00
Koxid,crev,urc 0.20 Koxidcrev,uNm3 1.20
Koxid,quench,utic 0.15 Koxid,quench,uNH3 0.60
kn2o 4.80e-4 kco 0.36

between numerical and experimental results for spray tip penetration.
The figure demonstrates that the model successfully replicates experi-
mental spray penetration trends with satisfactory accuracy. In detail, the
initial tip penetration is predicted with excellent precision, thanks to the
imposition of the trapezoidal profile, that has a strong influence on this
phase of the spray evolution. Furthermore, the model effectively cap-
tures the acceleration in spray penetration observed with increased in-
jection duration, further demonstrating its predictive capabilities. As
already mentioned in section 2.2, it is worthwhile underlining that the
optical limit of the adopted spray chamber is about 100 mm. Hence, the
flattening of the experimental trends in Fig. 8 is not representative of the
spray tip slowdown, but it only depends on a misleading post-process of
the images when the spray tip reaches the optical limit.

To provide a comprehensive evaluation, Fig. 9 presents the time-
averaged absolute error between numerical predictions and experi-
mental spray penetration profiles across all test cases listed in Table 5. In
the majority of cases, the error remains below 5.0 mm, with an overall
average of 3.8 mm. These results underscore the robustness of the
adopted methodology in capturing the influence of key operating pa-
rameters. This robustness is achieved through the implementation of the
spray cone angle correlation (refer to Eq. (10)) and the trapezoidal in-
jection profile, which incorporates the correlation of the discharge co-
efficient and the ramp duration (see Eq. (11)). Greater errors emerge in
cases with shorter injection durations, where probably the adopted
trapezoidal profile used to describe the injection law is less represen-
tative of the real counterpart.

3.2. Detailed analysis

Upon completing the tuning process, the model analytical capabil-
ities become evident through the detailed insights it provides. For
instance, the radial fuel stratification in the cylinder can be examined,
distinguishing between zones inside and outside the spray region.
Fig. 10 illustrates the evolution of the LFO mass distribution, normalized
with respect to the total amount of fuel mass, in the cylinder during and
after injection for Case #4. In the first frame, captured during the in-
jection, there is a remarkable concentration of LFO in the initial in-spray
zones, gradually diminishing along the spray axis. At this stage, the
spray jet has not yet reached the cylinder walls, resulting in almost null
LFO presence in the out-spray zones. The second frame, corresponding
to the EOI, shows a decline in LFO concentration in the initial in-spray
zones due to jet inertia. From this point onward, subsequent frames
reveal a progressive reduction in LFO concentration in the in-spray
zones, with fuel accumulating along the cylinder walls. Additionally, a
little fraction of the LFO disperses into out-spray zones adjacent to the
wall. This redistribution of fuel near the cylinder wall is facilitated by
the out-spray mechanism expressed in Eq. (12). Under these operating
conditions, the LFO remains predominantly concentrated in the spray
region, consistent with the results of earlier studies [27,39]. Fig. 11
presents a similar analysis for Case #15, with comparable observations
but some differences. For instance, during injection, the in-spray zones
exhibit a similar penetration but a lower LFO concentration due to the
bigger spray cone angle, the higher in-cylinder density, and the lower
amount of injected fuel. Furthermore, the sequence of images highlights
that the fuel barely touches the walls at EOI, and the out-flow mecha-
nism begins its action later than Case #4, resulting in a less uniform fuel
distribution.
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It is worthwhile noting that fuel distributions 40 CADs after the end
of the injection in Figs. 10 and 11 are almost consolidated and will not
evolve anymore in the subsequent time, and the auto-ignition of the
most reactive zone will occur later during the engine cycle. In the light of
this consideration, transient effects in spray modeling may have in the
presented cases a marginal influence on the combustion prediction,
while it is more relevant to reproduce as realistically as possible the
allocation of the LFO when the combustion starts.

The combustion model formulation accounts for the simultaneous
occurrence of both flame propagation and auto-ignition, determining
the dominant fuel consumption mechanism based on local thermody-
namic conditions, equivalence ratio, and fuel distribution. The interac-
tion between these two combustion processes is illustrated in Fig. 12,
which presents the normalized heat release contributions for two
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operating conditions from Table 2: test Cases #4 (left) and #15 (right).
In both cases, flame propagation is the predominant combustion mode,
while auto-ignition primarily acts as a trigger. In both cases, the flame
initiates from the zones within the spray closer to the cylinder liner
where the LFO accumulates. However, a distinction emerges between
low-load and high-load conditions. Under low-load operation, auto-
ignition contributes to the combustion process, as flame propagation
alone is insufficient to fully oxidize the fuel in the final stages. Moreover,
the autoignition of unburned charge ahead of the flame contributes to
sustaining the flame propagation, which otherwise would have been too
slow to complete the combustion process. Conversely, at high load,
flame propagation progresses rapidly enough to dominate fuel con-
sumption throughout the combustion process, even in its later stages,
effectively inhibiting the possible onset of auto-ignition of the unburned
charge.

3.3. Model validation

The initial step in validating the model involves comparing the
predicted overall engine performance parameters with their experi-
mental counterparts. The relative and absolute discrepancies between
the numerical predictions and experimental results provide a quantita-
tive measure of the model accuracy. To ensure confidentiality, all pre-
sented results are normalized with respect to experimental data
obtained at the maximum nominal load operating point (Case #21 in
Table 2). Similarly, angular data plots display only the grid discretiza-
tion explicitly, adhering to confidentiality requirements. In the subse-
quent figures, groups of operating conditions are represented by color-
coded circles, corresponding to the parameter sweeps outlined in
Table 2. Specifically, blue circles represent the relative intake valve
closure sweep at low load conditions (AOyc LL) (Cases #1 to #3),
magenta circles denote the relative A sweep at low load conditions (AX
LL) (Cases #4 to #9), green circles signify to the normalized injection
duration sweep at low load conditions (ty,; LL) (Cases #10 to #12), red
circles correspond to the relative A sweep at high load conditions (AA
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Fig. 10. Graphical representation of the LFO mass fraction evolution inside the combustion chamber during and after the injection phase for Case #4.

HL) (Cases #13 to #14), purple circles indicate the relative injection
timing sweep at high load conditions (A8y,; HL)(Cases #15 to #16), and
the black circles represent the load sweep (Cases #17 to #21). Note that
the size of the symbol increases with the level of the varied parameter
within each sweep (in case of negative value, the size increases moving
towards zero-level).

The comparison between numerical and experimental air mass flow
rates is depicted in Fig. 13 (right), demonstrating a satisfactory level of
model accuracy, with all data points falling in a 5 % error margin. The
relative error of 0.87 % indicates that the intake and exhaust pipe ge-
ometries are accurately represented, and the valve flow coefficients are
appropriately specified. Similarly, Fig. 13 (left) shows that the IMEP is
well predicted, remaining in the acceptable 5 % error margin. This re-
sults in a relative error of 2.38 %. The accurate predictions of both IMEP
and air mass flow rates suggest that the model provides a reasonable
estimation of wall heat losses.

The predictive capability of the combustion model is illustrated in
Fig. 14, comparing the model results to experimental data for the early
combustion phase (CAs, left) and the combustion duration (CAs.ys,
right), defined as the angular difference between CAys and CAs.
Regarding the initial combustion stage, the model shows a good level of
accuracy, with an absolute error of 2.25 CAD, and almost all the cases
remain in the 5 CAD error band. However, the model presents a general
anticipation of the early combustion stage. This discrepancy is largely
imputable to an overestimation of the initial heat release due to auto-
ignition, resulting in an anticipation of the beginning of the flame
front propagation. For the combustion duration, the model demon-
strates reasonable accuracy, with an absolute error of 2.78 CAD and
almost all the cases falling in the 5 CAD error band. A general tendency
to overprediction of the combustion duration is visible in most cases.
This error can be attributed to the assumption of spherical flame prop-
agations. In reality, it is plausible to argue that flame fronts evolve into
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more complex shapes, influenced by the spray volumes. However, the
model effectively captures combustion duration and centering across a
wide range of operating conditions, including variations in equivalence
ratios, LFO fractions, and in-cylinder thermodynamic states (pressure
and temperature at IVC). This highlights its robustness and utility in
predicting combustion behavior under diverse scenarios.

The accuracy of the predicted combustion evolution is further
corroborated by comparing the crank angles at maximum pressure and
the corresponding peak pressure levels, as depicted in Fig. 15 (right and
left, respectively). The majority of the predicted data points fall in a 5
CAD error margin for crank angles and a 10 % error margin for peak
pressure levels. This consistency highlights the reliability of the model
estimations, achieved without the need for case-specific parameter
adjustments.

To enforce the physical background of the developed model, the
numerical/experimental validation of exhaust pollutant emissions is
discussed in the following figures.

Fig. 16 depicts the comparison between numerical and experimental
outcomes for uHC (a), uNH3 (b) and N3O (c), exhaust concentrations.
The numerical uHC concentration prediction results quite accurate
compared to the experimental outcomes, with an average relative error
of 23.94 % and with the model capable to replicate the experimental
trends with satisfactory accuracy. Interestingly, the model is able to
detect the growth in uHC emissions as the load decreases or 1 increases.
The prediction of uNHjs is quite accurate, resulting in an average relative
error of 20.85 %, and demonstrating the predictive capabilities of the
developed model in both trends and values. Maximum levels emerge in
the cases within the load sweep in the high load conditions, caused by
short-circuiting during valve overlap. On the opposite, the results
highlight that the minimum emissions occur as 4 increases.

N-2O model estimation is acceptable, leading to a relative error of
25.10 %. The predicted trends are show similarities with the
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Fig. 11. Graphical representation of the LFO mass fraction evolution inside the combustion chamber during and after the injection phase for Case #15.
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Fig. 12. Normalized heat release repartition between flame propagation and auto-ignition at low load, Case #4, (left) and high load, Case #15 (right).

experiments, demonstrating the potential of the approach. Anyway,
further refinements appear mandatory to better detect the prediction of
this pollutant, which is governed by a complex chemistry, as highlighted
in Refs. [99-101].

Fig. 17 provides an insight into the outcomes of the unburned fuel
model in terms of source contributions for six representative operating
conditions. The figure reports under the form of bar charts the splitting
between unburned fuel contributions from crevice filling/emptying,
flame wall quenching and scavenging mechanisms, also highlighting
individual unburned fuel concentrations before and after the post-
oxidation process. The levels of molar concentrations are normalized
for each case with the total production after the post-oxidation process.
As a consequence, total emissions after the post-oxidation process is in
all cases equal to 100 %, while the levels before this process are greater.
Focusing on the final concentrations, after post-oxidation, the figure
highlights that the crevice contribution is the most relevant one for both
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uHC and uNHs, especially in low load conditions. The quenching
contribution has an impact on the total unburned fuel concentrations
mainly in high load conditions, where the flame propagation is the main
combustion mechanism. The scavenging effect is visible exclusively in
the load sweep conditions and for uNHs, since these operating condi-
tions exhibits a large valve overlap. For uHC this contribution is null
since LFO is injected during the compression phase. As for uHC levels
before post-oxidation process, Fig. 17 puts into evidence that the
contribution from flame wall quenching is mainly post-oxidized in all
cases. The only operating conditions with a relevant uHC from flame
wall quenching are the high load cases, where the post-oxidation is less
effective being the combustion phased later during the engine cycle (see
Fig. 14 (left)). Fig. 17 also highlights that the uNH3 contribution from
crevices is not subjected to relevant post-oxidation, while the uNHg from
flame wall quenching (before being oxidized) is quite relevant in most
operating conditions, but this is highly abated, especially in low load
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cases. This is again justified by a more advanced combustion phasing,
which determines more favorable conditions for ammonia oxidation.
The greatest amount of post-oxidized ammonia occurs in the high load
conditions, which are also the operations where the largest amount of
N5O is produced (see Fig. 16 (c)). Again, the capturing of the global
trend in N»O prediction can be considered as an indirect verification of
the formation and post-oxidation mechanisms for uNHs.

Fig. 18 displays the exhaust emissions of NO (left) and CO (right).
The NO concentration prediction is below the experimental counterpart
in most of the cases, resulting in a relative error of 38.71 %. Experiments
evidence that higher NO emissions appear at low load operations, and
the model is able to detect this occurrence in a satisfactory manner. The
high production of NO is caused in the model prevision by the heat
released ahead of the flame, which reflects in increased levels of
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temperature of the burned gas. This occurrence is less pronounced in the
high load conditions, with smaller NO emissions compared to the
measured counterparts. The overall NO results can be recognized as
acceptable also considering that the mechanism of NO production from
fuel is not taken into account. On the opposite, the CO prediction is
satisfactory, resulting in a relative error of 20.19 %. The model is still
able to perceive the experimental trends in all the operating conditions,
with lower CO emissions as the load decreases or A increases, consis-
tently with similar trends in uHC emissions. It is worthwhile mentioning
that the post-oxidation of uHC is in the presented model the main
responsible for the CO formation in the lean conditions under study. The
satisfactory correlation of CO predictions with the experimental data, as
shown in Fig. 18 (right), can be advised as an indirect confirmation of
the correctness of the adopted CO formation mechanism and of the
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production and post-oxidations models for the unburned hydrocarbons.

The combustion model accuracy is further validated through a
comparison of numerical and experimental in-cylinder pressure and
heat release rates. For clarity, only the extreme cases from the sweeps
outlined in Table 2 are presented, while intermediate cases, which
showcase engine behaviour between these extremes, are excluded for
conciseness. In the figures, experimental data are represented by black
dashed lines, while the numerical results are depicted with continuous
red lines.

Fig. 19 illustrates the comparison of in-cylinder pressure and
normalized heat release rates for the extreme cases of the A0y sweep at
low load conditions (Cases #1 and #3). The comparison demonstrates
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Experimental N,O Concentration

of exhaust concentration of uHC (a), uNH3 (b) and N5O (c).

the satisfactory prediction capabilities of the model. The pressure trace
is adequately predicted, together with its peak and phasing. Looking at
the heat release rates, the model results exhibit a certain anticipation of
the peak phasing and an underestimation of the value compared to the
experiments. In addition, a slight knee is visible in the second phase, due
to a heat release from auto-ignition, corresponding to what is shown in
Fig. 12. To be more precise, towards the combustion completion (see for
instance Case #4 in Fig. 12), a relevant amount of heat release comes
from the auto-ignition of some zones outside of the spray, rich in LFO
(mostly located in the proximity of the cylinder liner, filled by the
outflow mechanism describing the spray/wall interaction). The pre-
dicted intensity of this second local heat release peak is too intense
compared to the experiments, where likely this phenomenon is less
pronounced thanks to a more homogeneous distribution and a better
mixing with the air of the LFO outside of the spray. Both numerical and
experimental results highlight a slight sensitivity to Afyy¢ variation.

Fig. 20 depicts the numerical and experimental in-cylinder pressures
and heat release rates for the extreme conditions of the A1 sweep at low
load (Cases #4 and #9). The numerical pressure trace almost matches
the experimental counterpart for the least diluted case, while it is
slightly underestimated in the other one, resulting in an adequate
sensitivity of the model to the mixture leanness. Again, auto-ignition in
the ending part of the combustion appears to be overestimated to some
extent.

Fig. 21 shows the numerical/experimental comparison for the
extreme conditions of the duration of injection at low load conditions
(Cases #10 and #12). Looking at the measured in-cylinder pressure
cycles, a Dl increase determines earlier and faster combustion. Despite of
a lower sensitivity, the model is capable to sense this behaviour.

Moving to the high load sweeps, Fig. 22 represents the comparison
between numerical and experimental outcomes for different 1 levels
(Cases #13 and #14). The model overestimates the pressure evolution
and the peak for the first case, while the prediction is accurate in the
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Fig. 20. Comparisons of numerical and experimental outcomes of in-cylinder pressure and heat release rates for Cases #4 (left) and #9 (right).

second one. This trend can be also observed in the anticipation of the
heat release peak. It is also possible to notice that the model heat release
rates do not show the knee seen in the low load conditions, as illustrated
in Fig. 12, but the combustion tail is generally longer compared to the
experiments. This aspect can be attributed to an oversimplified
description of the combustion chamber geometry, and the consequent
interaction between the flame front and the in-cylinder walls. Indeed,
the assumption of spherical flames results in the smallest possible area in
comparison with any other geometrical configuration.

Fig. 23 illustrates the experimental/numerical comparison for the
extreme cases of the A0, sweep at high-load conditions (Cases #15 and
#16). For the first case, the model slightly underestimates the heat
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release rate peak, resulting in a restrained underprediction of the pres-
sure trace. On the other hand, in the second case the heat release rate is
slightly anticipated, but the peak is lower compared to the experiments,
resulting in an overestimation of the pressure evolution. The experi-
ments evidence a remarkable sensitivity to the variation of the timing of
injection, of six CADs in the presented, which the model only marginally
appreciates.

To conclude, the extreme cases of the load sweep (Cases #17 and
#21) are compared in Fig. 24. In these conditions, the model slightly
underestimates the heat release rate peak and the in-cylinder pressure
for the lowest load, but the prediction at the highest load is good, in both
the pressure and the heat release rate.
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Fig. 23. Comparisons of numerical and experimental outcomes of in-cylinder pressure and heat release rates for Cases #15 (left) and #16 (right).

As a final remark, it is not worthwhile to underline that, despite some
limitations in appreciating the influence of some operating parameters,
the model physical background can be deemed as adequately robust,
considering the variety of the investigated operating conditions and the
absence of a case-by-case tuning of the model constants.

4. Conclusions and outlook

This study presents a refined combustion model specifically designed
for engines operating in RCCI mode with ammonia/LFO blends, ac-
counting for both fuel auto-ignition and flame propagation processes.
The model employs a complex zonal structure that combines cylindrical
axisymmetric zones with conically shaped zones, enabling precise
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estimation of in-cylinder temperature and fuel stratification. In each
zone, species and energy balance equations are solved to determine the
thermochemical evolution of the combustion chamber. The framework
integrates various sub-models, categorized into three primary groups.
The first group comprises zonal interaction and evolution models,
including the zonal diffusion model, spray model, droplet evaporation
model, and heat transfer model. This category enables the OD model to
capture inhomogeneities in the combustion chamber. The second group
encompasses combustion models, which consist of the ignition and
flame propagation models responsible for calculating the progression of
the combustion process. The ignition model utilizes a tabulated chem-
istry approach to enhance computational efficiency, while flame prop-
agation is represented by a fractal combustion framework. Finally, the
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Fig. 24. Comparisons of numerical and experimental outcomes of in-cylinder pressure and heat release rates for Cases #17 (left) and #21 (right).

third group includes an emissions model, integrating a burned zone ki-
netic model, an unburned fuel emission model, and a partial oxidation
model to predict pollutants such as CO, NO, N»O, uHC and uNHs.

The 0D model is tuned using data from a single-cylinder research
engine designed for marine applications, fueled with ammonia via
intake port injection and LFO through a direct high-pressure injector,
and data from constant-volume spray chamber. The predictive capa-
bility of the combustion model is validated by comparing global per-
formance parameters and combustion characteristic angles with
experimental data. The main results reached by the OD model are
summarized as follows:

o The spray model is able to replicate experimental spray tip pene-
tration in different ambient and injection conditions. This result is
achieved with a cone angle correlation, developed on the basis of
experimental information, and a trapezoidal injection rate profile.

o The 0D/1D model achieves errors in 10 % band for global parameters
(air flow rate, IMEP, peak pressure) and 5 CAD band for combustion
angles in most cases, resulting in satisfactory replication of the intake
and exhaust systems, heat transfer and combustion phasing.

o The emissions model achieves errors mostly in 20 % band for all the
pollutants, resulting in a satisfactory sensitivity to all the operating
conditions.

o For further validation, the model’s consistency is supported by its
ability to replicate instantaneous trends such as pressure cycles and
heat release rates, particularly in predicting the balance between
ignition and flame propagation. Some inaccuracies are noted in heat
release rate levels, with a tendency for early combustion centering in
specific scenarios. Numerical results reveal that flame propagation
predominantly governs heat release in all the cases, while auto-
ignition exhibits a visible contribution to heat release exclusively
at low loads, although it is fundamental to initiate the flame
propagation.

This approach demonstrates its reliability as a tool for predicting
engine performance and emissions under RCCI operation with ammonia,
adapting effectively to key engine parameters. Future development will
focus on the following aspects:

o Incorporation of a diffusion flame combustion model to improve
early-stage heat release predictions and extend capabilities to Diesel-
like operations with direct injection near TDC. Achieving this re-
quires addressing combustion interactions with droplet evaporation,
considering limitations imposed by fuel evaporation rates.

o Interactions between spray jets and in-cylinder flow fields, including
squish and swirl motions, which influence fuel distribution and
ignition dynamics.
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o Integration of multiple injections into the spray jet model, necessi-
tating modifications to mathematical formulations to capture in-
teractions between multiple injection events.

o Improvement of the flame geometry evolution in relation to the
conical spray structure. It may mitigate the observed tendency for
combustion centering anticipation in certain operating conditions.

o Integration of the flame chemistry description, via tabulation or
reduced order reaction schemes, to improve the prediction of NO,
directly deriving from ammonia combustion, and of N5O.

Greeks

A Difference

AHyap Heat of vaporization

I'vax Length scale of maximum flame wrinkling
I'vn Length scale of minimum flame wrinkling
0 Angle

A Air/fuel equivalence ratio

At Total conductivity

= Wrinkling factor

p Gas density

T Time duration

D Fuel/air equivalence ratio
Acronyms

0D-1D-3D Zero-One-Three-dimensional

ACC Active Combustion Control

AFTDC After Firing Top Dead Center

Bm Mass Spalding number

By Thermal Spalding number

CAD Crank Angle Degree

CAs.75 Combustion Duration

CAsg 50 % of Mass Fuel Burned Crank Angle
CFD Computational Fluid Dynamic

co Carbon monoxide

CoV Coefficient of Variation

CO2 Carbon dioxide

EOI End of Injection

EU European Union

GHG Greenhouse Gas

GWP Global Warming Potential

HL High Load

HFO Heavy Fuel Oil

HRF High Reactivity Fuel

HRR Heat Release Rate

IEEE Institute of Electrical and Electronics Engineers
IMEP Indicated Mean Effective Pressure
IMO International Maritime Organization
IvC Intake Valve Closure

LED Light-Emitting Diode

LFO Light Fuel Oil

LHV Lower Heating Value

LL Low Load

LRF Low Reactivity Fuel

LTC Low Temperature Combustion

MW Molar Weight

(continued on next page)
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(continued) (continued)
NG Natural Gas Al Related to auto-ignition
NH3 Ammonia b Related to burned gas
NOy Nitrogen Oxides chem Related to chemistry
NO Nitric Oxide cone Related to spray cone
N0 Nitrous Oxide CO2 Related to CO,
Nspc Number of Species cyl Related to cylinder conditions
N, Number of Zones die Related to diesel fuel
RCCI Reactivity Controlled Compression Ignition drop Related to droplet
RON Road Octane Number evap Related to evaporation
SCE Single Cylinder Engine fuel Related to fuel
SCR Selective Catalytic Reduction g Related to gas
SOI Start of Injection i Related to species
TDC Top Dead Center Inj Related to the injection
TKI Tabulated Kinetic of Ignition vc Related to Intake Valve Closure
uFuel Generic unburned fuel species L Laminar
uHC(s) Unburned Hydrocarbon(s) LFO Related to light fuel oil
uNH;3 Unburned Ammonia NH3 Related to ammonia
Symbols N>O Related to N,O
A Area out Related to the zones outside of the spray
c Liquid specific heat peak Related to peak conditions
cp Discharge coefficient prod Related to combustion products
cNOo Flame-derived NO tuning constant r Related to residual gas
cp Specific heat at constant pressure ramp Related to injection ramp
Cquench Quenching distance tuning constant ref Related to reference conditions
Ctrans Laminar-to-Turbulent transition multiplier sat Related to saturation conditions
Ctresh, AT Heat release from auto-ignition treshold T Turbulent
Cwrk Wrinkling factor multiplier tot Related to total conditions
Cxwe Wall combustion transition multiplier u Related to unburned gas
D Mass diffusivity umbrella Related to umbrella angle
d Diameter w Related to wall
D3 Fractal dimension z Related to zones
E Internal energy Superscript
H; Convective heat transfer coefficient diff Related to diffusion
h Specific enthalpy spray Related to spray
k Thermal conductivity Accents
kco Partial oxidation-derived CO tuning constant . Time derivative
kaiff,m Mass diffusive transfer multiplier - Average value
kaiff,q Heat diffusive transfer multiplier
knzo Partial oxidation-derived N,O tuning constant
Kout,spray Spray out-flow multiplier

Kkoxid,crev,uHC Crevice post-oxidation tuning constant for uHC

Koxid, crev,uNH3 Crevice post-oxidation tuning constant for uNHs
Koxid, quench,uHC Quenching post-oxidation tuning constant for uHC
Koxid,quench,uNH3 Quenching post-oxidation tuning constant for uNHs
m Mass

n Mole

Nu* Corrected Nusselt number

P Pressure

PNzo N20 molar concentration

Pnzoz Nitrogen-to-oxygen molar ratio in air

Q Heat transfer/subtracted

R Molar gas constant

r Radius

Sh* Corrected Sherwood number

SL Laminar flame speed

s Spray axis normalized position

So Initial spray axis normalized position for out-flow
T Temperature

t Time

\4 Volume

x Mass fraction

y Energy fraction

Subscript

a Related to ambient

(continued on next column)

Appendix. GWP reduction calculation
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The calculation of the GWP reduction considers diesel fuel and ammonia as blending fuels, whose properties are reported in Table Al.
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Table Al

Properties of the fuels for GWP calculation
Properties Diesel Ammonia
Chemical formula Ci35H236 NH3
Lower heating value [MJ/kg] 43.3 18.6

The calculation starts fixing the ammonia energy fraction, yyg3, which allows to quantify energy proportion between diesel and ammonia by Eq.
(Al).

Enns = YnusEuor
Al
{Edie = (1 _.yNH3)Etot (AD

In this equation, E, Engs, and Eg;e are the total fuel energy, the ammonia fuel energy and the diesel fuel energy, respectively. Knowing the chemical
formula and the lower heating values of the two fuels, the number of moles of each of those is computed, as reported in Eq. (A2).

Mg = —— DN
LHVNuzsMWyp3 (A2)
Naie = Edie
LHV 3. MWy,

In this equation, nyys and ng, represent the moles of ammonia and diesel, respectively, LHVyys and LHV g, denote the corresponding lower heating
values, and MWyys and MWy, indicate the corresponding molar weights. At this stage, the chemical composition of an “equivalent” fuel can be
computed, considering the mole proportion between diesel and ammonia:

Ngie  (C135H23.6) + Nms - (NHs) = (Ngie + Nvps)- (CxHyOsz) (A3)

Given the equivalent fuel chemical formula, the global chemical reaction of this fuel with air can be solved. In the hypothesis of complete

combustion and considering the possibility of lean air/fuel proportions (A greater than 1), the reaction equation is:
Z
CyH,O,N; + /1<X +% - E) (O2 + pn202N2)—
y y z, f
CO, +ZH,0 ~—-+—|N.
xCO> +2 20 + Pn202 (X+ 2 2 + 2'PN202> >+ (A4)
y z

+(-1) (x + 3 E) (O2 + pn202N2)

In this equation, the term pyz02 indicates the nitrogen-to-oxygen molar proportion in the air, assumed equal to 3.733. To consider in the product
composition a certain fraction of N2O, the above reaction is modified also considering as product the molecular hydrogen. This choice does not have
any ambition of predicting on chemical kinetics basis the real composition of diesel/ammonia combustion, but only the aim of balancing the atoms
counting the reaction. In addition, it is assumed that the combustion occurs in lean conditions (A equal to 2), typical condition of dual-fuel combustion.
With these assumptions, the reaction equation becomes the following:

z
C<H,O,N; + 1 (x +% — 5) (02 + Pn202N2)—

Y_ y_z,  f _ k

xCO, + (2 k)HzO + szO + k_Hg + Dn202 (x + 472 + 2.pN202 pN202>N2+ (AS)
Z

+(2-1) (x +% - E) (O2 + pn202N>)

The amount of moles of N3O (k) is directly derived from the N,O concentration (pnz0), expressed in ppm:

k :I%’nprod,mt (A6)

On the basis of the reaction in Eq. (A5) and of the moles of the equivalent fuel, the amount of moles of CO3 and N3O and of their mass are computed,
in accordance with Eq. (A7):

Meoz = X-(Nnpz + Ngie) - MWeoz (A7)
Myzo = k-(Nus + Ngie)-MWhzo
Known the masses of CO3 and N3O, they are converted into equivalent GWP, as reported in Eq. (A8):
GWP(Yamm: Pn2o) = Mcoz + 273-Muz0 (A8)

These GPW values are in the end compared to the reference condition (pure diesel combustion without N50), and the percentage reduction or
increase is calculated. The procedure described is repeated from the beginning for different ammonia energy fractions (from O to 1) and N5O con-
centrations (from 0 to 400 ppm) and the results are collected in Fig. 1.
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