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Abstract

The increasing interest in carbon-free fuels has positioned ammonia as a promising energy
carrier for Internal Combustion Engines (ICEs), particularly in hard-to-abate sectors such as
Heavy-Duty (HD) transport and maritime applications. However, its low reactivity, narrow
flammability limits, and intrinsic nitrogen content pose significant challenges for stable
combustion and emissions control. This work presents a predictive Quasi-Dimensional
(QD) combustion model applied to simulate ammonia-fueled engines operating under
both Spark Ignition (SI) and Reactivity Controlled Compression Ignition (RCCI) modes.
The proposed framework couples a turbulent premixed combustion sub-model with a
diffusive combustion sub-model, including a dedicated fuel-NOx mechanism to capture
nitrogen oxide formation pathways associated with fuel-bound nitrogen. The model
accounts for key physical and chemical processes governing combustion, such as ignition
delay, mixture stratification, and heat release dynamics, while maintaining computational
efficiency suitable for parametric studies. The model is validated against experimental
data from a Single-Cylinder Engine (SCE) over a wide range of operating conditions,
including variations in equivalence ratio, spark timing, Ammonia Energy Fraction (AEF),
and injection strategy. Results demonstrate good agreement in terms of in-cylinder pressure
evolution, Apparent Heat Release Rate (AHRR), and NOx emissions, with peak-pressure
errors below 4 bar and peak-pressure locations predicted within 2 crank angle degrees.
Notably, the dedicated fuel-NOx sub-model substantially improves emission predictions,
revealing that fuel-bound nitrogen is the dominant source of NOx in ammonia combustion.
Overall, the proposed QD model represents a robust and efficient tool for the analysis
and optimization of ammonia-fueled engines, supporting the development of low-carbon
combustion strategies for future energy systems.

Keywords: ammonia combustion; internal combustion engine modeling; fuel-NOx;
alternative fuels; low-carbon energy

1. Introduction
Ammonia (NH3) has emerged as an attractive alternative fuel for Internal Combustion

Engines (ICEs), owing to its high hydrogen (H2) content (17.8% by weight) and the absence
of carbon in its molecular structure [1]. Ammonia is being actively explored for its role in
reducing greenhouse gas emissions and decreasing dependence on fossil fuels, both as an
energy carrier and a direct fuel [2,3].
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The primary characteristic of ammonia as an engine fuel lies in its environmental
benefits. Unlike conventional hydrocarbon fuels, ammonia combustion produces no carbon
dioxide (CO2) emissions, making it a compelling option for climate change mitigation [4].
Moreover, ammonia can be easily stored as compressed gas or as a liquid at moderate
pressure and temperature (10 bar, 25 ◦C), resulting in a relatively high energy density, and
eliminating the need for complex storage systems [5,6]. However, ammonia’s chemical
properties present significant challenges for direct use in ICEs. Its high autoignition temper-
ature (651 ◦C), low Laminar Flame Speed (LFS) (approximately 0.07 m/s at stoichiometric
conditions), and narrow flammability limits complicate combustion in conventional engine
configurations [6–8]. Despite these limitations, substantial progress has been made in
adapting engine technologies to enable reliable ammonia utilization.

In recent years, several experimental studies demonstrated the feasibility of pure
ammonia operation in ICEs. For example, Lhuillier et al. [9] tested a retrofitted Spark
Ignition (SI) gasoline engine with a moderate Compression Ratio (CR), finding comparable
performance levels with respect to those obtained with methane in near-stoichiometric
lean conditions. Jespersen et al. [10] investigated the influence of spark energy and dis-
charge characteristics on the lean-burn behavior of ammonia in a premixed SI engine,
demonstrating that combustion stability is strongly dependent on both the ignition system
configuration and spark timing.

The requirement of stable and predictable engine operations motivated the investi-
gation of different strategies to promote ammonia ignition and combustion. Mounaïm-
Rousselle et al. [11] and Reggeti et al. [12] explored the Spark Assisted Compression Ignition
(SACI) mode, where the premixed air-ammonia charge is first ignited by a spark, then
autoignition is promoted in the end-gas by flame expansion and high CR. A significantly
faster burn process was observed with respect to a traditional turbulent flame propagation,
which extended the engine operating range, especially at low loads.

Hydrogen enrichment has also proved to be a significant combustion enhancer. The
study by Lhuillier [13] showed that hydrogen addition improves the ammonia combustion
efficiency and helps reduce ammonia slip in the exhaust. Other experimental studies
estimated the optimal hydrogen enrichment to be approximately 10–20% by volume [7,14],
implying that hydrogen has to be supplied either by an additional storage tank or reformed
onboard from ammonia [15,16].

Reactivity Controlled Compression Ignition (RCCI) has emerged as a promising strat-
egy to enhance and regulate combustion in ammonia-fueled engines. RCCI belongs to the
class of Dual-Fuel (DF) combustion strategies, in which a homogeneous air-Low Reactivity
(LR) fuel mixture (e.g., ammonia or natural gas) is ignited through the Direct Injection (DI)
of a small quantity of a High Reactivity (HR) fuel into the combustion chamber. Similarly
to conventional Compression Ignition (CI) engines, the HR fuel undergoes autoignition
following an Ignition Delay (ID) period. The subsequent ignition of the premixed air-
ammonia charge occurs simultaneously at multiple locations, from which turbulent flame
fronts propagate until the mixture is fully consumed. This approach holds particular
promise for reducing carbon-based emissions in large-bore marine engine applications,
where ammonia can displace a substantial fraction of the diesel fuel [17]. Dupuy et al. [18]
examined RCCI operation on a Single-Cylinder Engine (SCE) across an extensive range
of air-ammonia equivalence ratios, exploring various diesel pilot injection durations and
energy fractions. Their findings indicate that minimizing carbon emissions requires a si-
multaneous optimization of both the diesel energy fraction and the premixed air-ammonia
equivalence ratio. Hiraoka et al. [19] investigated RCCI operation and reported that raising
the Ammonia Energy Fraction (AEF) results in a prolonged ammonia-diesel ID. Imamori
et al. [20] conducted a comparison between diesel-ammonia RCCI and conventional diesel
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combustion, demonstrating that an AEF of 94% yields an 82% reduction in greenhouse gas
emissions. The influence of diesel injection parameters was addressed by Liu et al. [21], who
showed that higher injection pressures and advanced injection timing both contribute to in-
creased chemical reactivity of the in-cylinder charge, thereby shortening the ID. Conversely,
Mounaïm-Rousselle et al. [22] and Mi et al. [23] explored a split diesel injection strategy,
dividing the fuel delivery into a pilot and a main injection event. This approach demon-
strated improvements in the reactivity of the diesel-air-ammonia mixture, accompanied by
lower emissions of nitrogen oxides, carbon monoxide (CO), and unburned ammonia.

In this expanding experimental Research & Development (R&D) context, numerical
modeling plays a crucial role in enhancing the understanding of various aspects that influ-
ence the combustion process and pollutant emission formation. Several works available
in the literature focus on Three-Dimensional (3D) Computational Fluid Dynamics (CFD)
simulations of ammonia and hydrogen-ammonia blends in SI or DF engines [24–28]. These
studies offer valuable insights into the distinctive aspects of ammonia combustion, albeit at
the cost of high computational demand and long simulation times.

At the opposite end of the modeling spectrum, reduced-order models aim to achieve
comparable accuracy with a more favorable trade-off between computational demand and
predictive fidelity. Such approaches have been applied to estimate the possible outcomes
due to the conversion of a gasoline SI engine to ammonia-fueled operation [29], as well
as to explore the variation of key engine performance metrics across different operating
conditions [30]. However, few works in the literature apply these modeling approaches
to support experimental R&D, particularly for RCCI combustion. Motivated by these
considerations, the objective of the present work is to develop Quasi-Dimensional (QD)
combustion models and apply them to simulate ammonia-fueled engines in both SI and
RCCI configurations. The models are validated against experimental data acquired over a
range of operating conditions, spanning Spark Advance (SA), equivalence ratio, and AEF.
In addition, a novel fuel-NOx sub-model is introduced to improve the accuracy of pollutant
emission predictions.

The main novelty of the present work lies in the development and validation of a
unified QD combustion framework able to describe both SI and RCCI ammonia-fueled
engine operation within the same modeling environment. Compared with previous QD and
0D/1D combustion models, the proposed approach introduces: (i) a dedicated fuel-NOx
source term for ammonia combustion, derived from One-Dimensional (1D) laminar flame
calculations and coupled with the in-cylinder burned-zone NO evolution; (ii) an extension
of the tabulated ID methodology to account for ammonia/diesel fuel-fuel interactions in
RCCI operation; (iii) a coupled premixed/diffusive combustion formulation capable of
reproducing the transition from diesel-pilot-triggered ammonia combustion to turbulent
flame propagation. The objective is not to replace detailed 3D CFD simulations, but to
provide a computationally efficient tool suitable for preliminary engine design, operating-
condition screening, and parametric optimization.

The remainder of the paper is structured as follows. Section 2 describes the experimen-
tal setup for the ammonia-fueled engine tested under SI and RCCI operating conditions.
Section 3 introduces the combustion modeling framework, first presenting the two com-
bustion sub-models governing SI and CI combustion separately, and then detailing their
coupling for the simulation of RCCI operation; the fuel-NOx sub-model is also described.
Section 4 presents the validation of the proposed models, addressing SI operation first,
followed by RCCI conditions. Finally, Section 5 summarizes the conclusions of the study
and outlines potential directions for future research.
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2. Experimental Setup
The experimental data analyzed in this study were acquired at the Laboratoire PRISME

of the University of Orléans. A DW10F four-cylinder Light-Duty (LD) engine was converted
into a 500 cm3 SCE [18,24]. Its main geometric characteristics are summarized in Table 1,
while a schematic view of the experimental setup is shown in Figure 1.

Table 1. Characteristics of the ammonia SCE.

Bore [mm] 85.0
Stroke [mm] 88.0
CR [-] 16.42
Connecting-rod length [mm] 141
Exhaust Valve Opening (EVO) [◦ aTDC] 134
Exhaust Valve Closing (EVC) [◦ aTDC] −324
Intake Valve Opening (IVO) [◦ aTDC] 344
Intake Valve Closing (IVC) [◦ aTDC] −117
Main/LR fuel NH3
HR fuel Diesel

Figure 1. Schematic of the experimental ammonia SCE.

The engine can operate in both SI and RCCI modes by replacing the central spark plug
with a direct injector. Diesel was selected as HR fuel for the RCCI operation.

In-cylinder pressure was acquired at a resolution of 0.1 Crank Angle (CA) using a
Kistler 6045A relative quartz pressure transducer (Kistler Instrumente AG, Winterthur,
Switzerland) connected to a LabView data acquisition system. Intake and exhaust mani-
fold temperatures and pressures were monitored by means of K-type thermocouples and
resistive absolute pressure transducers, respectively. Ammonia was stored in the liquid
phase in a dedicated tank and vaporized prior to mixing with air. Ammonia and air mass
flow rates were measured using Brooks thermal flow-meters. For RCCI operation, fuel was
delivered via a Bosch 7-hole common rail injector, with the diesel injection pressure (pdie,inj)
held constant at 200 bar to ensure adequate flexibility in adjusting the injection duration.

All experimental tests were carried out at a fixed engine speed of 1000 rpm. The
investigated parameters included the air-ammonia equivalence ratio (ϕ) and ignition
timing, defined in terms of SA for the SI mode or Start Of Injection (SOI) and Duration
Of Injection (DOI) for the RCCI mode. Intake temperature and pressure (Tin and pin, see
Figure 1) were regulated by the gas heater and air compressor, respectively. These were
kept constant at 80 ◦C and 1 bar across all test points. The average pressure trace for each
operating condition was obtained by averaging 200 consecutive engine cycles.
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The measured operating conditions for the SI and RCCI modes are reported in Table 2.
The AEFs are computed with the following equation:

AEF =
mNH3

· LHVNH3

mNH3
· LHVNH3

+ mdie · LHVdie
(1)

where mNH3
is the trapped ammonia mass at IVC, mdie is the injected diesel mass, and LHV

is the Lower Heating Value of the corresponding fuel.

Table 2. Experimental engine operating conditions analyzed in this study for the SI and RCCI
configurations.

SI Operating Conditions RCCI Operating Conditions
ϕNH3 SA IMEP CoVIMEP SOI DOI AEF IMEP CoVIMEP

[-] [◦ aTDC] [bar] [%] [◦ aTDC] [µs] [%] [bar] [%]

0.85

−24 5.8 4.9

−11

400 98.6 6.8 1.8
−30 6.2 2.7 450 97.8 6.7 1.8
−33 6.3 2.2 500 96.9 6.9 1.9
−35 6.4 2.5 550 95.7 7.3 1.6

0.90

−18 6.6 5.3

−12

400 98.7 6.7 4.0
−26 6.7 2.2 450 97.9 7.4 1.6
−29 6.6 2.3 500 97.0 7.5 1.7
−31 6.6 2.2 550 96.0 7.5 1.3

0.95

−19 6.9 3.4

−13

425 98.5 7.5 1.6
−25 7.0 2.2 475 97.6 7.4 1.1
−27 6.8 2.0 525 96.7 7.6 1.0
−29 6.7 2.0 575 95.5 7.5 0.8

1.00

−18 7.3 2.7

−11

450 98.7 7.1 2.3
−22 7.2 1.9 500 97.3 7.5 0.9
−24 7.1 1.8 550 96.3 7.6 0.6
−25 7.2 1.7 600 94.9 7.6 0.6

As can be observed, the small quantities of injected diesel confirm the main feature
of the RCCI operation, namely a premixed combustion of ammonia and air which is
triggered by the autoignition of a small diesel-air-ammonia mixture. This differs from
typical DF mode, where the directly injected fuel contributes a larger fraction of the total
in-cylinder energy.

3. Combustion Models
This Section describes the main characteristics of the combustion model proposed in

this work and implemented in Gasdyn [31], the ICE simulation software developed by the
ICE Group at Politecnico di Milano. First, the turbulent premixed flame model, characteris-
tic of SI engines, is described. Then, the diffusive combustion model is introduced. These
two sub-models are then coupled to model RCCI combustion, highlighting key aspects
specific to DF combustion modeling such as ID estimation and flame area evolution. Finally,
the fuel-NOx emission sub-model is presented.

3.1. Turbulent Premixed Flame Combustion Model

Combustion in SI engines is modeled assuming a turbulent flame propagating hemi-
spherically from the spark plug location. The presence of a coherent flame front divides the
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cylinder into two distinct zones: an unburned zone (subscript u), containing the fresh charge,
and a burned zone (subscript b), resulting in a two-zone thermodynamic description.

The burning rate is described through a modified version of the Eddy Burn-Up model,
originally proposed by Tabaczynski [32] and subsequently revised by the authors in [33].
The model assumes that unburned mass is first entrained by the flame front (subscript e)
and subsequently consumed over a characteristic burn-up time τb. The main governing
equations are:

dme

dt
= ρuSt Al (2)

dmb
dt

=
me − mb

τb
(3)

τb =
0.15
Ce

· Li
u′ (4)

where ρu is the unburned charge density, St is the turbulent flame speed, Al is the geometric
laminar flame surface, Li is the integral length scale, u′ is the turbulence intensity, and Ce is
a tuning parameter with a default value equal to 1.

Turbulence quantities (Li, u′) are computed using the K-k-ε model of [34]. The tur-
bulent flame speed is evaluated through a modified form of the correlation proposed by
Gülder [35]:

St = 1.3 · Ct · Sl ·
[

1 + 0.60 · ftrans ·
(

u′

Sl

)1/2( Liu′

νu

)1/4
]
· fw (5)

where νu is the kinematic viscosity of the unburned zone, Sl is the LFS, and Ct is a tuning
parameter with a default value of 1. The factors ftrans and fw account for the early and late
phases of combustion, respectively. The transition factor ftrans varies between 0 (laminar)
and 1 (fully turbulent) and follows the formulation proposed by Herweg and Maly [36],
subsequently modified by Sforza [37]:

ftrans =

[
1 − exp

(
−

rK − Stay

CdelayLi

)]1/2

·
[

1 − exp
(
−u′ + Sl

Li
· tign

)]1/2

(6)

where rK is the flame kernel radius, Cdelay is a tuning parameter with a default value of 0.1,
and tign is the time elapsed since spark timing. The Taylor microscale Stay is given by:

Stay =

√
15Li(

Liu′
νu

)1/2 (7)

The phenomenological correction factor fw captures the effect of flame-wall interac-
tion and the eventual quenching of the flame near the walls. It is described by an
S-shaped formulation:

fw =

 1 Yb ≤ Yb,50

exp
(
−2.908 ·

(
Yb−Yb,50
1−Yb,50

)5/2
)

Yb > Yb,50
(8)

where Yb is the instantaneous burned mass fraction and Yb,50 is the burned mass fraction at
which the flame surface in contact with the cylinder walls reaches 50% of the total flame
front area.
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3.2. Diffusive Combustion Model

The diffusive combustion model used in this work was originally developed in [38,39]
and later extended by the present authors [40]. The model adopts a multi-zone representa-
tion of the air-fuel mixture, designed to capture the spatial heterogeneity characteristic of
conventional CI combustion and to predict pollutant formation. DI is explicitly modeled,
as it is the primary process governing air-fuel stratification. The model further accounts
for the chemical and physical phenomena governing autoignition, and incorporates the
geometry of the combustion chamber and injection system, both of which influence the
overall combustion process.

The model can be conceptually divided into two sub-models: a multi-zone Zero-
Dimensional (0D) combustion sub-model, and a 1D sub-model for spray evolution and
charge stratification.

3.2.1. Multi-Zone 0D Combustion Model

The multi-zone combustion model subdivides the air-fuel mixture into distinct zones,
each characterized by a fixed equivalence ratio (ϕ). Zone masses are initialized using the
instantaneous mass distribution predicted by the spray model, which is discussed later. The
iso-ϕ zones are treated as open thermodynamic systems, allowing mass transfer between
adjacent zones as the richest zones are depleted and the charge progressively approaches
a homogeneous composition. Mass conservation is enforced through a cascading mixing
scheme, assuming that fuel mass is transferred sequentially from richer zones to adjacent
leaner ones.

Each iso-ϕ zone is further subdivided into three sub-zones based on the thermody-
namic state of the mixture: ‘liquid’, ‘unburnt vapor’, and ‘burnt vapor’, as depicted in
Figure 2.

Figure 2. Schematic representation of the iso-ϕ multi-zones with the distinction into ‘liquid’, ‘unburnt
vapor’, and ‘burnt vapor’ sub-zones.

The mass fraction allocated to each sub-zone is governed by the evaporation and igni-
tion sub-models embedded within the charge stratification framework. Thermodynamic
properties—such as temperature (T), pressure (p), and volume (V)—are evaluated for each
k-th sub-zone within every iso-ϕ zone.

The standard Woschni model [41] is used to determine the global heat transfer to
the walls, based on the average cylinder temperature. This is then distributed among the
different sub-zones, weighted by the zonal temperature.

In addition to the thermodynamic properties, the multi-zone combustion model is
also responsible for providing information on pollutant formation, particularly regarding
NOx. This is achieved by applying the Extended Zel’dovich thermal mechanism proposed
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by Lavoie [42] to each iso-ϕ sub-zone. The concentrations of the other species are assumed
to be at chemical equilibrium.

3.2.2. 1D Spray and Charge Stratification Model

The spray model is based on the jet momentum theory developed by Musculus and
Kattke [43]. A 1D Eulerian framework is employed to track the evolution of key spray
parameters, including spray tip penetration and the axially averaged air-fuel distribu-
tion. The axially averaged distribution is then used to generate a Two-Dimensional (2D)
representation of the air-fuel distribution inside the spray, by imposing the radial profile
proposed by Abramovich [44], obtaining the following relation:

X f

X f ,c
= (1 − ξα)2 (9)

where the local fuel concentration (X f ) relates to the centerline value (X f ,c) based on the
dimensionless radial coordinate (ξ = r/R, with R being the Control Volume (CV) radius).
The parameter α is an adjustable coefficient used to match the velocity distribution observed
experimentally, and is equal to 1.5 for fully developed jets.

By applying this distribution, each CV of the 1D spray is subdivided into radial
contours, based on their equivalence ratio value. The air-fuel mass contained in each iso-ϕ
contour volume is summed axially and subsequently passed to the combustion model
as initial zone mass distributions. A schematic of the 1D model with the assumed radial
distribution is shown in Figure 3.

Figure 3. Representation of the 1D discretization of the fuel spray in CV of equal length (∆z). The
axial (z) and radial (r) coordinates are highlighted, with the assumed radial distribution (from [44])
and the cone spray angle (θ).

The spray model provides the mass distribution across the different iso-ϕ zones, as
well as the physical subdivision into the three physical sub-regions: ‘liquid’, ‘unburnt
vapor’, and ‘burnt vapor’ (see Figure 2).

To do so, an evaporation sub-model is included to determine the Liquid Length (LL),
after which the fuel is assumed to be in the ‘unburnt vapor’ sub-state, implying that fuel is
fully mixed with air (at different ϕ, maintaining the stratification) and ready to react. After
the ID period, combustion begins and the ‘burnt vapor’ sub-region of the spray is populated
with mass from either the ‘unburnt vapor’ (if already evaporated) or ‘liquid’ sub-regions.

The spray model is initialized at the Start Of Injection (SOI), with a fixed spray angle
(θ) determined with the correlation proposed by Naber et al. [45]:

θ = 2 · arctan

Cθ

( ρa

ρ f

)0.19

− 0.0043
(

ρ f

ρa

)0.5
 (10)
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where Cθ is a tuning parameter called spray angle coefficient, ρ f is the fuel liquid density,
and ρa is the air density, both evaluated at SOI.

The influence of real engine geometry on the spray evolution is accounted for by
modifying two parameters beyond the Point Of Impact (POI), defined as the location on the
spray grid where the spray impinges on the piston crown. The POI is a tunable parameter
proportional to bore/4:

dPOI = CPOI · b/4 (11)

Beyond the POI, the cone spray angle is reduced, together with a change in the radial
distribution profile. This is controlled by two tunable parameters, the angle coefficient after
wall (Cw) and the distribution after wall (αw) respectively. Overall, these changes result in
reduced air entrainment in the spray, which inherently lowers the combustion rate.

3.3. Construction of the Dual-Fuel Combustion Model

Prior to SOI, the cylinder is modeled as a single homogeneous zone composed of an
air-LR fuel mixture, under the assumption that the LR fuel is introduced during the intake
stroke through Port Fuel Injection (PFI). This formulation enables an accurate estimation of
the in-cylinder pressure throughout the compression stroke.

Upon reaching the SOI, the multi-zone combustion and charge stratification models (cf.
Sections 3.2.1 and 3.2.2) are activated. Consistent with the homogeneous air-LR fuel mixture
assumption, the iso-ϕ multi-zones incorporate the LR fuel in their composition, which
consequently affects the evaluation of the thermodynamic properties and the composition
of the corresponding burned zones. It should be noted that the equivalence ratio assigned
to each zone is defined exclusively with respect to the HR fuel and oxygen (O2). As a result
of this assumption, a larger fresh charge mass is required to achieve the same HR fuel
equivalence ratio, since the available oxygen is proportionally reduced.

The ID can be estimated through two distinct approaches: a Tabulated Kinetics of
Ignition (TKI) method, as described in [38], or through the Livengood-Wu integral [46]. In
the context of DF operation, both methods must account for the effect of the LR fuel on the
autoignition process to reliably predict the ID. In the present work, the TKI approach was
extended to capture fuel-fuel interactions by initializing constant-pressure homogeneous
reactors with mixtures of both fuels and oxidizer. The resulting lookup tables are indexed
by initial pressure, temperature, HR fuel mixture fraction, LR fuel mixture fraction, and
Exhaust Gas Recirculation (EGR).

The mixture fraction (Z) is defined as the fuel mass fraction in the mixture. For the
HR fuel:

ZHR =
mfuel,HR

mfuel,HR + mfuel,LR + mair
(12)

with an analogous definition for the LR fuel. Note that introducing this additional variable
increases table size proportionally to the LR fuel mixture fraction range, resulting in higher
computational cost and longer table generation time compared to single-fuel tables.

Following the Start Of Combustion (SOC), the charge stratification model supplies
the information required to characterize the premixed and mixing-controlled combustion
of the HR fuel spray. To account for the turbulent flame contribution, an additional zone
containing no HR fuel is included alongside the iso-ϕ zones. The evolution of this zone is
governed exclusively by the combustion of the air-LR fuel mixture surrounding the spray,
as described by Equations (2)–(4). Since this zone is free of HR fuel, its thermodynamic
properties—and in particular the LFS—are independent of the HR fuel composition.

Combustion inside and outside the spray occurs simultaneously, with both processes
contributing to the overall Heat Release Rate (HRR). The turbulent air-LR fuel flame is
assumed to originate as an infinitesimally thin brush enclosing the HR fuel spray.
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In DF engines, the spherical flame assumption no longer holds; instead, conical
flames are observed, as experimentally reported in [47,48]. To capture this behavior in
the evaluation of the laminar flame surface (Al in Equation (3)), the flame front model
developed by Frerichs [49] is adopted. This model assumes a pancake combustion chamber
geometry with the spray origin at the center. The flame front evolves in two distinct phases:
an initial and mainly axial propagation until a critical length (lcone,cr) is reached, followed
by spreading in all directions perpendicular to the flame surfaces. A numerical root-finding
algorithm is applied to evaluate the flame surface area accounting for the interaction with
the cylinder walls and adjacent flames, as illustrated in Figure 4.

Figure 4. Representation of the conical flame front propagation seen from a top view (upper row)
and from a side view (bottom row).

3.4. Fuel-NOx Model

In the context of combustion simulation, the evaluation of pollutant emission is of
great importance, given the stringent regulations that engine manufacturers and end-users
have to comply with. This is especially relevant for NOx emissions, due to their high impact
on ecosystems and human health. Accurate estimation of this pollutant is necessary in
early engine development phases, to introduce proper mitigation strategies.

For conventional fuels (e.g., gasoline and diesel), the thermal formation pathway
is considered the main source of NOx, typically addressed by the Extended Zel’dovich
model [42]. However, ammonia combustion poses a new challenge in NOx estimation due
to the presence of nitrogen in the fuel, resulting in the necessity to account for fuel-derived
NOx. Recent studies have used numerical simulations to distinguish the specific thermal
and fuel contributions to total NOx emissions. Yang et al. [50] proposed a method to
decouple fuel- and thermal-NOx by dividing the source of elemental nitrogen, which could
derive from fuel or air. The former was assigned to the ammonia oxidation sub-mechanism,
while the latter was used in the Zel’dovich mechanism. With this approach, applied to a 3D
CFD simulation of a pure-ammonia SI engine, they found comparable levels of fuel- and
thermal-NO in stoichiometric conditions. The study by Ma et al. [51] proposed a similar
virtual decoupling method to separate fuel and thermal pathways. They consistently
observed a dominance of thermal-NO in an ammonia/hydrogen marine engine, under
different operating conditions.

From these studies, it is clear that fuel-NOx plays a significant role in overall pollutant
emissions. As such, a simplified model is proposed in this work to account for this aspect.
In this model, a fuel-NOx source term is introduced, proportional to the burning rate (dmb)
and to the mass fraction of NO inside the flame brush (YNO,fl).
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Fuel-NOx is initialized in the flame brush and then moves into the burnt region, where
it evolves with the Extended Zel’dovich mechanism together with the thermal-NO. This
model can be summarized in the following equation:

dmNO

dt
=

d[NO]

dt
· MMNO · Vb +

dmb
dt

· YNO,fl(p, T, ϕ, EGR) (13)

The first term of the RHS of Equation (13) represents the contribution due to thermal-
NO, computed as the variation of NO volumetric concentration multiplied by the burned
volume and the molar mass of NO (MMNO), while the second is the source term from the
flame brush attributed to fuel-NO.

The quantity YNO,fl represents the NO mass fraction associated with ammonia oxida-
tion inside the propagating flame structure. It is extracted from steady 1D freely propa-
gating premixed flame simulations by evaluating the NO mass fraction in the post-flame
region, immediately downstream of the main heat-release layer. In this way, the tabulated
value accounts for the nitrogen-containing intermediate chemistry resolved by the detailed
kinetic mechanism, while avoiding the direct integration of the full ammonia oxidation
mechanism during the engine-cycle simulation. The tabulated variable therefore represents
an effective fuel-NO contribution generated by the flame brush, which is subsequently
transported into the burned zone and further evolved through the thermal-NO mechanism.

This formulation is intentionally simplified. It does not explicitly solve the temporal
evolution of individual nitrogen-containing intermediates such as NH, NH2, HNO, NNH,
NO2, or N2O during the engine simulation. Their effect is included only indirectly through
the detailed-chemistry flame calculations used to generate the lookup table. As a conse-
quence, the model is expected to reproduce the main trends of fuel-bound NO formation in
premixed ammonia combustion, but local deviations may occur when strong stratification,
incomplete mixing, or interaction with hydrocarbon pilot-fuel products becomes relevant.

In the present implementation, the emission model directly predicts NO formation.
Since NO is expected to represent the dominant fraction of total NOx under the high-
temperature in-cylinder conditions considered here, the computed NO concentration is
compared with the experimentally measured NOx concentration. This approximation is
commonly adopted in engine combustion modeling, although it can introduce additional
uncertainty during the expansion and exhaust phases, where the conversion of NO-to-NO2
can occur.

4. Results and Discussion
First, the SI operating conditions were analyzed. A complete 1D engine scheme

representing the experimental setup (Figure 1) was simulated in Gasdyn. The numerical
model included the different geometrical aspects that characterize the intake and exhaust
systems, to faithfully reproduce the experimental SCE. The Gasdyn scheme is reported in
Figure 5.

Figure 5. 1D model schematic of the ammonia-fueled SCE reproduced in Gasdyn pre-processor.
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Boundary conditions were varied for each operating condition to match the exper-
imental pressure and temperature measured before the engine (pin and Tin in Figure 1).
Computed and measured air and ammonia mass flow rates were compared to assess the
quality of the simulations. Across the 16 operating conditions, the average absolute error
on the simulated air mass flow rate is 0.83% relative to the experimental value. For the fuel
mass flow rate, this is equal to 0.55%.

Regarding combustion, the SA values were set equal to the experimental ones reported
in the left side of Table 2. The combustion model was tuned through a trial-and-error
procedure, owing to the limited number of operating conditions. Default values were
adopted for the tuning parameters, except for Cdelay, which was increased as reported in
Table 3.

Table 3. Tuning parameters of the turbulent premixed flame model identified for the ammonia SI
SCE simulations.

Tuning Parameter Value

Ct 1.00
Cdelay 0.68

Ce 1.00

The LFS and fuel-NOx were obtained from tabulated data generated by solving a
steady, 1D freely propagating premixed flame using Cantera [52], with the chemical mecha-
nism of Stagni [53] (31 species, 203 reactions). The thermodynamic conditions considered
are summarized in Table 4.

Table 4. Range of pressure, temperature, equivalence ratio, amd EGR for the ammonia LFS and
fuel-NOx tables generation.

Range Number of Values

Pressure [bar] 1–90 11
Temperature [K] 300–1200 25

Equivalence ratio [-] 0.7–1.1 7
EGR [-] 0–0.05 2

Figure 6 shows the comparison of the average experimental (Exp., in black) and
computed (QD CFD, in red) in-cylinder pressure. Vertical colored dashed lines represent
the experimental SA, whose value (measured in ◦ aTDC) is reported in the upper-right
corner of each operating condition. The same colors will be used in subsequent figures to
identify the same operating condition. Each column represents the SA sweep performed
at a given equivalence ratio (reported as the title of the column), moving from most to
least advanced SA (i.e., further from TDC). The gray-shaded areas identify the individual
pressure cycles. These are reported in five of the sixteen cases, since they are provided only
for these operating conditions.

Overall, a good agreement between experimental and computed values is observed.
The model captures the influence of the different equivalence ratios and SA values. Larger
discrepancies are present in the cases with lower values of SA (i.e., more advanced).
However, it is worth noting that these operating conditions are characterized by high
values of Coefficient of Variation (CoV), as reported in Table 2, which may lead to a skewed
average in-cylinder pressure cycle. The average absolute error relative to peak (maximum)
pressure is below 3 bar. In terms of peak pressure location, the error is contained within 2◦.
A consistent overestimation of the pressure is visible for the stoichiometric cases (ϕ = 1,
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right-most column of Figure 6), suggesting that the laminar-to-turbulent flame transition
occurs too early in the model, or that the LFS is overestimated.

Figure 6. Comparison of the average experimental (black) and calculated QD CFD (red) in-cylinder
pressure traces for all operating points of the ammonia SI SCE. Gray-shaded areas represent the raw
pressure measurements of 200 consecutive engine cycles. Vertical colored dashed lines represent the
SA location. SA values are reported in the upper-right corner of each graph in ◦ aTDC.

To delve more deeply into the combustion analysis, the experimental and calculated
AHRR are compared in Figure 7.

From this comparison it appears that the overestimation of the LFS may be the cause
of these higher peak pressures observed in the calculated results. In fact, the rise in AHRR
starts at the same CA, but is sharper for the QD CFD traces. Specifically, the rising slope
of the calculated AHRR is on average 20% steeper with respect to the experimental one.
This evidence favors the overestimation of LFS over transition timing, since this quantity
directly influences the AHRR. This is also supported by Liu et al. [54], where they showed
that the chemical mechanism proposed by Stagni et al. tends to provide LFS slightly higher
than the experimental one.

A discrepancy between the experimental and computed AHRR trends is visible in the
final phase of combustion across all operating conditions. This discrepancy is related to the
fw correction factor (Equation (8)), whose influence grows as more of the flame comes into
contact with the cylinder walls. This results in a change in the slope of the AHRR, after
which the experimental and calculated values nearly realign.

Figure 8 shows the comparison of the computed and experimental combustion du-
rations, obtained by measuring the difference between the CA at which a specific Burned
Mass Fraction (BMF) is reached. The BMF is defined as:

BMF(CA) =
mb(CA)

mcyl
(14)

Specifically, three phases are analyzed:

https://doi.org/10.3390/fuels7030050

https://doi.org/10.3390/fuels7030050


Fuels 2026, 7, 50 14 of 26

• CA0–10, characterizing the initial flame kernel formation and transition from laminar
to turbulent combustion (Figure 8a);

• CA10–50, which identifies the rapid and turbulent flame propagation inside the
combustion chamber (Figure 8b);

• CA50–90, representing the final combustion phase, including the reduction in burning
rate due to flame-wall interactions and extinction of the flame (Figure 8c).

Figure 7. Comparison of the average experimental (black) and calculated QD CFD (red) AHRR for all
operating points of the ammonia SI SCE. Vertical colored dashed lines represent the SA location. SA
values are reported in the upper-right corner of each graph in ◦ aTDC.

These scatter plots show that the initial and rapid combustion phases are well captured
by the model, with most of the computed results falling in the ±3◦ range with respect to
the experimental values. The average error for the CA0–10 is −2.5◦, while for the CA10–50
it is 1.2◦.

In contrast, the model overestimates the final combustion phase duration, as the
average difference between computed and experimental values increases to 10◦. The
highest errors are observed for the operating conditions with a high CoV, namely those
with the least advanced SAs (red symbols) and lean mixtures (circle and square symbols).
This discrepancy should be interpreted in light of the measured ammonia slip. Across the
SI operating conditions, the engine exhibited significant unburned NH3 concentrations in
the exhaust, of the order of 104 ppm. This indicates that a non-negligible fraction of the
injected ammonia does not participate in the main combustion process. Possible causes
include near-wall flame quenching, incomplete oxidation in low-temperature regions,
and fuel trapped in crevice volumes. The last of these appears to be the major source of
unburned ammonia, as reported in both numerical and experimental studies [11,55,56]. The
present QD model does not include a dedicated crevice or unburned-ammonia sub-model;
therefore, the full trapped ammonia mass is assumed to remain available for combustion
according to the turbulent flame formulation. This assumption can affect the predicted late
heat-release tail, combustion efficiency, and pollutant formation. The development of a
crevice/ammonia-slip model is therefore identified as a priority for future work.
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(a) (b)

(c)

Figure 8. Comparison of the combustion parameters CA0–10 (a), CA10–50 (b) and CA50–90 (c) for
the ammonia SI SCE. Symbols identify the equivalence ratio of the operating conditions. The red-
green-blue-yellow colors identify the SA, from least advanced to most advanced value, as reported in
Figures 6 and 7. Dotted black lines represent the ±3◦ bands. Experimental vs. computed.

Finally, Figure 9 shows the computed NOx against the experimental measurements of
the DW10F ammonia-fueled engine. The different symbols refer to the equivalence ratio
of the operating condition analyzed, while the color is linked to the SA values reported
in Figures 6 and 7. The black dashed line represents perfect agreement (i.e., the bisector),
while dotted lines represent the ±15% error lines.

The computed values of NOx well approximate the experimental ones, as most con-
ditions are contained between the error lines. An underestimation is observed for the
stoichiometric cases, particularly for the ones characterized by the most advanced SAs
(blue and yellow diamonds, −33◦ aTDC and −35◦ aTDC, respectively). Nonetheless, the
effect of varying the equivalence ratio on NOx emissions—lower values as ϕ increases—is
well captured. The value of SA does not appear to greatly influence NOx emissions, which
is also backed up by the model results.

To focus more deeply on the effect of the fuel-NOx model proposed, Figure 10 presents
the evolution of this pollutant during combustion in four different operating conditions
covering the equivalence ratio sweep. Dashed lines represent the experimental values at
Exhaust Valve Opening (EVO), continuous lines show the computed NOx concentration
including the fuel-NOx model, while dotted ones do not consider it. The same color-coding
is used as in previous Figures.

https://doi.org/10.3390/fuels7030050

https://doi.org/10.3390/fuels7030050


Fuels 2026, 7, 50 16 of 26

Figure 9. Scatter plot of the NOx emissions for the ammonia SI SCE operating conditions. Symbols
identify the equivalence ratio of the operating conditions. The red-green-blue-yellow colors identify
the SA, from least advanced to most advanced value, as reported in Figures 6 and 7. Dotted black
lines represent ±15% error lines. Experimental vs. computed values.

Figure 10. Trends of in-cylinder NOx concentration computed with (continuous lines) and without
(dotted lines) the fuel-NOx model for the ammonia SI SCE. Experimental values are reported as
horizontal dashed lines.

It is clear that the fuel-NOx term substantially improves the prediction capabilities of
the combustion model, and the results suggest that most of the NOx is produced during
fuel combustion, in addition to the thermal contribution.

Reactivity Controlled Compression Ignition Operating Conditions

The RCCI operating conditions were then analyzed. As for the SI configurations, the
boundary conditions at IVC were obtained from simulations of the complete engine scheme.
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Given the lack of data regarding the injection law, a square-shaped law was imposed
for the diesel pilot injection such that the injected mass matches the experimental value.
The choice of a square-shaped injection law was considered appropriate given the short
injection duration and mass of fuel injected. Moreover, the results were comparable to
those obtained with a triangular injection law. A set of tuning parameters for the diffusive
combustion model was identified, as reported in Table 5.

Table 5. Tuning parameters of the diffusive combustion model identified for the ammonia RCCI
SCE simulations.

Tuning Parameter Value

Cθ 0.20
CPOI 0.50
Cw 1.00
αw 2.30

Regarding the turbulent premixed flame combustion, the same model parameters
were maintained as reported in Table 3, together with the LFS and NOx lookup tables.

A preliminary assessment of the model indicated a systematic underestimation of the
ID when the influence of ammonia on the diesel autoignition process was disregarded. This
behavior is consistent with experimental observations from rapid compression machine
studies on ammonia/diesel mixtures [57–59], which collectively document an increase in
ID with rising AEF, attributed to the chemical inhibition exerted by ammonia. To account
for this effect, the modified TKI methodology outlined in Section 3.3 was adopted. The
corresponding TKI tables were produced using Cantera, by simulating constant-pressure
homogeneous reactor autoignition over the thermodynamic ranges of Table 4, with the
addition of diesel to the mixture. All simulations relied on the ammonia/diesel kinetic
mechanism validated by Zhang et al. [58].

Figure 11 presents the comparison of the average experimental (Exp., in black) and
calculated (QD CFD, in red) in-cylinder pressure for all sixteen RCCI operating conditions.
Each column represents the DOI sweep performed at a fixed equivalence ratio (ϕ) and SOI.
The value of the DOI is reported in the upper-right corner of each subgraph in µs, while
the colored line represents the SOI.

The model responds well to the DOI variation at fixed LR fuel equivalence ratio.
Indeed, as the DOI increases, a sharper increase of in-cylinder pressure is observed in
both experimental and calculated trends. The larger quantity of diesel leads to a stronger
premixed combustion, which translates to an overall shorter combustion duration. This
aspect is clearly visible from the comparison of the experimental and computed AHRR,
reported in Figure 12.

In particular, as the DOI increases, the AHRR profiles shift to the left and become
narrower. This indicates a shorter ID, whose trend is indeed well captured by the DF
TKI approach used for these simulations. The latter aspect shows that the model is sen-
sitive to the increased quantity of that evaporates and penetrates further into the air-LR
fuel mixture, resulting in a faster combustion overall since more of the trapped mass is
ignited simultaneously.

A slight overestimation of the ID is observed for the leanest operating conditions
(ϕ = 0.85) analyzed in this study. This results in a delayed combustion onset, which
translates into a reduced peak pressure. On the other hand, at stoichiometric air-LR fuel
mixtures (ϕ = 1.0), the model overestimates the burning rate, leading to a sharper rise
in AHRR. This is consistent with the results obtained for the SI configuration in similar
operating conditions, and it is expected since the same LFS table was used for the RCCI
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cases. In general terms, the average absolute error of the peak pressure is below 4 bar, and
the peak pressure location is contained within 2◦.

Figure 11. Comparison of the average experimental (black) and calculated QD CFD (red) in-cylinder
pressure traces for all operating points of the ammonia RCCI SCE. Vertical colored dashed lines
represent the SOI location. DOI values are reported in the upper-right corner of each graph in µs.

For a more detailed analysis of the combustion parameters, the comparisons of experimen-
tal and computed CA0–10, CA10–50 and CA50–90 are reported in Figures 13a, 13b and 13c,
respectively.

A higher degree of accuracy for the CA0–10 is observed with respect to the SI sim-
ulations. The average error is equal to 0◦. This, however, becomes 1◦ in absolute terms.
Regarding CA10–50, an almost perfect agreement is visible between the computed and
experimental data, with an average error of −0.25◦. On the other hand, results for the
CA50–90 show a larger discrepancy, with an average error equal to 4◦. This is consistent
with that observed for the SI cases (Figure 8c), although it presents a better match between
the numerical and experimental values. It is also worth noting that the operating conditions
with shorter DOIs (red symbols) are the ones that present the largest error.

Nonetheless, the model is able to capture the reduced combustion duration (CA0–90)
that characterizes RCCI combustion relative to SI operation. Experimentally, the average
combustion duration is 49◦ for the RCCI cases, while for the SI ones it is 69◦. The computed
results yield 52◦ for RCCI conditions and 78◦ for the SI ones.

Lastly, Figure 14 presents the comparison of computed and measured NOx emissions
for the RCCI cases being analyzed. The same color-symbol combinations in previous
Figures are used in this figure to identify the corresponding operating condition.
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Figure 12. Comparison of the average experimental (black) and calculated QD CFD (red) AHRR
for all operating points of the ammonia RCCI SCE. Vertical colored dashed lines represent the SOI
location. DOI values are reported in the upper-right corner of each graph in µs.

In these cases, the model clearly tends to overestimate the experimental values. In
particular, the experimental data show a decreasing trend when the DOI is increased
at a fixed equivalence ratio, identified by the red-green-blue-yellow color pattern (see
columns of Figure 11). The closest match between experimental and computed results
is obtained at the lowest DOI conditions across all equivalence ratios, suggesting that
the presence of the HR fuel influences the fuel- and thermal-NOx formation. In fact, due
to how it is constructed, the model assumes a complete separation between the zones
containing (of the original CI model) and the additional air-LR fuel one. Since these
are not allowed to mix, the formation of NOx in the air-LR fuel zone is not influenced
by carbon-containing compounds such as CO, CO2 and hydrocarbon fragments. The
suppression of NO by carbon-containing species occurs via two complementary pathways.
First, the presence of CO2 lowers NO formation both thermally, by reducing the peak
flame temperature, and chemically, by depleting the O/H radical pool, as reported in the
study regarding coal-ammonia combustion by Qiao et al. [60]. They suggested that in the
presence of identical temperature and quantity of ammonia, a higher CO2 concentration
yields lower NO generation. However, it has to be highlighted that they considered an
O2/CO2 atmosphere for part of this study. Nonetheless, a general conclusion regarding the
inhibitory effect of CO2 on NO formation can be drawn from their analysis. Furthermore,
the study by Frassoldati et al. [61] showed how hydrocarbon fragments reduce NO to
HCN and ultimately to N2 through the reburn mechanism. Both effects act to lower NO
only when the carbon-containing species and the ammonia-derived nitrogen chemistry are
allowed to interact, which is not currently considered in the model.

https://doi.org/10.3390/fuels7030050

https://doi.org/10.3390/fuels7030050


Fuels 2026, 7, 50 20 of 26

(a) (b)

(c)

Figure 13. Comparison of the combustion parameters CA0–10 (a), CA10–50 (b) and CA50–90 (c) for
the ammonia RCCI SCE. Symbols identify the equivalence ratio of the operating conditions. The
red-green-blue-yellow colors identify the DOI, from minimum to maximum value, as reported in
Figures 11 and 12. Dotted black lines represent the ±3◦ bands. Experimental vs. computed.

Figure 14. Scatter plot of the NOx emissions for the ammonia RCCI SCE operating conditions.
Symbols identify the equivalence ratio of the operating conditions. The red-green-blue-yellow colors
identify the DOI, from minimum to maximum value, as reported in Figures 11 and 12. Dotted black
lines represent ±15% error lines. Experimental vs. computed values.
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5. Conclusions
The objective of this work was to present a QD combustion framework and apply

it to an ammonia-fueled SCE operating in both SI and RCCI modes. A key contribution
was the introduction of a fuel-NOx sub-model, which accounts for nitrogen-bound NOx
produced during ammonia oxidation within the flame brush via a source term proportional
to the burning rate. Fuel-NO concentrations inside the flame are retrieved from a lookup
table generated through 1D laminar flame simulations, initialized in the flame brush, and
subsequently evolve alongside thermal NO via the Extended Zel’dovich mechanism in the
burnt zone.

Validation against SI experimental data, covering equivalence ratio and SA sweeps,
demonstrated good predictive accuracy, with mass flow rate errors below 1%, peak pressure
errors below 3 bar, location errors within 2◦, and combustion phasing parameters CA0–10
and CA10–50 reproduced within a ±3◦ band. A systematic overestimation of the CA50–90
duration was attributed to unburned ammonia trapped in crevice volumes, which are
not accounted for in the current model. The fuel-NOx sub-model substantially improved
emission predictions, correctly capturing the dominant role of fuel-bound nitrogen and
the decreasing NOx trend with increasing equivalence ratio. A remaining limitation is the
absence of a dedicated ammonia-slip and crevice-trapping model, which will be developed
and tested in future works. This affects mainly the late combustion phase and may partly
explain the overprediction of CA50–90 duration in SI operation.

For RCCI operation, the ammonia inhibition effect on diesel autoignition was ad-
dressed through a modified TKI approach using validated ammonia/diesel kinetic tables.
The model reproduced ID and combustion rate trends as functions of DOI and equiv-
alence ratio, with peak pressure errors below 4 bar and location errors within 2 CA. A
systematic NOx overestimation at higher DOI values was attributed to the assumption
of complete zone separation, which precludes interaction between NOx pathways and
carbon-containing species. The inhibitory effect of CO2 on NO formation, reported in recent
literature, represents a priority for future model development.

Overall, the proposed framework provides a computationally efficient and physi-
cally consistent tool for simulating ammonia combustion across SI and RCCI operating
conditions, suitable for early-stage engine development and optimization studies. Future
studies will include its application to simulate a more vast dataset, including the varia-
tion of engine speed, boundary conditions, and diesel injection strategy, strengthening its
predictive capabilities.
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Definitions and Acronyms
Definitions
α Radial distribution shape parameter
ϕ Equivalence ratio
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ν Kinematic viscosity
ρ Density
θ Spray angle
ξ Dimensionless radial coordinate
Al Laminar flame surface
b Bore
m Mass
MM Molar mass
Li Integral length
p Pressure
r Radius
t Time
T Temperature
u′ Turbulence intensity
V Volume
X f Fuel volumetric fraction
Y Mass fraction
Sl Laminar flame speed
St Turbulent flame speed
Stay Taylor microscale
Z Mixture fraction
Subscripts
a Air
b Burned
e Entrainment
f Fuel
l Laminar
t Turbulent
u Unburned
w Wall
Acronyms
0D Zero-Dimensional
1D One-Dimensional
2D Two-Dimensional
3D Three-Dimensional
AEF Ammonia Energy Fraction
AHRR Apparent Heat Release Rate
aTDC after Top Dead Center
BMF Burned Mass Fraction
CA Crank Angle
CFD Computational Fluid Dynamics
CI Compression Ignition
CR Compression Ratio
CoV Coefficient of Variation
CV Control Volume
DF Dual-Fuel
DI Direct Injection
DOI Duration Of Injection
EGR Exhaust Gas Recirculation
EVC Exhaust Valve Closing
EVO Exhaust Valve Opening
HD Heavy-Duty
HR High-Reactivity
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HRR Heat Release Rate
ICE Internal Combustion Engine
ID Ignition Delay
IMEP Indicated Mean Effective Pressure
IVC Intake Valve Closing
IVO Intake Valve Opening
LD Light-Duty
LFS Laminar Flame Speed
LHV Lower Heating Value
LL Liquid Length
LR Low-Reactivity
PFI Port Fuel Injection
POI Point Of Impact
QD Quasi-Dimensional
RCCI Reactivity Controlled Compression Ignition
R&D Research & Development
RHS Right-Hand Side
SA Spark Advance
SACI Spark Assisted Compression Ignition
SI Spark Ignition
SCE Single-Cylinder Engine
SOC Start Of Combustion
SOI Start Of Injection
TDC Top Dead Center
TKI Tabulated Kinetics of Ignition
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