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ARTICLE INFO ABSTRACT

Keywords: The importance of new alternative fuels has assumed great relevance in the last decades to face the issues
Ammonia of global warming and pollutant emissions from energy production. The scientific community is responsible
Hydmgen for developing solutions to achieve the necessary environmental restriction policies. In this context, ammonia
IS(I:;ngme appears as a potential fuel candidate and energy vector that may solve the technological difficulties of using

hydrogen (H,) directly in internal combustion engines. Its high hydrogen content per unit mass, higher energy
density than liquid hydrogen, well-developed infrastructure and experience in handling and storage make it
suitable to be implemented as a long-term solution. In this work, a virtual engine model was developed to
perform prospective simulations of different operating conditions using ammonia and H,-enriched ammonia
as fuel in a spark-ignition (SI) engine, integrating a chemical kinetics model and empirical correlations for
combustion prediction. In addition, specific conditions were evaluated to consider and to understand the
governing parameters of ammonia combustion using computational fluid dynamics (CFD) simulations. Results
revealed similar thermal efficiency than methane fuel, with considerable improvements after appropriate H,-
enrichment. Moreover, increasing the intake temperature and the turbulence intensity inside the cylinder
evinced significant reductions in combustion duration. Finally, higher compression ratios ensure efficiency
gains with no evidence of abnormal combustion (knocking), even at high compression ratios (above 16:1) and
low engine speeds (800 rpm). Numerical simulations showed the direct influence of the flame front surface
area and the turbulent combustion velocity on efficiency, reflecting the need for optimizing the SI engines
design paradigm for ammonia applications.

Virtual engine modelling
Combustion modelling

1. Introduction both transport and electric power applications [5,6]. However, the use
of hydrogen still entails multiple technological difficulties, as well as

It is undeniable that global warming has become one of the biggest some inherent drawbacks such as security, infrastructure, storage and
problems facing humans beings in modern society. The continuous performance [7] on internal combustion engines [8]. Recent research
development of different industrial sectors and the consequent use of advances show that other free-carbon fuels can be considered for
fossil fuels contribute directly to the production of greenhouse gases different applications for their advantages over hydrogen. Among these,

(GHG) such as carbon dioxide (CO,), hydrocarbons and other pollu-
tants [1]. Transportation is one of the larger contributors to climate
change, producing around 32% of global CO, emissions in Europe [2].
Moreover, the growth of GHG emissions has continued despite new
environmental restriction policies and increasingly efficient vehicles.
As a consequence, it is crucial to reduce CO, emissions, promoting a
transition process towards decarbonization society [3].

Within the decarbonization strategies for energy production various
environmentally friendly solutions can be found. For instance, the use
of low-carbon fuels (natural gas, alcohols...) or even carbon-free fuels
such as ammonia (NHs) or hydrogen (Hy) [4]. In this context, hydrogen ture applications, with a well-developed infrastructure and a wealth of
is considered the leading candidate for carbon-free energy vector for experience in storage and handling. All of these aspects make ammonia

ammonia appears as a potential candidate as an alternative fuel for
transportation [9].

Ammonia has a high hydrogen content per unit mass (17.6%) and
a volumetric energy density of 15.6 MJ/L in liquid state, higher than
liquid hydrogen (around 9.1 MJ/L requiring cryogenic temperatures).
Its storage properties are comparable to those of other fuels such
as propane [10], being able to condense at atmospheric pressure at
—33.4 °C or at ambient temperature (25 °C) from 9.9 atm. Additionally,
it has been used for more than hundred years for industrial and agricul-
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Nomenclature

AMR Adaptive Mesh Refinement

BDC Bottom Dead Center

CAD Crank Angle Degree

CFD Computational Fluid Dynamics
CH, Methane

CO, Carbon Dioxide

CR Compression Ratio

DNS Direct Numerical Simulation

EGR Exhaust Gas Recirculation

GHG Greenhouse Gases

HRR Heat Release Rate

ICE Internal Combustion Engine
IMEP Indicated Mean Effective Pressure
ISFC Bottom Dead Center

IvC Intake Valve Closing

LES Large Eddy Simulation

LHV Low Heating Value

NH; Ammonia

PFI Port Fuel Injection

PISO Pressure-Implicit with Splitting of Operators
RANS Reynolds-averaged Navier-Stokes
RNG Re-Normalisation Group

SI Spark-ignition

ST Spark Timing

URANS Unsteady Reynolds-averaged Navier-Stokes

an attractive fuel as a mid-term solution that also synergies with the
development of H,-based economy.

The possibilities of ammonia as an alternative fuel generated in-
terest among both industry [11] and scientific community [12]. Some
investigations focused on understanding the fundamental aspects of
NH; combustion [13] whereas other ones evaluate the use of ammonia
as an innovative fuel for shipping, heavy-duty truck transport [14] or
even power generation [15].

The use of ammonia in road transport — powered by spark-ignition
(SI) engines — still presents some particular challenges to overcome
[16]. Toxicity, which is probably its main drawback, can be compen-
sated by the extensive knowledge about handling and storage [17]
that exists due to the long experience in agriculture, refrigeration and
chemical industry. As a more specific risk, a possible leakage in case
of an accident could be harmful for different living species. However,
new research works [18] showed that this problem can be avoided
by innovative storage methods based on solid-state metal ammine
complexes. Finally, its low flame propagation velocity under engine
conditions hinder the combustion stability.

In this scenario, hydrogen can be used as an additive for com-
bustion enhancement. Its wide flammability limits, low minimum ig-
nition energy and high flame speed promote the flame stability. In
addition, it can be produced on-board by the dissociation of ammo-
nia [19,20]. There are other strategies that involve combining the
pre-chamber ignition system [21] with pure ammonia [22] and/or
hydrogen mixtures [23] to enhance the ammonia burning rate.

A multitude of research investigations have focused on the com-
bustion of pure ammonia as well as hydrogen-enriched combustion,
covering a broad spectrum of fundamental aspects as well as practical
applications within the realm of transportation. Tamadonfar et al. [24]
visualized the flame dynamics and structure of ammonia/hydrogen/air
mixtures. Yang et al. [25] studied the combustion features of ammonia
and ammonia-hydrogen fuel blends by means of direct numerical simu-
lation (DNS) and detailed chemistry. Abdelwahid et al. [26] performed
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extensive computational simulations utilizing large eddy simulation
(LES) techniques to explore the intricate interplay between turbulence
and chemistry in ammonia-hydrogen jet flames. Wang et al. [27]
numerically assessed the combustion performance by a combination
of thermodynamic and chemical kinetic calculations. Results of these
investigations showed that combustion features are comparable to
hydrocarbon fuels under engine-relevant conditions.

Other authors focused on evaluating the impact of NH3-H, blends
in SI engines. Xin et al. [28,29] optimized the engine scavenge for
an hydrogen-enriched ammonia engine operating at steady-state con-
ditions. Mounaim-Rousselle et al. [30] demonstrated that pure NH;
combustion can be used over a large range of engine operating con-
ditions. Lhuillier et al. [31] evaluated their application in a SI engine
operating at two different load points under a wide range of hydrogen
percentages and equivalence ratios. Their results also showed similar
performance to those of conventional fuels when using a controlled
testing environment through single-cylinder engines.

The aforementioned studies have significantly enhanced our un-
derstanding of various aspects of ammonia combustion and engine
operation that were previously unexplored. Nonetheless, certain aspects
related to engine architecture, such as compression ratio, boosting sys-
tem requirements, and combustion system design, as well as additional
operating parameters, including combustion control and phasing, have
yet to be investigated.

The main objective of this investigation is to evaluate the effect of
NH; and NH;3-H, blends as fuel in a SI engine over a wide range of
operating conditions and engine configurations. The study specifically
focuses on investigating the necessary modifications that current ICE
platforms require to adapt and optimize them for the utilization of
ammonia as a fuel. It aims to identify the most promising conventional
strategies and provide reasonable ranges of variation. By addressing
previously unexplored aspects, the study aims to play a pivotal role
in facilitating the adoption of ammonia as a viable transportation fuel.
For this purpose, a virtual engine model was used to avoid expensive
experiments, safety issues, specific material and qualified personnel.
The combustion modelling approach is based on a combination of
chemical kinetic calculations and the semi-empirical correlations ob-
tained by Lhuillier et al. [31]. Additionally, 3D CFD simulations were
also performed to further understand some particular aspects of the
turbulence-combustion coupling.

2. Experimental apparatus and modelling tools
2.1. Engine and test cell characteristics

The experimental facilities used for validation were widely de-
scribed in previous investigations [32]. Therefore only a brief descrip-
tion of their main features is presented in this work. A single-cylinder
SI engine specifically designed for research purposes was used as a
reference for the numerical model. The engine was assembled in a fully
instrumented test cell and equipped with a port fuel injection (PFI)
system. This engine architecture represents a good example for future
research applied to ammonia combustion due to its flexibility to switch
between two different direct injection locations (cylinder axis center or
side injection) or to combine the experiments with optical techniques.
Table 1 shows the main specifications of the engine.

A 0D combustion diagnosis tool [33] was used in combination with
the experiments to characterize the combustion process and engine
outputs. This software estimates the most relevant global parameters
related to the combustion process, such as the indicated gross mean ef-
fective pressure (IMEP), start of combustion (SoC), combustion phasing
(CA50), combustion duration (CA1090), maximum cylinder pressure,
combustion stability, heat release rate (HRR) or cylinder mean gas
temperature from the measured in-cylinder pressure considering some
simplifications to the energy equation. The code assumes uniform
pressure and temperature throughout the whole combustion chamber
volume to accurately estimate the energy released by combustion.
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Table 1

Main engine specifications.
Number of cylinders 1
Ignition system Spark plug
Number of strokes 4
Cylinder displacement 454.2 cm®
Compression ratio 10.7
Cylinder diameter 82.0 mm
Stroke 86.0 mm

144.0 mm
2 intake, 2 exhaust

Connecting rod length
Valves per cylinder

2.2. Virtual engine model: description and assessment

The complete test cell layout was implemented the GT-SUITE v2020
code, achieving a good trade-off between accuracy and computing
time [34]. This model was originally developed for previous investi-
gations [35] and re-adapted for ammonia-hydrogen fuel blends. Exper-
imental results from 9 operating points (detailed in Table 2) fuelled
with methane, were used to validate the virtual engine model. As it
can be seen, these points gather the most relevant operating conditions
of a current production SI engine. In all these cases, the operating
parameters such as ignition timing or injection were optimized to
minimize the fuel consumption. The load targets were established by
operating the engine with a stoichiometric methane mixture. Once the
desired load level was achieved, the fuel energy was calculated based
on the injected mass of methane and its Low Heating Value (LHV).
Subsequently, the injected NH; (or H,-enriched NH3) fuel mass was
adjusted to maintain the same energy available for combustion at that
particular load level and dilution conditions.

As a result, the amount of NH; injected fuel mass is increased when
switching from methane fuel operation. For an equivalent methane
condition, the amount of NH; is 63% higher. Similarly, the amount
of total injected fuel blend (H, + NHj3) is reduced respect to the NH;
case as the hydrogen percentage is increased in the fuel blend due
to its higher LHV. Furthermore, it should be noted that under these
conditions, the IMEP level may vary if the thermal efficiency changes
due to modifications in other parameters, such as the dilution ratio,
compression ratio or combustion phasing.

To minimize the inherent uncertainties of the virtual model, the
authors used experimental data from previous investigations [36] to
establish the different boundary conditions. Specifically, the ambient
pressure and temperature, the coolant temperatures, and the exhaust
back-pressure were maintained at the reference values measured in
the referenced investigation. Only the intake pressure was modified to
achieve the required air mass flow, while the amount of fuel blend was
kept constant to maintain equivalent energy for combustion. Therefore,
the air mass flow was adjusted by modifying the boosting pressure to
achieve the required air-to-fuel ratio.

The combustion process was modelled by imposing directly the
combustion profile (HRR) obtained from the experiments and after
applying the combustion diagnosis tool at each specific operating con-
dition. This procedure helps to calibrate the convective heat transfer
without the uncertainties related to the combustion process. Therefore,
each operating condition uses its own optimized combustion settings.
The reference combustion settings were subsequently re-optimized by
transitioning to ammonia or H,-enriched ammonia, adjusting the start
of combustion and scaling the duration of combustion, as explained in
detail below.

Validation results are summarized in Fig. 1. Here, the indicated
efficiency levels are contrasted against the experiments. As it can be
seen, there is a difference between the predictions and the experiments.
This difference remains constant in all operating conditions with an
error below 5%, therefore showing a consistent response of the model
in all operation conditions. In addition to this, a comparison of the
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Fig. 1. Validation of the virtual model. The indicated efficiency levels obtained from
simulations are contrasted with the experiments performed with methane fuel.
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Fig. 2. Validation of the virtual model. Comparison of experimental and simulated
in-cylinder pressure profiles for two operating points.

in-cylinder pressure signals obtained from the experiments and sim-
ulations was performed highlight the reliability of the virtual model.
Fig. 2 shows this comparison for points 2 and 9, being the most
extreme conditions of the engine map. As it can be seen, the model
accurately reproduces the pressure trend in both operating conditions,
also showing similar performance in the other 10 operating points
considered (refer to Appendix A).

2.3. CFD model setup

In addition to the experiments, a 3D CFD model was also developed
for providing additional data for the virtual model and to help in
the understanding of some specific trends and processes observed in
NH; combustion. The model was implemented in the commercial code
CONVERGE version 2.4.33 [37].

The meshing strategy is based on a hexahedral discretization in
orthogonal basis with a base cell size of 4 mm. The original mesh size
was reduced up to 2 mm in the intake and exhaust ports and up to
1 mm in the combustion chamber. An additional discretization was
applied in the vicinity of the cylinder walls reducing the cell size up
to 0.5 mm even in the moving parts such as the piston and valves. A
mesh resolution of 0.0625 mm was used at the spark electrode, where
flame kernel is developed. Additionally, an adaptive mesh refinement
(AMR) algorithm was employed to consider the areas where significant
temperature or velocity gradients appear. This algorithm increases the
mesh resolution up to 0.125 mm based on a sub-grid criteria of 2.5 K
for the temperature and 1 m/s for the velocity fields.

This mesh configuration and model setup is well-optimized for SI
engine simulations as numerous investigations demonstrated [38,39].
A brief summary of the model configuration, including mesh details,
numerical schemes, and the most significant physical models, is shown
in the Table 3.



R. Novella et al.

Fuel 351 (2023) 128945

Table 2

Operating parameters of the experimental test conditions used for the validation of the virtual engine model using conventional SI combustion under stoichiometric methane-air

conditions.
Operating point Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7 Point 8 Point 9
Engine speed [rpm] 4000 4000 3500 2500 2500 2000 2000 1250 1250
IMEP [bar] 2.3 11 6.7 4.4 9.3 6.6 10.6 2.4 8.2
Injected fuel (CH,) [mg/cc] 6.96 25.50 16.07 11.70 22.45 16.50 25.38 7.28 20.44
SoC [CAD] -26 -30.8 -23.2 -22.2 —-22.4 -19 -20.6 -20.2 -14.2
CA50 [CAD] 4.9 3.4 8.0 8.8 7.1 7.4 6.9 7.1 10.2
Coolant temperature [°C] 87.0 89.0 88.1 87.8 88.6 88.0 88.6 84.0 88.0
Oil temperature [°C] 81.9 81.8 81.9 81.9 82 81.8 81.7 81.8 81.9
Intake pressure [bar] 0.496 1.841 1.084 0.789 1.409 1.043 1.544 0.512 1.172
Intake temperature [°C] 29.02 29.86 28.82 30.48 28.43 31.62 28.82 29.29 28.2

Table 3
CFD model description: mesh characteristics, numerical schemes and physical
submodels.

Mesh details

Base size 4 mm

Cell size intake/exhaust ports 2 mm
Combustion chamber 1 mm
Walls refinement 0.5 mm
Minimum cell size by AMR 0.125 mm
Spark plug refinement 0.0625 mm

Numerical schemes

2nd order central difference scheme
1st order central difference scheme
PISO algorithm [40]

Spatial discretization
Temporal discretization
Pressure-velocity coupling

Physical models

Turbulence
Combustion

URANS RNG k—¢ [41]
G-equation model [37,42]

The Unsteady Reynolds-Averaged Navier Stokes (URANS) based
re-normalized group (RNG) k-e¢ model [41] was employed to model
turbulence, which was coupled with the wall heat transfer model devel-
oped by O’Rourke and Amsden [43]. The compressible flow properties
were calculated using the Redlich-Kwong equation of state [44]. A mod-
ified Pressure Implicit with Splitting of Operators (PISO) method [40]
was used for pressure-velocity coupling.

For combustion modelling, the G-equation model [42] has been
adopted for combustion modelling. This approach allows describing the
flame propagation based on the flamelet theory of turbulent premixed
combustion. The parameter G represents the distance to the flame front,
in the form of a non-reacting passive scalar, allowing a tracking by the
following transport equation [45]:

G
1
ot 0x; ’ m

a_xi ‘ + puST g
where u; is instantaneous velocity, p and p, are the density of the cell
and the unburnt density respectively, s, is the turbulent flame speed,
k is the mean flame front curvature, ~stands for the Favre filtering, and
Dy represents the turbulent diffusion.

In addition, the turbulent flame speed s; is calculated in the RANS
framework as follows [42]:

=—-Drk

i

2 1/2
/ a a;
Sy =sp+u —2—lea+ [(ED‘I) +a1Da] 2
where u’ is the turbulent velocity fluctuation, s; is the laminar flame
speed, Da is the Damkohler number, and a; and b, are modelling
constants. A more detailed description can be found in the following
Refs. [37,42].

The laminar flame speeds of the air/fuel mixture, necessary for the
combustion model, were obtained using a 1D flamelet code and sub-
sequently stored in tables. This code calculates the flame speed of the
combustion reaction by analyzing a freely propagating flame in a chan-
nel with a fixed cross-sectional area, considering specific conditions

such as temperature, pressure, equivalence ratio, and composition. To
maintain consistency with the experimental data, the chemical kinetic
mechanism developed by Otomo et al. [46] was employed.

Since detailed chemistry is not resolved, the G-Equation model
necessitates an additional model to consider end-gas auto-ignition com-
bustion. In this regard, the SAGE detailed chemistry solver [37] is
employed in the unburned region to simulate the auto-ignition delay
for the air-fuel blend and subsequent combustion. The mechanism
proposed by Otomo et al. [46] was employed to ensure consistency with
the calculations of laminar flame speed.

3. Methodology

Once the different models used for the simulations were presented
and after validating the virtual engine model by replicating the most
relevant operating conditions, the methodology designed for prospec-
tive activities of NH; and NH; + H, combustion is presented.

As described above, achieving stable and efficient combustion of
ammonia entails several challenges due to its high autoignition tem-
perature and narrow flammability range [47]. Therefore, different
strategies were planed to minimize the error of predictions

First, simulations were performed with pure ammonia as fuel for a
representative range of engine speeds and loads using the virtual engine
model. The objective is to identify the possible changes in the engine
operation when switching between conventional and ammonia fuels. In
this way, the changes in thermal efficiency, fuel consumption as well
as intake/exhaust pressure and temperature will be analysed in detail.

Once the key aspects of ammonia operation were identified, the
second step will focus on several strategies to improve and to optimize
the engine definition:

» Due to the high knock resistance of ammonia, the impact of
increasing the compression ratio (CR) was analysed. To this end,
the virtual engine model was combined with CFD simulations,
offering a higher level of detail about the physical processes
governing ammonia combustion.

The role of turbulence in achieving faster and more stable com-
bustion was assessed. Again, detailed CFD simulations were per-
formed to study the effect of the tumble intensity on the combus-
tion performance.

The influence of the intake temperature was studied as it directly
affects the laminar flame speed and subsequently, the burning
rate [48].

The effect of H,-enrichment was evaluated by considering differ-
ent percentages in the fuel blend.

3.1. Combustion modelling

After validating the virtual engine model using the HRR profiles
obtained directly from the experiments presented in Table 2, further
actions are needed for mimicking ammonia combustion features in a
predictive way. To this end, a new methodology that combines an
estimation of the laminar flame speed (s;) and the semi-empirical
correlations obtained by Lhuillier et al. [31] was developed.
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Fig. 3. Coupling between the virtual engine model and the combustion modelling approach.

The method is based on an iterative process that combines the
virtual engine model with calculations of laminar flame speed and
semi-empirical correlations. The procedure is illustrated in Fig. 3. First,
the virtual engine model is run using the reference combustion pro-
file obtained from methane tests. Then, the thermodynamic variables
(pressure and temperature) and mixture-related variables (air-to-fuel
ratio, EGR, and fuel properties) are obtained at the start of combus-
tion and used as input for the laminar flame speed calculations. The
laminar flame speed is computed using the chemical tools available in
CONVERGE [37], considering a freely propagating flame in a simulated
channel with a fixed cross-sectional area under laminar conditions.
The chemical kinetic mechanism developed by Otomo et al. [46] was
selected due to its good performance for different air-to-fuel ratio
(4) conditions when considering ammonia and hydrogen fuel blends,
and to ensure consistency with the CFD simulations. This mechanism
consists of 204 chemical reactions with 32 species and can be used in
a wide range of conditions.

The calculated laminar flame speed is used as input for the cor-
relation proposed by Lhuillier et al. [31]. This equation estimates
the combustion duration between 10% and 90% of the fuel burnt
(CA1090), directly from the laminar flame speed as:

CA1090 = a; +20.0037 - e7117306GL=2) 4 27 9146 . ¢ 03374G1—0)  (3)

The calibration parameters, denoted as «;, a,, and a3, are constants
which correlate the thermo-chemical properties within the cylinder
with the turbulent properties specific to the engine employed by Lhuil-
lier. These calibration parameters were fine-tuned to match the tumble
intensity between Lhuillier’s engine and the one utilized in this study.
To achieve this, multiple CFD simulations were conducted under mo-
toring conditions at various engine speeds. The resulting calibration
parameters are summarized in Table 4.

After calculating the combustion duration using the correlation, a
new iteration was conducted with the virtual engine model. In this

Table 4
The calibration parameters for the semi-empirical correlations used in combustion
modelling.

) ¥ 3

5.9981 0.1002

0.0999

iteration, the HRR profile utilized in the previous iteration was adjusted
to accommodate the new CA1090, taking into account the updated
thermo-chemical properties resulting from ammonia engine operation.
This iterative procedure maintains the total energy released by the fuel
at each operating point. Consequently, the HRR profile was scaled to
deal the new combustion duration while preserving the total energy
released, achieved by adjusting the maximum HRR peak profile. Ad-
ditionally, the combustion phasing was maintained by fine-tuning the
start of combustion through spark timing (ST). Fig. 4 illustrates the HRR
results of the iterative procedure for operating point 12, starting from
the reference profile in the first iteration and progressing to the final
profile obtained after 5 iterations. The convergence is rapidly achieved,
typically requiring only 2-3 iterations to ensure alignment of the HRR
profiles. The results of the remaining operating points are included in
Appendix B for reference.

3.2. Operating conditions

Twelve operating points, including those used for the validation
of the virtual engine model, were considered for the analysis. In this
way, a wide range of operating points equivalent to realistic engine
conditions was studied. Table 5 shows the main operating parameters
used in each operation condition and fuel specification.

In addition to these nominal conditions, the operation condition
number 12 was used to evaluate the impact of other parameters such as
intake temperature, compression ratio and tumble intensity. The range
of variation for each considered parameter is shown in Table 6.
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Table 5
Operating conditions for simulations at stoichiometric conditions. CH,, NH; and NH; enriched with H, (2.5%, 5% and 10% by mass).
Operating point 1 2 3 4 5 6 7 8 9 10 11 12
Engine speed [rpm] 4000 4000 3500 3250 2500 2500 2500 2000 2000 2000 1250 1250
IMEP [bar] 2.3 11 6.7 10 2.3 4.4 9.3 6.6 10.6 9.1 2.4 8.2
CA50 [CAD] 4.9 3.4 8.0 8.0 8.8 8.8 7.1 7.4 6.9 6.9 7.1 10.2
CH, [mg/cc] 6.96 25.50 16.07 24.00 7.00 11.70 22.45 16.50 25.38 22.00 7.28 20.45
NH; [mg/cc] 18.67 68.38 43.10 64.36 18.77 31.37 60.20 44.24 68.07 58.99 19.52 54.81
NH,;+H,2%% [mg/cc] 16.44 60.2 37.94 56.66 16.53 27.61 52.99 38.95 59.93 51.94 17.18 48.25
NH,;+H,5% [mg/cc] 14.66 53.69 33.84 50.53 13.84 24.63 47.27 34.74 53.45 46.32 15.33 43.04
NH,+H, %% [mg/cc] 12.1 44.3 27.92 41.69 12.16 20.32 39.0 28.66 44.1 38.22 12.65 35.51
Table 6
Range of variation for the different parameters studied.
Case 1 Case 2 Case 3
Engine speed [rpm] IMEP [bar] In-cylinder temperature at IVC [°C] Compression ratio [-] Tumble ratio [-]
1250 10 [90-130] [10.7-20] [0.5-1.9]
50 12 42
— lteration 1 (reference) _
40 — lteration 2 10 40 »
—_ — Iteration 3 >
Et — lteration 4 T, 38 &
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Fig. 4. Results for the convergence of HRR profile for operating point 12. (2) NH;
4. Results and discussion 12 42
10 40T
The following section presents the results obtained from the appli- -
. . P N [2)
cation of the proposed numerical methodology. The analysis is split g 38 S
in two subsections which focus on ammonia combustion and potential 2 36 g
strategies for efficiency improvement, and ammonia-hydrogen blends. &5 o
T
= 34 2
4.1. Ammonia combustion 4 %
32 ¢
Focusing on thermal efficiency, results of indicated efficiency levels 2 30

obtained from the simulations are shown in Fig. 5. This graph compares
the results of NH; operation with equivalent conditions fuelled by
methane, both cases operating at stoichometric conditions (see Table 5
for further details). Inspection of these maps reveals an analogous trend
in both fuels. However, NH;3 cases show higher efficiency levels if
compared with their equivalent CH, conditions (almost 2% of gain).

Such gains are justified by a lower wall heat transfer during expan-
sion when using ammonia as fuel. This effect can be observed in Fig. 6,
where the percentage of energy available for propulsion (indicated)
and the heat transfer to the chamber walls are computed with respect
of the total energy available in the fuel. In general terms, the heat
transfer is reduced leading to an increase of the indicated efficiency
at all operating conditions.

Concerning the new operating setting under which the engine would
operate with ammonia fuel, Fig. 7 shows the required intake pressure
and the exhaust temperature variations with respect to the equivalent
operating point using methane fuel. Focusing on Fig. 7(a), it can be
observed that the intake pressure has to increase to deal with the
operating constraints at all operating points. As expected, there is a
relationship with the engine load resulting in maximum boost increase
of 0.15 bar at full load conditions. According to Fig. 7(b), the exhaust

1000 1500 2000 2500 3000 3500 4000
Engine speed [rpm]

(b) CHy

Fig. 5. The indicated efficiency levels obtained through the engine map using ammonia
and methane fuels are shown in (a) and (b), respectively.

temperature was reduced with respect to the methane cases, with a
maximum decrease of 77.2 K at full load and maximum speed. These
results evince the need to optimize the boosting system to deal with the
expected specifications and efficiency values.

Regarding the combustion process, it is possible to analyse the effect
of using ammonia as fuel. To this end, Fig. 8 shows the HRR obtained
for operating point 12 (see Table 5) after applying the proposed nu-
merical methodology. In addition, the reference HRR using methane is
included for comparison. As it can be seen, the combustion process of
NH; is slower than CH,, showing the same tendency in all operating
points (data of the other operating points is not included for simplicity).

In addition, it can be observed that the start of combustion and thus,
the spark timing (ST), is advanced to keep the same combustion phasing
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Fig. 7. Variation of intake pressure and exhaust gas temperature between the methane
and ammonia virtual engine simulations for the operating points defined in Table 5.

at 50% of the fuel burnt (CA50) while increasing the combustion
duration. For this particular operating point (12), the CA50 was around
10.2 CAD aTDC while the start of combustion was advanced from —14.2
to —22.4 CAD. This requirement has been widely reported in previous
research works, as highlighted by Mounaim-Rousselle et al. [49].

Although the operating constraints are not strictly equivalent to
those used in the work of Lhuillier et al. [15], a qualitative comparison
can be made to further validate the model. Their results evince a slight
indicated efficiency increase when switching from methane to ammonia
fuels. This variation is in line with the results obtained. This difference
is even higher at increased intake pressures. Therefore, results are
completely aligned with the Lhuillier’s findings. Nevertheless, the quan-
titative differences can be explained by the distinct engine platforms,
test bench design and operating constraints.
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Fig. 8. Combustion process comparison. HRR profiles of methane and ammonia for
the operating point number 12.

Lastly, Fig. 9 presents the results of the indicated specific fuel con-
sumption (ISFC), providing an insight into the expected consumption
values throughout the engine map when operating with ammonia.
These values are comparable to those of current diesel or gasoline
engines.

4.1.1. Knocking combustion and potential efficiency gains

It is interesting to note from Fig. 5(b) how the anti-knocking con-
trol used at high loads and low engine speeds in the experiments
(e.g. operating point number 12) is compromising the efficiency levels.
This control strategy delays the spark timing moving the combustion
phasing towards the expansion stroke, avoiding thus abnormal knock-
ing combustion while negatively affecting efficiency levels. Due to the
imposition of the same settings of methane-fuelled experiments on
the ammonia simulations, the efficiency levels in this region can be
increased due to the higher knocking resistance of ammonia.

In order to shed some light on this a complete thermodynamic
analysis of the engine cycle is performed. The operating point number
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12 is specifically selected for this purpose. During the compression and
expansion phases, the cycle efficiency is mostly governed by the poly-
tropic coefficient of the air-fuel mixture [50]. This parameter describes
the heat losses during the compression and expansion processes in the
thermodynamic cycle of internal combustion engines. It was found that
the variation of this coefficient between both mixtures during compres-
sion and expansion phases was negligible. For instance, immediately
after the intake valves closing (IVC), the polytropic coefficient varies
from 1.38 to 1.36 when replacing methane by ammonia. These values
where estimated from CFD model data, which utilizes thermodynamic
properties of the relevant species included in the chemical mechanisms
of Smith et al. [51] and Otomo et al. [46], respectively. Therefore,
a substantial increase in efficiency may only be achieved during the
combustion phase. Hence, identifying the influence of the duration
(CA1090) and phasing (CA50) of combustion on thermal efficiency can
help to identify possible room of improvement.

To this end, a sensitivity analysis of both parameters was performed
by modifying the combustion phasing and duration through the HRR
profile handling. The study consist of a full factorial design based
on sweeping both parameters from the reference point (the original
ammonia combustion profile of point 12). The CA50 parameter was
swept from 1.2 to 21.2 CAD aTDC (crank angle degree after top dead
center) while the CA1090 ranges from 32 to 42 CAD.

Results of this study are summarized in Fig. 10, where the indicated
efficiency levels are depicted as a function of both parameters. As it
can be seen, efficiency levels have a higher dependence on combustion
phasing than on combustion duration (CA1090), indicating the critical
role of the spark timing. The maximum values are reached at CA50 of
11 CAD aTDC and CA1090 around 32 CAD.

Despite the utility of this study, some relevant phenomena is not
considered due to limitations on the combustion modelling approach.
Events such as abnormal combustion due to the mixture auto-ignition
(knocking) or combustion instability due to misfiring cannot be taken
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into account. Thus, the expected efficiency gains make no sense without
considering these phenomena.

Focusing on this particular case, combustion instabilities do not
seem to be a relevant problem since combustion is reasonably phased
at top dead center where thermodynamic conditions favour flame
propagation. At these conditions, knocking phenomenon is the main
constraint, increasing the possibility of engine damage. In order to
verify that the efficiency values estimated in the sensitivity study
make sense, a predictive combustion modelling approach based on
computational fluid dynamics model was used. This model uses the real
geometric features of the engine in combination of the boundary condi-
tions representative of the operating point 12 to estimate the evolution
of combustion, considering both flame propagation and auto-ignition.

Using this model, the start of combustion is swept through the spark
activation to find the optimum combustion phasing without relevant
knocking issues. The result of this study is included in Fig. 10, in
which the realistic efficiency gain estimated by CFD is depicted. As it
can be seen the indicated efficiency increases from 37.9% (reference
settings of point 12) to 38.6% (new settings estimated by CFD). In
these conditions, combustion phasing (CA50) changes from of 11.2 to
9.3 CAD aTDC, whereas the combustion duration (CA1090) is reduced
from 37.1 to 34.9 CAD. This marginal gain in terms of efficiency
can be explained by the fact that methane has also a high octane
number, hindering the knock appearance. On the contrary, this gain
should be more significant if compared with other conventional fuels
(e.g. gasoline).

Fig. 11 allows to visualize the non-existence of auto-ignition down-
stream the flame when using the new settings. Here, the evolution
of the flame front can be observed through a sequence of snapshots.
The reaction regions are computed by clipping the temperature field
between 1800 and 2400 K and then, coloured by the turbulent flame
speed. This representation is applied to CA10, CA25, CA50 and CA75
(combustion after 10%, 25%, 50% and 75% of fuel burnt, respectively).

As it can be observed, the flame propagation was progressive and
no hot spots arise downstream the flame, even at later combustion
phases where the flame velocity is considerably low. Thus, the knock-
ing phenomena is no a real constraint in this particular engine and
critical operating conditions (low speed and high engine load). These
results are completely aligned with the literature since the work of
Koike et al. [52] demonstrated that no knocking occurred at 800
rpm conditions with a compression ratio of 14:1 and boosting up
to 2.2 bar. This conclusion increases the possibilities of increasing
efficiency ammonia-fuelled engines using strategies that are tradition-
ally limited by knocking phenomenon. For example, increasing the
compression ratio, rising the in-cylinder temperature or the turbulence
intensity to stabilize combustion. Some of these strategies will be
evaluated in the following sections.

4.1.2. Effects of increasing the compression ratio

In view of the potential benefits of ammonia knocking resistance, in-
creasing compression ratio is one of the strategies worth to be evaluated
in the search of higher efficiency. Again, the operating point number 12
is chosen because it is the most restrictive for this purpose. Firstly, the
effect of compression ratio is assessed by the numerical methodology
used so far (namely simple model). In this way, the observed changes
only consider the laminar flame speed variations, without taking into
account relevant phenomena such as the self-ignition of the mixture,
flame morphology or turbulence. Thus, the virtual engine model is cou-
pled with the predictive combustion modelling approach implemented
in the CFD model to consider such relevant phenomena involved in
the combustion process. In both scenarios, the combustion phasing was
maintained at the optimized value obtained in the previous section
when sweeping the compression ratio (CR) (refer to Fig. 10). This ap-
proach enables a fair comparison of the potential gains in compression
ratio, as the impact of combustion phasing is completely decoupled.
However, it is crucial to verify the presence of knock subsequently to
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ensure that this combustion phasing is realistic from an engine integrity
standpoint.

In both cases, the compression ratio is increased from the reference
value (10.7:1) up to extreme values (20:1). Fig. 12 summarizes the
results of this study, including both modelling approaches. The first
modelling approach shows a parabolic growth of the indicated effi-
ciency with a maximum increase of 5%. However, these prospective
do not consider all relevant mechanisms affecting the burning rate.

To properly understand the influence of the compression ratio on
combustion, it is necessary to address the fundamental aspects govern-
ing this process. Mainly, the burning rate depends on thermodynamic
conditions inside the chamber, the surface area of the flame front at
any given instant and the combustion speed as [50]:

iy, = pyp - A - U (€3]

where p,, is the unburned mixture density, A is the surface area of
the flame front and u. is the combustion velocity. Strictly speaking,
this first approach only takes into account the density variations and
the combustion velocity at least in part since the turbulent velocity is
assumed to be constant and everything scales with the laminar flame
speed. Therefore, aspects related to the flame front perimeter and the
turbulence inside the chamber are neglected. The question lies in how
relevant both effects are on the burning rate prediction.

In order of shed some light on this regard, the virtual engine model
is coupled with the CFD model, predicting a more realistic scenario
where the flame front morphology and turbulence levels are adapted to
the modification of the compression ratio. Considering the combustion
chamber design of the engine, the piston design was modified by
adapting the original piston geometry to the cylinder head as shown
in Fig. 13. Considering the substantially high CRs to be evaluated,
this is the most direct and reasonable approach. Therefore, the study
analyses a realistic scenario that arises if the compression ratio is raised
to such high levels in terms of the turbulent flow field, thermo-chemical
properties and geometrical features of the flame front.

Recalling trends of Fig. 12, it can be observed the results of the CFD
coupled simulations. Indicated efficiency values experience a lower
growth than in the previous approach, reaching a maximum gain of
0.8% around 14:1.

To further understand the differences observed between both com-
bustion modelling approaches, the influence of each of the three pa-
rameters of Eq. (4) in the burning rate is deeply analysed. To this
end, the three parameters and the equivalent burning rate are directly
obtained from the CFD model database at the same combustion phasing
(e.g. CA50). Results are summarized in Table 7. The burning rate (ri1,)
is reduced as the compression ratio is increased. This is representative
of the HRR evolution (not included for simplicity) which is decreased
with the CR increment, resulting in a slowing down of combustion.
Moreover, a significant impact for flame surface (A) and combustion
velocity (u,) is found: around 35% and 12% of reduction respectively
when switching from 10.7:1 to 20:1. Fig. 14 shows the same flame
front visualization used in Fig. 11 for the different compression ratios at
CA50. The reaction regions are visualized by clipping the temperature
field between 1800 and 2000 K and coloured by the turbulent com-
bustion velocity. Here, the loss of both flame surface and combustion
speed is evident. The reduced chamber volume and the worsened tur-
bulence conditions are conditioning the burning rate and subsequently
the thermal efficiency. In contrast, differences in the density of the
unburned gases are almost negligible (only 1.2% of variation for the
same scenario).

Lastly, Fig. 11 demonstrates that there are no hot spots upstream
of the flame, even at the highest compression ratio. This observation
implies that the occurrence of knock is not significant under these
conditions. Consequently, there is no need to delay the combustion
phasing, which would result in higher efficiency penalties.
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Fig. 13. Baseline (top) and modified (bottom) piston geometries for the compression
ratio study.

Table 7
Parametric analysis of combustion fundamentals when modifying the compression
ratio.

CR iy, [8/5] pup [kg/m?] A [em?] ue [m/s]
10.7:1 6.46 5.97 5.94 1.82
14:1 5.73 5.92 5.56 1.74
16:1 4.53 6.37 4.28 1.66
18:1 4.16 6.14 4.23 1.60
20:1 3.72 6.04 3.86 1.60

All these remarks highlight the need of a dedicated optimization of
the combustion system design. On one side, the possibility to achieve
higher compression ratios without penalizing combustion due to flame
restrictions would lead to a geometrical concept similar to compression
ignition engines. In these engines, the piston design and the bowl shape
promote a larger flame surface over a longer time span thereby avoid-
ing excessive wall heat transfer loss. In addition, optimizing the internal
aerodynamics of the combustion chamber, as well as the intake port
design, may contribute to stabilize combustion at high compression
ratios.

4.1.3. Effects of increasing the turbulence level

This section analyses the role of turbulence in the combustion pro-
cess of ammonia. Numerous studies evaluated the relationship between
the tumble motion inside the combustion chamber and the turbulence
generation, consistently showing that it contributes to increasing the
turbulence intensity in the vicinity of the spark plug, as well as ho-
mogenizing the turbulent velocity field [53]. High turbulence intensity
and moderate convective flux are beneficial from the point of view
of increasing combustion velocity, consequently reducing the combus-
tion duration. However, excessive convective flux could lead to flame
quenching and flame front stabilization problems.

The influence of tumble motion on the combustion process is eval-
uated through the CFD model. For simplicity, the tumble level in the
combustion chamber is artificially modified by numerically changing

10
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the angular velocity of flow at the intake valves closing (IVC). In this
sense, the design of the piston and intake ports is frozen to avoid costly
simulation tests to achieve the desired effect on the flow. The operating
point number 12 was chosen as the reference for the analysis, keeping
the same start of combustion.

Fig. 15 shows the reduction of combustion duration (CA1090)
against the tumble ratio level. This later parameter was computed at
the Bottom Dead Center (BDC) prior to the compression stroke [54]. In
addition, the CA1090 was normalized respect to the original CA1090
obtained from the reference operating point 12. Results show up to 30%
shorter combustion duration when the tumble ratio increases above 1.
While this improvement in burn rate may not translate into substantial
performance gains when the combustion phasing is maintained, as
illustrated in Fig. 10, it is important to note that it can potentially result
in increased overall engine performance and emissions characteristics,
particularly in terms of ammonia slip. Furthermore, increasing turbu-
lence levels can influence factors such as combustion stability, and heat
transfer, which in turn can impact engine efficiency.

Considering that the reference engine used was not specifically
designed for operating with ammonia, the room of improvement in
terms of combustion duration is remarkable. This strategy seems to
be essential to overcome the difficulties of ammonia combustion sta-
bility due to its low combustion speed. Thus, working on combustion
chamber and intake ports design optimization should be crucial for the
concept.

4.1.4. Effects of increasing the in-cylinder temperature

This section evaluates the influence of in-cylinder temperature on
ammonia combustion by the numerical methodology used so far. The
idea is to judge if controlling the intake temperature can help to stabi-
lize and accelerates combustion without a significant thermal efficiency
loss and knocking combustion problems.

In this study, the operating point 12 fuelled with ammonia was used.
The temperature inside the combustion chamber IVC was increased
from the reference value up to relatively high values (130 °C) mim-
icking the effect of increasing the intake temperature through the heat
exchanger (intercooler) control. Fig. 16 displays the linear growth of
this parameter in the five cases assumed. The in-cylinder temperature at
start of combustion (SoC) is also included for analysing the temperature
relationship between both instants.

Inspecting the values of laminar flame velocity, an increment about
4 cm/s is observed when the in-cylinder temperature is increased by
36.5 °C at IVC. This marginal growth is consistent with other experi-
mental investigations dedicated to obtaining the laminar flame speed
by the outward propagating spherical flame method [48], supporting
thus the proposed methodology.

The impact of this laminar flame velocity increase is evaluated
by means of combustion duration and indicated efficiency variations.
Fig. 17 includes both parameters calculated from the five considered
cases. A reduction of 2.5 CAD in terms of combustion duration is
observed after increasing the in-cylinder temperature 36.5 °C. This
reduction does not result in a significant efficiency improvement. As
it can be seen, efficiency levels are virtually constant with a maximum
variation of 0.2%.

However, higher temperatures offer advantages for combustion sta-
bility. They enhance reaction kinetics, resulting in faster and more
complete combustion. Additionally, elevated temperatures facilitate
the ignition process, minimizing ignition delays and reducing partial
combustion. This, in turn, leads to lower unburned ammonia emissions.

4.2. Combustion of ammonia-hydrogen blends

As previously emphasized, the stability of NH; combustion is a
paramount aspect of its utilization as a fuel in internal combustion
engines. Additionally, its high corrosivity necessitates the regulation of
tailpipe NH; emissions, even in cases where it is not used as a fuel, due
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to its presence in reduction catalysts. Therefore, ammonia combustion
stability and evolution are critical considerations when using it as a
fuel. Factors such as fuel-air mixing, ignition, flame propagation, and
heat release need to be controlled for stable and efficient combustion.
Adjusting the fuel reactivity through hydrogen substitution has proven
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to be a promising approach for controlling ammonia combustion sta-
bility and evolution. This strategy is particularly intriguing as the
necessary hydrogen can be generated on-board through the dissociation
of ammonia [19].

This final section explores the potential use of hydrogen as a com-
bustion enhancer, focusing on engine operating parameters and perfor-
mance gains. However, it does not delve into the fundamental aspects
that influence combustion stability, as analyzing these factors would
require costly experiments or simulations conducted in controlled en-
vironments that may not fully represent real-world engine operating
conditions [24,55].

The effect of hydrogen addition is evaluated at all operating points
included in Table 5. Three different percentages of substitution in mass
are considered for this study: 2.5%, 5%, and 10%. The total energy
available in the fuel blend is maintained by adjusting the amount of
ammonia respect to these percentages while maintaining the overall
air-to-fuel ratio (A = 1). Results are presented in comparison with
validated methane combustion cases in Fig. 18, in which the indicated
efficiency values are shown for the different hydrogen percentages.

Inspection of this figure reveals that trends mimic the changes
observed for the methane fuel, as happened in the case of pure NH;.
Differences among H, percentages remained constant in all operating
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Fig. 18. Indicated efficiency trends for CH,, NH;, NH; + H, 2.5%, NH; + H, 5% and NH; + H, 10% fuel blends.

points compared to pure ammonia simulations. In addition, there is a
slight increment of efficiency for hydrogen blends below 5%, reaching
the maximum efficiency levels for 2.5% of hydrogen substitution. The
opposite trend appears as the amount of hydrogen increased signifi-
cantly (up to 10%), resulting in an overall decrease in the indicated
efficiency. This tendency was already observed by Mgrch et al. [56].
They observed that the indicated efficiency decreases in blends with
higher percentages of hydrogen. This is mainly due to the wall heat
loss associated with higher flame temperatures.

One of the primary drawbacks of utilizing hydrogen as a fuel in port
injection systems is the significant amount of air displacement in the
intake ports caused by its low density. This adversely affects volumetric
efficiency, which impacts engine performance due to a higher boost
demand. Despite the relatively small mass of hydrogen used in this
study, the volume displaced in the intake can still be substantial, even
for values below 5% by mass. It is worth noting that employing 3% H,
in relation to the total fuel mass results in a 20% increase in volume.

Fig. 19(a) illustrates the variation in intake pressure as the percent-
age of hydrogen in the mixture increases. Surprisingly, the difference
between the extreme values is not significant at any of the operating
points. To understand this observation, it is necessary to analyze the
total mass injected, the corresponding injection volume, and the energy
content of the injected mixture. As depicted in Fig. 19(b), the total mass
injected decreases rapidly with an increasing proportion of hydrogen
in the mixture. Notably, when 10% of ammonia is replaced by hydro-
gen, the total mass injected decreases by nearly 35%. This reduction
is primarily attributed to the substantial difference in LHV between
the two fuels (18.6 vs. 120 MJ/kg), while the total injected energy
remains constant (Fig. 19(c)). Consequently, the volume displaced in
the intake increases by only 10% in the worst-case scenario as depicted
in Fig. 19(d). Therefore, the expected variations in injection pressure
when operating with NH; and H, mixtures are relatively low and do
not pose a significant issue from the perspective of the boosting system.

In view of these results, enriching with small H, percentages (by
mass) seems to be an interesting strategy to improve combustion sta-
bility and engine efficiency. However, special attention should be paid
to the optimization of auxiliary systems (specifically the intake boosting
system) as highlighted in the previous section.

12

5. Conclusions

In this work, a new modelling methodology for spark-ignition en-
gines fuelled by ammonia is proposed based on engine virtualization
and detailed CFD simulations. The objective was to further understand
the fundamental aspects which govern ammonia combustion in internal
combustion engines.

Results are validated against experiments of previous investigations.
They also corroborate former research observations extending its appli-
cation at wider operational ranges along with the identification of keys
to achieve a correct operation and/or implementation in spark-ignition
engines.

The main conclusions can be summarized as follows:

+ Simulations of ammonia-fuelled SI engine showed consistent and
comparable results in terms of indicated efficiency against
methane combustion over a wide range of operating points.

It would be necessary to specifically optimize the intake boosting
system for ammonia and hydrogen-enriched ammonia operation
to obtain comparable results to those of methane operation.
During the analysis of the compression ratio effect, results showed
the influence of flame front surface and turbulence field on the
engine efficiency, highlighting the need to optimize the con-
ventional SI combustion system design paradigm for ammonia
operation. The optimum compression ratio was around 14:1 for
this particular engine operating with ammonia.

The relevance of the intake port and combustion chamber designs
has been evinced. In this way, it is possible to increase the
turbulence intensity and, consequently shortening the combustion
process while improving efficiency, always taking into account
other limitations such as flame quenching due to excessive con-
vective flows. The analysis revealed that increasing the turbulent
kinetic energy through the tumble motion resulted in a 30% faster
combustion.

An increase in the in-cylinder temperature in ammonia applica-
tions helps to shorten combustion through achieving higher lam-
inar flame speeds. However, this combustion enhancement does
not significantly impacts on the engine efficiency. A reduction of
approximately 7% in terms of combustion duration (CA1090) was
obtained after increasing the in-cylinder temperature by 40% (at
the IVQC).
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Fig. 19. Boosting and injection flow characteristics of different ammonia/hydrogen fuel blends.

» Marginal gains of efficiency were found when enriching ammonia
with hydrogen, offering maximum efficiency levels for 2.5% H,
blends (by mass).
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